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CT-guided core needle biopsies of head and neck masses

Brain imaging of patients with COVID-19

Diffusion for differentiation between treatment-related lesions and glioma
Tumefactive primary CNS vasculitis
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abnormal vascularity.
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History of clinically important hypersensitivity reactions to DOTAREM.

WARNINGS AND PRECAUTIONS

Hypersensitivity Reactions: Anaphylactic and anaphylactoid reactions have
been reported with DOTAREM, involving cardiovascular, respiratory, and/or
cutaneous manifestations. Some patients experienced circulatory collapse and
died. In most cases, initial symptoms occurred within minutes of DOTAREM
administration and resolved with prompt emergency treatment.
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reaction to contrast media, bronchial asthma and/or allergic disorders. These
patients may have an increased risk for a hypersensitivity reaction
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are promptly available for the treatment of hypersensitivity reactions,
including personnel trained in resuscitation.

Gadolinium Retention: Gadolinium is retained for months or years in several
organs. The highest concentrations have been identified in the bone, followed
by brain, skin, kidney, liver and spleen. The duration of retention also varies
by tissue, and is longest in bone. Linear GBCAs cause more retention than
macrocyclic GBCAs.

Consequences of gadolinium retention in the brain have not been established.
Adverse events involving multiple organ systems have been reported in
patients with normal renal function without an established causal link to
gadolinium retention.

Acute Kidney Injury: In patients with chronically reduced renal function, acute
kidney injury requiring dialysis has occurred with the use of GBCAs. The risk
of acute kidney injury may increase with increasing dose of the contrast agent;
administer the lowest dose necessary for adequate imaging.

Extravasation and Injection Site Reactions: Ensure catheter and venous
patency before the injection of DOTAREM. Extravasation into tissues during
DOTAREM administration may result in tissue irritation.

ADVERSE REACTIONS

The most common adverse reactions associated with DOTAREM in clinical
trials were nausea, headache, injection site pain, injection site coldness
and rash.

Serious adverse reactions in the Postmarketing experience have been
reported with DOTAREM. These serious adverse reactions include but are not
limited to: arrhythmia, cardiac arrest, respiratory arrest, pharyngeal edema,
laryngospasm, bronchospasm, coma and convulsion.

USE IN SPECIFIC POPULATIONS

¢ Pregnancy: GBCAs cross the human placenta and result in fetal
exposure and gadolinium retention. Use only if imaging is essential
during pregnancy and cannot be delayed.
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(term neonates > 37 weeks gestational age) to 17 years of age based
on clinical data. The safety of DOTAREM has not been established in
preterm neonates. No cases of NSF associated with DOTAREM or
any other GBCA have been identified in pediatric patients age 6 years
and younger.

You are encouraged to report negative side effects of prescription drugs
to the FDA. Visit www.fda.gov/medwatch or call 1-800-FDA-1088.

Please see the full Prescribing Information, including the patient
Medication Guide, for additional important safety information.
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Imaging for Meniére Disease

E. Kay-Rivest, ““D.R. Friedmann, and ““).T. Roland
Meniére disease is an inner ear problem that manifests

with the symptoms of ear fullness, hearing loss, tinnitus,
and vertigo attacks. Typically, the fullness, hearing loss, and
tinnitus manifest first and are followed by vertigo attacks. The
typical episode of vertigo lasts a few hours and is usually
accompanied by nausea and vomiting but may persist for
days. Meniére disease is most commonly unilateral but can
affect patients in both ears. The pathognomonic anatomic
finding in Meniére disease relates to increased endolymphatic
fluid volume resulting in distension of the Reissner membrane
into the scala vestibuli of the cochlea. Presently, endolym-
phatic hydrops can only be confirmed with postmortem ex-
amination of temporal bone specimens.

Thus, the diagnosis of definite Meniére disease is based on clin-
ical criteria and requires the observation of an episodic vertigo syn-
drome associated with low- to midfrequency sensorineural hearing
loss and fluctuating aural symptoms (hearing loss, tinnitus, and/or
fullness) in the affected ear. Probable Meniére disease is a broader
concept defined by episodic vestibular symptoms (vertigo or dizzi-
ness) associated with fluctuating aural symptoms occurring for
20 minutes to 24 hours." With astute history-taking and clinical ob-
servation, Meniére disease can be differentiated from other inner
ear or neurologic disorders that cause similar symptoms.

As neurotologists with a large practice in a metropolitan area,
we treat many patients with endolymphatic hydrops. We have of-
ten requested MR imaging of the cerebellar pontine angle when
we are contemplating a more aggressive intervention in patients
who do not obtain relief with medical intervention, such as endo-
lymphatic sac decompression, vestibular nerve section, and laby-
rinthectomy. We request imaging to rule out other pathologies
on the affected and the contralateral sides. We do not consider
imaging to be absolutely necessary for the initial diagnosis of
Meniere disease.

Other physiologic tests have been used to evaluate and diagnose
the patient with Meniére disease. The audiogram is important
because Meniére disease preferentially affects the lower and middle
frequencies and is one of the only inner ear pathologies to cause
fluctuating low-frequency sensorineural hearing loss. With progres-
sion of disease, the patient may also lose high-frequency hearing
and even completely lose hearing. Electrocochleography (ECoG)
has been used as a diagnostic tool. Clinical evaluation of cochlear
function using ECoG has focused on the amplitude ratio of the
summating potential (SP) and action potential (AP). An elevated
SP/AP ratio is thought to reflect endolymphatic hydrops in patients
with suspected Meniére disease. Results from a survey of otologist
and neurotologist professional society members suggested low clini-
cal utility of ECoG in diagnosis/management of Meni¢re disease.
For approximately half of respondents, ECoG had no role in their
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clinical practice. ECoG was used routinely by only 1 in 6 respond-
ents. Those who used ECoG differed widely in electrode placement
and type of stimulus paradigm used.” Vestibular-evoked myogenic
potentials have also been investigated as a means of diagnosing
Meniere disease, but their clinical accuracy and utility are not evi-
dent at this time.”

Imaging of the inner ear can now detect endolymphatic
hydrops.* Different techniques such as delayed imaging after in-
travenous administration of a double dose of gadolinium and
imaging after intratympanic gadolinium administration have
been used. Several studies, including one of our own, have vali-
dated a strong correlation with a symptomatic ear and positive
imaging findings of dilated endolymphatic spaces in the inner
ear.’

Although no cost analysis has been performed evaluating MR
imaging in the diagnosis of Meniére disease, its use certainly incurs
higher costs. As stated, these studies can be performed with either
intratympanic (IT) or IV injection of gadolinium. The IT route
requires an individual qualified in injecting into the middle ear
through the tympanic membrane. Furthermore, the MR imaging
is performed 24 hours after the IT injection, involving 2 hospital or
clinic visits. If bilateral Meniéere disease is suspected, the patient
requires bilateral injections. There are risks to IT injections of any
sort, including further hearing loss, tympanic membrane perfora-
tion, and infection. The IV route is less labor-intensive; however,
patients are still required to wait 4-6 hours before MR imaging.

Other inner ear findings may mimic Meniere symptoms, such
as a dural-based tumor adjacent to the endolymphatic sac. Some
reports support a high-riding jugular bulb, impinging on the
endolymphatic sac, that can be associated with a higher incidence
of Meni¢ére disease along with other causes of “secondary” endo-
lymphatic hydrops.® In addition, other diagnoses such as vestibu-
lar migraine and vestibular neuronitis, for example, may mimic
symptoms associated with endolymphatic hydrops. MR imaging
shows promise in helping to better differentiate these entities.”

However, can imaging absolutely rule out Meniere disease? In
complex situations in which Workers’ Compensation insurance
or malpractice litigation are involved, can imaging be of use?
Imaging of the inner ear, with the ability to reliably detect dilation
of the endolymphatic spaces, might satisfy those who are making
legal and financial decisions. Additionally, we do not know the
incidence of positive radiographic findings in ears of patients
without symptoms. Is an ear with the appearance of hydrops on
imaging likely to develop into a symptomatic ear? Can imaging
predict the severity of the associated hearing loss or the likelihood
of recovery? Can we use imaging to regulate medical manage-
ment, such as knowing when to stop or reduce a medication that
has been effective? Can imaging predict which patient might de-
velop bilateral Meniére disease and therefore help determine the
aggressiveness of interventions?®

In summary, we think that imaging of the inner ear with
advanced MR imaging techniques, while interesting, is not essen-
tial for the diagnosis and management of the overwhelming ma-
jority of patients with Meniére disease. There are some questions
that might be answered with well-designed clinical studies in
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asymptomatic patients, in unilateral symptomatic patients, in
patients in whom the diagnosis of Meniére disease is questioned,
and in patients in whom the cessation of medical therapy is under
consideration. Furthermore, patients with so-called “cochlear
hydrops” may manifest only auditory symptoms with characteris-
tic low-frequency sensorineural hearing loss but without vertigo.
It is unclear whether this symptom complex represents a spec-
trum of Meniére disease with the same histopathologic findings
or a distinct entity. There is the potential for imaging to clarify
this question. Undoubtedly, high-resolution imaging of the inner
ear is of great interest and importance to neurotologists for many
other reasons. Pursuing Meniére imaging technology might lead
eventually to visualizing the spiral ganglion cell count or accu-
rately measuring the cross-sectional area of the cochlear nerve.
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REVIEW ARTICLE

Cross-Sectional Imaging of Third Molar—Related

R.M. Loureiro, ““'D.V. Sumi, ““’"H.L.V.C. Tames,

ABSTRACT

Abnormalities

M.M. Daniel

o= @

S.P.P. Ribeiro, ““’C.R. Soares, ““R.L.E. Gomes, and

SUMMARY: Third molars may be associated with a wide range of pathologic conditions, including mechanical, inflammatory, infectious,

cystic, neoplastic, and iatrogenic. Diagnosis of third molar—related conditions can be challenging for radiologists who lack experience in

dental imaging. Appropriate imaging evaluation can help practicing radiologists arrive at correct diagnoses, thus improving patient care.

This review discusses the imaging findings of various conditions related to third molars, highlighting relevant anatomy and cross-sectional

imaging techniques. In addition, key imaging findings of complications of third molar extraction are presented.

ABBREVIATIONS: CBCT = cone-beam CT; MDCT = multidetector-row CT

hird molars, or wisdom teeth, are a more common source
of pathologic conditions than other teeth. They are the last
teeth to develop and usually fail to erupt correctly. Impac-
ted third molars have been associated with inflammatory and
infectious conditions as well as development of cysts and tumors."
Furthermore, third molar extraction is a widespread procedure in
clinical practice with the potential for multiple complications.”
Although dedicated dental images are not performed in some
radiology services, the teeth are often included in examinations of
the head and neck. Third molar-related abnormalities can be inci-
dental findings or the cause of a patient’s symptoms. This review
discusses the imaging findings of various pathologies related to
third molars, highlighting the relevant anatomy and describing
cross-sectional imaging techniques. Finally, key imaging findings
of complications of third molar extraction are presented.

ANATOMY

The third molar is the most distal tooth located in each quadrant
of the permanent dentition and is absent in the primary dentition
(the deciduous dentition or temporary “baby teeth”).” Third
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molars usually erupt between 18 and 25 years of age.* Every tooth
is anatomically divided into a crown and a root by the cementoe-
namel junction. The crown is the outer portion exposed in the
oral cavity, and the root is the portion covered by the alveolar
ridge (Fig 1).> Each crown has 5 free surfaces. In the case of the
molars, the surfaces are named as follows: mesial, distal, buccal,
lingual, and occlusal, referring to the anterior, posterior, lateral,
medial, and biting surfaces, respectively.* Third molars have a
square-shaped crown with a large and irregular occlusal surface
suitable for shearing and grinding food and usually have 3 roots,
though the number is variable.”

The macxillary third molars can have a close anatomic rela-
tionship with the maxillary sinus floor, depending on the length
and divergence of their roots and the degree of pneumatization of
the maxillary sinus. This close relationship increases the risk of
developing odontogenic sinusitis as well as an oroantral fistula af-
ter dental extraction.®

The mandibular third molars are the teeth closest to the man-
dibular canal, which contains the inferior alveolar neurovascular
bundle. This close relationship poses a risk of injury to the infe-
rior alveolar nerve during dental procedures, particularly man-
dibular third molar extraction.”

CROSS-SECTIONAL IMAGING METHODS
Cone-beam CT (CBCT) and multidetector-row CT (MDCT) are
able to evaluate the teeth and adjacent bone with submillimeter
spatial resolution, allowing for multiplanar reformatting and
3D reconstruction.*’

CBCT uses a pulsed conic or pyramidal x-ray beam and a flat
panel detector and performs a single rotation in a circular path
around an isocenter to obtain images.®> CBCT involves less radiation
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FIG 1. Anatomy of a normal molar tooth. Sagittal CBCT image shows
the 3 mineralized hard tissues (enamel, dentin, cementum) and the
pulp. The enamel is the outermost layer of the crown, and the root is
enveloped by a thin layer of cementum. The dentin is isoattenuating
to the cementum and hypoattenuating to the enamel. The pulp con-
tains the neurovascular elements.

FIG 2. Horizontal unerupted impacted third molar. Sagittal CBCT (A)
and MDCT (B) images show an unerupted third molar impacted in the
second molar. A close relationship between the third molar and the
roof of the mandibular canal, hypercementosis around the roots
(arrows), and mild reduction of the caliber of this canal (dotted lines)
are observed. The CBCT image (A) has considerably higher spatial re-
solution than the MDCT image (B) (voxel size, 0.09 mm versus 0.625
mm).

FIG 3. Pericoronitis. Axial contrast-enhanced CT (A) image shows
thickening and enhancement of pericoronal tissues around the left
mandibular third molar (long arrow), thickening of the adjacent bucci-
nator—buccal mucosa complex (short arrow), and stranding of the
left buccal space (arrowheads). Coronal CT (B) image shows that this
tooth is partially erupted and covered by thickened gingiva (star).
The “puffed-cheek” technique distends the oral cavity with air, help-
ing to detect these abnormalities more accurately.

exposure and has higher spatial resolution than MDCT (Fig 2).'°
Whereas MDCT produces images of the entire part of the body
under examination, CBCT typically provides a small set of different
field-of-view sizes, ranging from 4cm (ideal for a few teeth) to
>20 cm in diameter according to the clinical indication."" CBCT is
more suitable for patients who are claustrophobic because it has an
open design and is generally performed with the patient in an
upright position (seated or standing), but MDCT is performed with
the patient lying down.® However, CBCT has the disadvantage of
poor image quality for soft tissues."”

By contrast, MDCT uses a fan-shaped beam that performs
several rotations around the patient to obtain images, commonly
in a continuous spiral over the axial plane. MDCT has a shorter
acquisition time, thus reducing motion artifacts, such as those
caused by breathing and swallowing. A distinctive feature of
MDCT is that it affords superior characterization of soft tissue. It
is also possible to administer an iodinated-based contrast agent
when using this method, which is especially helpful when an
infection or tumor is under investigation.9 However, compared
with CBCT, MDCT has some drawbacks, including a higher cost,
a greater amount of space needed to house the equipment, and
generation of more metal artifacts.'®

Postprocessing dental software packages are available for both
CBCT and MDCT, though they are usually purchased at an addi-
tional cost for MDCT. These software packages produce reformatted
panoramic and multiple cross-sectional images along the dental
arches and are particularly helpful when planning dental implants.'*

On MDCT examination, some dynamic maneuvers can be
performed to provide more image detail and enhanced accuracy.
When evaluating the soft tissues adjacent to the teeth, the
“puffed-cheek” technique is of considerable value. In this maneu-
ver, the patient distends the oral cavity with air, separating the
gingival and buccal mucosal surfaces, which helps to better depict
mucosal lesions (Fig 3).!> Metal artifacts from dental hardware
can be avoided by acquiring images with the mouth closed and
open, moving the artifacts to a different area in the second acqui-
sition.'® An alternative strategy is to perform a second acquisition
through the oral cavity with the neck flexed or extended (or with
the gantry angled)'” to cast these artifacts into a different plane.

Metal artifact reduction algorithms can improve the quality of
images obtained by CBCT and MDCT,>'® though they may
introduce new artifacts into the images. Therefore, images
obtained with and without application of these algorithms should
always be reviewed together to avoid misinterpretation.'®

MR imaging is a useful radiation-free tool for evaluation of dentoal-
veolar disease in selected cases and provides superior soft-tissue con-
trast. It is the ideal imaging choice for assessment of early bone marrow
abnormalities in suspected osteomyelitis, soft tissue infections, and both
cystic and solid components of jaw tumors.'”*' Moreover, MR imaging
neurography can assess the terminal branches of the trigeminal nerve
that are in close proximity to the mandibular third molars.2 However,
MR imaging is an expensive and time-consuming technique that has
lower spatial resolution than CT "

THIRD MOLAR IMPACTION
Tooth impaction is a pathologic condition in which complete
eruption into a normal functional position is prevented because

AJNR Am J Neuroradiol 41:1966—74  Nov 2020 www.ajnr.org 1967



FIG 4. Panoramic reformatted CT image shows impacted unerupted
maxillary third molars causing external root resorption of the maxil-
lary second molars (arrows).

FIG 5. Pericoronitis. Panoramic reformatted contrast-enhanced TI-
weighted MR image shows enhancement of the soft tissues (short
arrows) around the crown of the horizontally impacted right mandib-
ular third molar (long arrow) as well as in the right mandibular canal
(arrowhead).

FIG 6. Odontogenic sinusitis. Oblique sagittal CT image shows muco-
sal thickening of the maxillary sinus associated with a bone defect
(short arrow) that communicates the sinus floor with periapical dis-
ease of a third molar with a carious lesion (long arrow).

1968 Loureiro  Nov 2020 www.ajnr.org

FIG 7. Odontogenic sinusitis following maxillary third molar extrac-
tion. Coronal contrast-enhanced Tl-weighted MR image shows com-
plete opacification of the right maxillary sinus with mucosal
thickening and enhancement (arrow) associated with a bone defect
in its floor (third molar socket) (arrowhead).

FIG 8. Dentigerous cyst. Oblique sagittal CT image shows an expansile
well-defined lesion surrounding an unerupted mandibular third molar that
is partially attached in the cementoenamel junction (arrow). Hyper-
cementosis is observed around the roots of this tooth (arrowhead).

of a lack of space, obstruction by another tooth, malposition, or
other impediment (Fig 2).! Third molars are the teeth most com-
monly impacted, with an estimated worldwide prevalence of
24.4%.%® Third molar impaction is more frequent in the mandible
and has a female predominance.**

Impacted third molars can be classified according to their in-
clination to the long axis of the second molar (eg, mesioangular,
distoangular, or horizontal) based on the Archer classification for
maxillary third molars and on the Winter classification for man-
dibular third molars (On-line Figs 1 and 2).*®

Complete tooth impaction is considered to have occurred
when the tooth is entirely covered by bone, soft tissue, or both. A
partial tooth impaction is deemed to have occurred when the
tooth is visible on oral inspection but has not erupted into a nor-
mal functional position. In most cases, impaction occurs when
second molars block the path of eruption of third molars."



Partially impacted third molars are prone to development of
several pathologies, including pericoronitis, carious lesions, and
periodontal bone loss, often because of difficulties in reaching
them during routine oral hygiene.***® External root resorption
and carious lesions are usually observed on the distal surface of
the adjacent second molars as a result of the pressure exerted by
impacted third molars (Fig 4). This leads to inflammation and
triggers resorption, ultimately resulting in pulp necrosis and loss
of the second molars.””*® Conversely, entirely unerupted
impacted third molars are more likely to be associated with devel-
opment of cysts and tumors.*

When reporting an impacted third molar, it is important to
assess the relationship with the adjacent second molar, the

FIG 9. Dentigerous cyst. Panoramic reformatted FLAIR MR image
shows an expansile and homogeneous well-defined lesion (arrow)
surrounding the crown of the unerupted right maxillary third molar
(arrowhead), superiorly displacing the maxillary sinus floor.

FIG 10. Odontogenic keratocyst. Oblique sagittal CT (A) image shows an expansile, well-defined
lesion (arrow) in the left mandibular angle in contact with the distal surface of the unerupted
third molar, inferiorly displacing the mandibular canal (arrowhead). Axial Tl-weighted (B) and T2-
weighted (C) MR images of the same patient show the lesion to be heterogeneous but predomi-
nantly isointense to hyperintense on TIWI and hyperintense on T2WI (arrows). Axial contrast-
enhanced Tl-weighted (D) image shows thin peripheral enhancement (arrow). Diffusion-weighted
image (E) and the corresponding ADC map (F) reveal restricted diffusion (arrows).

number of roots and their morphology (convergent, diver-
gent, and/or fused), and in particular the relationship
between the tooth and the mandibular canal or maxillary
sinus floor. The status of the surrounding bone and any asso-
ciated pathologies, such as periapical lesions and coronal or
pericoronal lucencies, should also be described.®® In some
cases, hypercementosis may be observed. Hypercementosis
refers to excessive deposition of cementum around the roots
of a tooth (Fig 2); it does not alter tooth vitality but can pose
difficulties during dental procedures such as extraction and
endodontic treatment.*!

PERICORONITIS

Pericoronitis is an infection of the soft tissue surrounding the
crown of a partially erupted tooth, usually the mandibular third
molar, which is frequently impacted and partially covered by gin-
giva. Food debris lodges beneath the overlying gingiva, which is
subsequently infected by bacteria.>*° Infection might spread to the
surrounding tissue, including the alveolar bone and deep neck
spaces, potentially evolving into an abscess. On imaging, pericoro-
nitis typically appears as thickening and enhancement of the peri-
coronal tissues of a partially erupted tooth (Figs 3 and 5).'°
Contrast-enhanced CT and MR imaging are able to evaluate the
spread of infection to surrounding tissues. Dynamic maneuvers,
such as the “puffed-cheek” technique, can enhance accuracy when
evaluating the gingiva.'”

ODONTOGENIC SINUSITIS

Maxillary third molars can be a source of odontogenic sinusitis.

For practical purposes, their etiologies can be divided into dental

disease (mainly periapical) and iatrogenic. Iatrogenic sources

include postdental extraction, inadequate positioning of dental
implant fixtures, infected retained
roots, and foreign bodies (eg, extruded
root canal fillings).®*

CT is the best imaging method for
diagnosis of odontogenic sinusitis. CT
demonstrates maxillary sinus disease
with a bone defect in the maxillary
sinus floor, which is typically associ-
ated with dental disease or complica-
tions of dental procedures (Figs 6 and
7). Maxillary sinus disease begins as
an asymptomatic mucosal thickening
in the floor and can evolve to subtotal
or total sinus opacification, potentially
occluding the ostiomeatal complex
and ultimately leading to frontal and
anterior ethmoidal sinusitis. Unilateral
sinusitis involving the maxillary sinus
or the anterior sinuses should raise
suspicion for an odontogenic process;
therefore, the maxillary sinus floor,
posterior maxillary teeth, and alveolar
process should be investigated care-

fully for abnormalities.®**
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CYSTS AND TUMORS

Unerupted impacted third molars are prone to development of
odontogenic cysts and tumors, particularly dentigerous cysts,
odontogenic keratocysts, and ameloblastomas.*®

FIG T11. Ameloblastoma. Oblique sagittal (A) and axial contrast-
enhanced (B) CT images show a unilocular, expansile lesion in the right
mandibular angle (arrow) with marked cortical thinning, buccolingual
expansion, and internal solid mural nodules (arrowheads). (Case cour-
tesy of Eloisa S. Gebrim, MD, PhD, InRad, University of Séo Paulo, Brazil.)

FIG 12. Abscess after dental extraction. Axial contrast-enhanced CT
image shows an abscess (arrow) near the right mandibular third molar
socket (arrowhead).

FIG 13. Acute osteomyelitis of the mandible after extraction of the left first and third molars.
Axial Tl-weighted (A), fat-saturated T2-weighted (B), and contrast-enhanced T1-weighted (C) MR
images show signal intensity abnormalities and enhancement of the bone marrow in the left

mandibular body (arrows).
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Dentigerous cysts, also called follicular cysts, are the most
common noninflammatory odontogenic cysts, arising around the
crown of an unerupted or impacted tooth, most frequently the
mandibular third molar.>* On CT, the classic presentation of a
dentigerous cyst is a unilocular radiolucent lesion attached to the
cementoenamel junction of an unerupted or impacted tooth.*
On MR imaging, dentigerous cysts typically show low signal in-
tensity on T1-weighted images and high signal intensity on T2-
weighted images with a thin enhancing ring (Figs 8 and 9).
However, they may appear hyperintense on T1-weighted images
because of the presence of cholesterol crystals or proteinaceous
material.**

Odontogenic keratocysts are lesions constituted by a cystic
space containing desquamated keratin and occur more frequently
in the mandible, mainly in the posterior regions. Although they are
histologically benign lesions, they are usually locally aggressive
with a relatively high recurrence rate.*®> On CT, odontogenic kera-
tocysts typically appear as radiolucent, unilocular, expansile lesions
with smooth and often scalloped margins. In the mandible, they
tend to grow along the length of the bone, causing relatively mini-
mal buccolingual expansion. If associated with the crown of an
unerupted tooth, an odontogenic keratocyst can mimic a dentiger-
ous cyst. Large odontogenic keratocysts can present as septate or
multiloculated lesions that may simulate ameloblastoma. On MR
imaging, odontogenic keratocysts usually show diffuse heterogene-
ous signal intensity on T1- and T2-weighted images (ranging from
low to high) with a thin enhancing ring.'***** DWT has proved to
be a useful adjuvant tool for differentiating odontogenic lesions;
odontogenic keratocysts tend to have lower ADC values because of
their high level of desquamated keratin, especially compared with
ameloblastomas (Fig 10).3637

Ameloblastoma is a benign but locally aggressive odontogenic
tumor that is more common in the posterior mandible. CT fea-
tures include a uniloculated or multiloculated expansile lesion,
commonly with a “soap-bubble” or honeycombed pattern accom-
panied by remodeling and cortical thinning. Resorption of the
roots of adjacent teeth is also common. Unlike odontogenic kera-
tocysts, ameloblastomas have a propensity for buccolingual
expansion in the mandible.**® MR imaging typically reveals
high signal intensity on T2-weighted images. Both contrast-
enhanced CT and MR imaging show enhancing septations, mural
nodules, or both in classic cases; these enhancing components are

more easily detectable on MR imag-
ing scans, which are also useful for
evaluating extraosseous components,
including involvement of neurovascu-
lar structures (Fig 11 and On-line Fig
3).'>* Unicystic ameloblastoma is a
subtype encountered less often and
can mimic a dentigerous cyst or odon-
togenic keratocyst.”

COMPLICATIONS OF THIRD
MOLAR EXTRACTION
Complications of third molar extrac-
tion occur in 3.5% to 14.8% of patients®
common in the

and are more



FIG 14. Fracture of the maxillary sinus walls after third molar extrac-
tion. Axial (A) and coronal (B) CT images show fractures of the anterior
and lateral walls of the left maxillary sinus (arrows) with complete opa-
cification of the sinus.

mandibular third molars.”
related to a greater degree of tooth impaction.>** Complications of
dental extraction range from mild local discomfort to serious con-

Many of these complications are

ditions requiring hospitalization or resulting in sequelae.*!
Infection is one of the most frequent complications after
third molar removal*' and often starts at the surgical site.*° It
can extend to the adjacent soft tissue, leading to cellulitis,
myositis, and abscess. Contrast-enhanced CT is the first-line
imaging technique for a suspected abscess, which appears as a
fluid collection with rim enhancement near the tooth socket,
sometimes with gas bubbles, and is frequently associated with
surrounding inflammatory changes (Fig 12). Immediate post-
procedural soft tissue emphysema is a common finding
unless other infectious findings such as abscess or cellulitis
are also present. CT is also useful for assessing the bone status

FIG 15. Oroantral fistula after third molar extraction. Sagittal CT
image shows an air-filled gap (arrow) between the maxillary sinus and
the oral cavity through the tooth socket.

FIG 16. Right inferior alveolar nerve injury after third molar extrac-
tion. Coronal MR neurography image of the lingual (long arrows) and
inferior alveolar (short arrows) nerves shows a discontinuity in the
right inferior alveolar nerve (arrowhead). The remaining nerves have a
normal caliber and signal intensity.

in the surgical site and may depict other complications, such
as retained tooth fragments and osteomyelitis.*?

Osteomyelitis develops when an infection reaches the bone
marrow. In the acute phase, MR imaging is the best method for
detection of early bone marrow signal abnormalities, observed as
low signal on T1-weighted images and high signal on T2-
weighted images with enhancement on postcontrast sequences
(Fig 13). CT is ideal for depicting bone erosion and periosteal
reaction. In the chronic phase, bone sclerosis and sequestrum can
be observed. Soft tissue edema, cellulitis, and abscess are common
findings in both phases.”®
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FIG 17. Active bleeding in the tooth socket. Coronal contrast-
enhanced CT image shows a focus of active extravasation of contrast
material in the tooth socket after extraction (arrow). The patient is
biting a gauze pad (arrowhead).

FIG 18. Accidental third molar displacement into the maxillary sinus.
Oblique sagittal CT image shows a third molar displaced into the
maxillary sinus (arrow) and rupture of the maxillary sinus floor (arrow-
head) with nearby small bone fragments.

»

Alveolar osteitis, also called “dry socket,” is a clinical diagnosis
characterized by development of intense throbbing pain several
days after dental extraction and is often associated with halitosis.
Alveolar osteitis is a frequent complication of tooth removal and
is related to partial or complete loss of the blood clot in the tooth
socket.*>*! Oral examination findings include a cryptlike socket
with exposed bone and erythematous borders, food debris, and
other detritus in the socket. Imaging examinations are useful for
exclusion of other complications, such as a residual tooth frag-
ment and fracture.*’

Fractures may affect the alveolar processes of the maxilla and
mandible; the body, angle, and ramus of the mandible; the maxil-
lary tuberosity; and the floor and walls of the maxillary sinus. CT
is the criterion standard imaging method for evaluation of
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FIG 19. Accidental displacement of a foreign body into the maxillary
sinus. Coronal CT image shows a dental bur (arrow) displaced into
the right maxillary sinus. Fragmentation of the right maxillary third
molar is also observed (arrowhead).

fractures, which appear as lucent noncorticated lines with vari-
able deviation and angulation of the fragments (Fig 14).*>*

Communication between the maxillary sinus and tooth
socket can occur during extraction of a maxillary third molar.
If this connection is smaller than 2 mm, it generally closes
spontaneously45; however, if this communication becomes
epithelialized (which takes ~7 days), it becomes an oroantral
fistula.® CT is the best imaging technique to diagnose oroan-
tral fistula, which appears as an air connection between the
maxillary sinus and the oral cavity (Fig 15). The “puffed-
cheek” technique (described earlier) may help detect this air
passageway.'®

Mandibular third molar extraction may cause injuries to the
peripheral branches of the trigeminal nerve, particularly the infe-
rior alveolar and lingual nerves. Abnormalities can be accurately
diagnosed by MR neurography as areas of increased T2 signal in-
tensity, changes in the caliber of the nerve, or discontinuities (Fig
16).2>*S Unerupted teeth, horizontal impaction, and root apices
inside or in contact with the mandibular canal are associated with
an increased risk of inferior alveolar nerve injury, whereas uner-
upted teeth, distoangular impaction, and the lingual bone split
surgical technique are considered risk factors for lingual nerve

Hemorrhage may occur during or after third molar removal;
rarely, foci of active bleeding can appear as contrast-material ex-
travasation inside or near the tooth socket (Fig 17).'¢

Accidental displacement of the third molar into adjacent
spaces, such as the parapharyngeal space or maxillary sinus (Fig
18), is another possible complication after extraction attempts.
Foreign bodies, such as root fragments and dental instruments,
may also be introduced into the maxillary sinus during extraction
(Fig 19).*!

Rarely, emphysema in the subcutaneous and deep neck
spaces can result from forced injection of pressurized air



FIG 20. Emphysema following a dental procedure. Axial CT images
show extensive deep emphysema in the left face and neck (arrows)
as well as in the retropharyngeal or danger space (arrowheads).

from dental drills into the surgical site (Fig 20).>>>* Finally,
overeruption of the opposing third molar is considered a late
adverse event, which can lead to tooth misalignment and oc-
clusal disability (Fig 21).>*

CONCLUSIONS

The increasing sophistication of cross-sectional imaging techniques
plays a pivotal role in diagnosing third molar-related conditions,
which can be challenging for radiologists who are inexperienced in
dental imaging. Comprehensive knowledge of the imaging charac-
teristics of these abnormalities helps the practicing radiologist arrive
at a correct diagnosis, thus improving patient care.
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FIG 21. Sagittal CT image shows overeruption of the maxillary third
molar (arrow) caused by previous extraction of the opposing third
molar.
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REVIEW ARTICLE

The Perplexity Surrounding Chiari Malformations — Are We
Any Wiser Now?

S.B. Hiremath, ““’A. Fitsiori, ). Boto, “'C. Torres, ““’N. Zakhari, “).-L. Dietemann, ““T.R. Meling, and ““’M.I. Vargas

=

ABSTRACT

SUMMARY: Chiari malformations are a diverse group of abnormalities of the brain, craniovertebral junction, and the spine. Chiari O,
I, and 1.5 malformations, likely a spectrum of the same malformation with increasing severity, are due to the inadequacy of the
para-axial mesoderm, which leads to insufficient development of occipital somites. Chiari Il malformation is possibly due to nonclo-
sure of the caudal end of the neuropore, with similar pathogenesis in the rostral end, which causes a Chiari Il malformation. There
have been significant developments in the understanding of this complex entity owing to insights into the pathogenesis and
advancements in imaging modalities and neurosurgical techniques. This article aims to review the different types and pathophysiol-
ogy of the Chiari malformations, along with a description of the various associated abnormalities. We also highlight the role of
ante- and postnatal imaging, with a focus on the newer techniques in the presurgical evaluation, with a brief mention of the surgi-
cal procedures and the associated postsurgical complications.

ABBREVIATION: CM = Chiari malformation

C hiari malformations (CMs) are a group of rhombencephalic
abnormalities, initially described by Hans Chiari, tradition-
ally classified into 4 types.' Types I to III are associated with a
varying degree of caudal displacement of the contents of the pos-
terior fossa, along with cerebellar tonsillar herniation through the
foramen magnum. Type IV is characterized by cerebellar hypo-
plasia or aplasia and an occipital encephalocele.' Because of the
complex nature of the associated abnormalities, CMs can present
with diverse clinical manifestations, secondary to the involvement
of the cerebellum, brain stem, spinal cord, lower cranial nerves,
and altered CSF flow dynamics. Recent advances in imaging tech-
niques, such as phase-contrast imaging, cine MR imaging, and
DTI, with frequent imaging and surgical management of these
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malformations, necessitate a re-evaluation of this classification
because some forms do not conform well to the previously
described categories. We present herein a review of the existing
literature on the newer types of CMs, their etiopathogenesis,
associated abnormalities, and postsurgical evaluation.

Types and Prevalence of CMs

Chiari I malformation (CM-1) is characterized by caudal migra-
tion of the cerebellar tonsils below the foramen magnum by
>5mm (Fig 1)."**® The prevalence of CM-1 was previously esti-
mated to be <1%, with a mild female preponderance.” However,
with the frequent use of neuroimaging, incidental identification
of CM-1 is estimated to range between 1% and 4% in individuals
undergoing MR imaging of the brain and cervical spine.® An
advanced form of CM-1, associated with caudal migration of the
obex beyond the foramen magnum, and elongation of the me-
dulla and fourth ventricle, is described as CM-1.5 (Fig 2).349
Tubbs et al'® described a prevalence of CM-1.5 in 17% of individ-
uals initially diagnosed as CM-1.” The higher rates of revision
surgery for persistent syringohydromyelia after posterior fossa
decompression in CM-1.5 highlight the need to distinguish
between the 2 variants.*” Individuals who present with typical
clinical symptoms of CM-1 and syringohydromyelia but lack ton-
sillar and brain stem herniation are classified as CM-0. Milhorat
et al'™'? described the occurrence of mild tonsillar herniation
(<5mm), along with syringohydromyelia and clinical features
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FIG 1. CM-1. Sagittal T2WI of the cervical and upper thoracic spine
(A) shows cerebellar tonsillar herniation below the foramen magnum,
with syringohydromyelia (arrows). Axial T2WI at C4 (B) and T5 (C) lev-
els demonstrate syringohydromyelia.

FIG 2. CM-15. Sagittal TIWI and T2WI of the cervical and upper tho-
racic spine (A and B) show obex herniation below the foramen mag-
num, with medullary kink (arrowhead).

typical for CM-1 in 8.7% of patients who are symptomatic, calling
it low-lying cerebellar tonsil syndrome.

CM-2 is characterized by caudal migration of the brain
stem, cerebellum, and fourth ventricle through the foramen
magnum, along with inferior displacement of the cervical
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spinal cord (Fig 3)."*'> The occurrence of low occipital or
high cervical encephalocele with signs of CM-2 other than
lumbar meningocele and/or myelomeningocele is described as
a CM-3.? Since the initial description of CM-3, there have
only been approximately 60 reported cases.>'* The only
reported case of occipitocervical encephalocele communicat-
ing with the foregut has been referred to as CM-3.5.'>'°
CM-4, currently termed “primary cerebellar agenesis” or
“severe cerebellar hypoplasia,” was initially described as cere-
bellar hypoplasia with occipital encephalocele.>> CM 5 is the
coexistence of lumbar meningocele and/or myelomeningocele
(CM-2), with a low occipital or high cervical myelomeningo-
cele (CM-3)."7

Pathophysiology of CMs

The exact etiopathogenesis of CM-1 is not entirely understood.
There is no single hypothesis that can explain the occurrence of
CM and all the associated abnormalities. CM-1 is thought to be
due to the inadequacy of paraxial mesoderm after the closure of
the neural tube, leading to insufficient development of occipital
somites.'®'® Although a small posterior fossa is not necessarily
seen in all patients with CM-1, individuals with a small posterior
fossa tend to be symptomatic at an earlier age, present with
syringohydromyelia, and show a better response to subocci-
pital decompression.’**> CM-0, CM-1, and CM-1.5 share a
common pathophysiologic basis and could likely represent a
spectrum of the same malformation, with increasing severity,
rather than distinct entities.

CM-2 is believed to be due to nonclosure of the caudal end of
the neuropore, leading to the egress of CSF from the CNS.2**
The ventricular distension acts as a scaffold for neurodevelop-
ment, primarily of the supratentorial cerebral parenchyma and
surrounding mesenchyme, which form the skull vault and
base.”>? The absence of adequate ventricular fluid and the failure
of distension of the developing ventricles lead to disorganized de-
velopment of the CNS, which results in abnormalities, including
callosal dysgenesis, anomalous neural migration, and falx defects.
Secondary effects include mesenchymal maldevelopment and a
small posterior fossa, which proves inadequate to contain the
developing hindbrain. This leads to caudal descent of the cerebel-
lar vermis, the tonsils, and the fourth ventricle through the
foramen magnum into the cervical spinal canal and also to
obstruction of CSF flow, with resultant hydrocephalus. CM-3
shares a similar pathophysiology with the defect that involves the
rostral end of the neuropore. In fetal life, the neurenteric canal
establishes a temporary communication between the yolk sac and
the amniotic cavity, and possibly maintains equal pressures in the
2 cavities.”” CM-3.5 may be due to the persistence of the neuren-
teric canal with resultant abnormal communication between the
yolk sac and the amniotic cavity."

Associated Abnormalities
The associated abnormalities in CM can be categorized based on
their anatomic location into those that involve the brain and spi-
nal cord, skull and vertebral column, ventricles, and meninges, as
described in On-line Table 1.



FIG 3. CM-2. Sagittal T2WI of the brain (A) shows cerebellar tonsillar herniation below the level
of the foramen magnum (arrow), hydrocephalus (asterisk), tectal beaking, and towering of the
cerebellum. Axial and sagittal T2WIs of the lumbar spine (B and C) show myelomeningocele with
neural placode exposure (arrowheads) and CSF flow artifacts (asterisk).

FIG 4. CM-2. Sagittal TIWI of the brain (A) shows hypoplasia of the splenium of corpus callosum
(asterisk) and tonsillar parenchymal loss secondary to the herniation (arrowhead), scalloping of
the clivus (short arrow), and dysplastic sella (gray asterisk). Axial T2WIs (B and C) show interdigi-
tating gyri (white arrows in B) due to fenestrated falx, stenogyria (gray arrowhead), and hypopla-

sia of the splenium of the corpus callosum (white arrows in C).

Brain. In CM-1, the brain is usually normal except for asymmetri-
cal tonsillar herniation with a peglike configuration, showing loss
of folial pattern.”® CM-1 is associated with anterior flattening of
the midbrain, pons, and medulla, and rarely hydrocephalus.*®
Although rare, spontaneous resolution of CM-1 is known to
occur in children and adults, possibly related to an increased pos-
terior fossa volume, cerebellar tonsillar atrophy, and spontaneous
disruption of arachnoid adhesions (On-line Fig 1.8

CM-2 is associated with cerebellar hypoplasia and caudal her-
niation of the cerebellar tonsils, which wrap around the medulla,
ie, the so-called banana sign, along with towering of the cerebel-
lum.*® Other cerebellar abnormalities include heterotopic and
dysplastic gray matter. In a retrospective study, 2 of 17 patients
with cerebellar dysplasias had associated CMs.*' The brain stem,
especially the midbrain, is elongated, with the fusion of the colli-
culi and tectal beaking. There is elongation and stenosis of the
cerebral aqueduct with hypoplasia or aplasia of cranial nerves.?®
The massa intermedia is enlarged and anteriorly displaced in
approximately 75%-90% of patients, along with elongation of the
habenular commissure and pineal gland.*®** Approximately 90%
of patients with CM-2 have associated hydrocephalus and

disproportionate enlargement of the
atria and occipital horns, ie, colpoce-
phaly.*®> The corpus callosum may
show partial or complete agenesis with
the absence of the septum pellucidum
(Fig 4). The cerebral cortex may show
multiple small gyri, ie, stenogyria, with
a partial or complete absence of the ol-
factory bulbs and tracts. In approxi-
mately one-third of the patients with
CM-2, ventricular margins may show
a nodular appearance due to subepen-
dymal nodular heterotopia.®®**

In CM-3, there is cerebellar or low
occipital encephalocele in association
with herniation of the sagittal sinus or
torcular herophili and the brain
stem. Partial or complete agenesis
of the corpus callosum may also be
seen in CM-3.

Spinal Cord. Syringomyelia is a fluid-
filled cavity formed by CSF dissecting
the spinal cord, as opposed to hydro-
myelia, which represents dilation of
the ependymal-lined central canal.
Because the distinction between these
entities is often not possible on imag-
ing, the term syringohydromyelia is
used. The filiform or fusiform dilation
of the central ependymal canal up to
2-3mm is termed prominent central
canal and >3mm as syringomy-
elia.'” It typically involves the lower
cervical or upper thoracic spinal cord;
seen in approximately 50%-75% of
individuals with CM-1 and 25%-45% of patients with CM-2, and
may also be seen in CM-3.’?® The extent of the abnormality
may vary from a small segment of spinal cord to an elongated
(holocord) syringohydromyelia. Rarely, syringohydromyelia may
contain internal septations and affect the entire length of the
spinal cord.

Neuroimaging of the syrinx is essential for presurgical plan-
ning for associated scoliosis and craniovertebral junction abnor-
malities.>® The aim of imaging is to assess the size, extent, and
level of cord involvement. It is essential to identify the presyrinx
state, ie, an abnormal spinal cord signal intensity adjacent to the
syrinx, and the presence of flow voids within the syrinx on T2-
weighted MRI because these features are potential predictors of a
good response after correction of the CSF obstruction.**** Open
spinal dysraphism, ie, lumbar meningocele and/or myelomenin-
gocele, is associated with CM-2 in >90% of cases."?137 The
global birth prevalence of spina bifida aperta is between 3.4 and
4.8 per 10,000 live births, and nearly all cases are associated with
CM-2.2"* Approximately 8% of patients with open spinal dys-
raphism have an associated diastematomyelia, ie, split cord
malformation.*®
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Skull and Vertebral Column. CM-1 is associated with skull base
and craniovertebral junction abnormalities, including concave
clivus, basilar invagination, and platybasia, in approximately 50%
of patients. There also is hypoplasia of the basiocciput and fora-
men magnum widening. The associated bony abnormalities are
severe in CM-2. Luckenschadel, or lacunar skull, along with bone
scalloping in the frontal region, ie, lemon sign, is usually seen in
CM-2. Scalloping of the clivus, petrous temporal bone, and jugu-
lar tubercles leads to a shortening of the internal auditory canals.
In CM-2, the posterior vertebral defects often affect the lumbar
spine and, less commonly, the thoracic spine, compared with
CM-3, which involves the cervical spine, predominantly in the
upper cervical vertebrae; however, there could be involvement up
to the level of C7. Various vertebral segmentation and fusion
abnormalities, such as hemivertebrae, block vertebrae, and
Klippel-Feil syndrome, can be associated with CM. Other verte-
bral abnormalities include atlanto-occipital assimilation, the ret-
roflexed odontoid process, and scoliosis.”

Meninges. In CM-1, the tentorium cerebelli shows increased
sloping, there is arachnoid thickening and adhesions in approxi-
mately 70% of patients at the level of the foramen magnum, and
outlet of the fourth ventricle can be seen.”****’ In CM-2, how-
ever, the tentorium is low-lying, hypoplastic, V-shaped, and wid-
ened, and there is tectal beaking and towering of the cerebellum.
The straight sinus is more vertical due to tentorial sloping. The
falx cerebri may show fenestrations or hypoplasia with interdigi-
tating gyri in approximately 30% of patients (Fig 4B).”> CM-3
shows findings similar to CM-2.

Imaging Modalities and Clinical Utility

Antenatal Imaging. Sonography is currently the imaging tech-
nique of choice for the assessment of fetal abnormalities. Fetal
MR imaging, a level III diagnostic tool, has increased sensitivity
and diagnostic confidence, and provides additional findings that
may affect prognosis and management.’>* Fetal MR imaging
may accurately demonstrate the level of the defect in open spinal
dysraphism but has a limited ability to reveal split cord malfor-
mations compared with postnatal MR imaging.*® Recent studies
indicate improved cerebellar herniation and a decreased need for
ventriculoperitoneal CSF shunting, along with improved mental
and motor function in patients who underwent in utero repair of
open spinal dysraphism compared with those who underwent
postnatal repair.*>> Prenatal MR imaging of patients with open
spinal dysraphism has shown an association between decreased
head circumference and effaced extra-axial CSF spaces in higher
grades of CM. However, there was no significant difference in
postnatal ventricular size between the prenatal and postnatal
repair groups.53

Postnatal Imaging. Radiographic evaluation by using a lateral
projection of the skull is used to assess platybasia, retroflexion of
the odontoid process, basilar invagination, and atlanto-occipital
assimilation. A decreased clival canal angle <125° and a posterior
margin of the odontoid process located >9 mm beyond the pB-
C2 line indicate a potential risk for occipitocervical fusion, along
with posterior cervical decompression.’*> Evaluation of the
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FIG 5. Phase-contrast MR imaging: CSF flow study. Phase images in
systole and diastole (A and B) show decreased CSF flow posterior to
the cerebellum and the dorsal subarachnoid space (arrowheads).

spine is performed on anteroposterior, upright, and lateral views.
The assessment for acute idiopathic scoliosis includes the cor-
onal Cobb angle to look for hyperscoliosis, and Risser scores
to look for residual growth potential. The presence of hyper-
scoliosis may point to an associated neural axis abnormality
and syringohydromyelia.

A volumetric CT aids in the optimal evaluation of the bony
abnormalities of the skull base, craniocervical junction, and verte-
bral anomalies. CT is also helpful in the assessment of the poste-
rior fossa volume and cerebellar tonsillar herniation. MR imaging
is the most sensitive imaging technique for the evaluation of in-
tracranial abnormalities in CM. The conventional and advanced
MR imaging sequences useful in the morphologic assessment
of the brain and spine, CSF flow dynamics, tonsillar motion, and
the microstructural alterations of the brain stem are as detailed in
On-line Table 2.

The evaluation of CSF flow by phase-contrast MR imaging in
the presurgical period may serve as a guide for surgical planning
and predict surgical outcomes in CM.>**” The salient findings on
CSF flow studies include obstruction of CSF flow at the level of
the foramen magnum, which results in increased flow in the ante-
rior and decreased flow in the posterior subarachnoid space along
the proximal cervical cord (Fig 5). Other findings on CSF flow
studies include increased flow in the anterior subarachnoid space
and increased CSF flow velocity. Based on the involved regions,
the CSF flow abnormalities are classified into 3 different patterns:
1) CSF flow obstruction posterior to the cerebellum and tonsils;
2) CSF flow obstruction posterior to the cerebellum, tonsils, and
through the fourth ventricle and cerebral aqueduct; and 3) CSF
flow obstruction posterior to the cerebellum and the tonsils,
through the fourth ventricle, and the cerebral aqueduct, and ven-
tral to the brain stem.>® In pattern 1, “bone only” craniocervical
decompression is usually performed and the subarachnoid



FIG 6. Intraoperative photographs show posterior fossa decompres-
sion in a patient with CM-1. A, After a midline incision in the occipito-
cervical region, the occipital bone, the atlanto-occipital membrane,
and the C1lamina are exposed. B, A suboccipital craniectomy and re-
moval of the posterior arch of Cl has been performed, and the dura
mater will be opened in a Y-shaped fashion. C, After opening of the
dura mater and the arachnoid overlying the cisterna magna, the 2 cer-
ebellar hemispheres with their respective cerebellar tonsils can be
visualized. D, A duraplasty has been performed, wherein a dural graft
has been inserted and sutured in a watertight fashion to enlarge the
cistern.

manipulation, ie, bone decompression with duraplasty with or
without dissection of the arachnoid adhesions, is reserved for
patients with pattern 3.°® The surgical management in pattern 2
is based on the extent of the CSF flow restoration on intraopera-
tive sonography.

In healthy individuals, cine MR imaging demonstrates a slight
inferior motion of the cerebellar tonsils, followed by the medulla
and the spinal cord. Also, there is a mild anteroposterior motion
of the tonsils, medulla, and the spinal cord. In CM, there is
increased craniocaudal displacement of the tonsils and the me-
dulla. There may be impaired passive recoil, with a decreased
upward motion, which may contribute to syrinx formation. DTI
is a sensitive technique to assess microstructural changes in the
brain stem and cerebellar peduncles. In CM-2, antenatal DTI
demonstrated increased fractional anisotropy values in the mid-
brain, which may aid in the prenatal diagnosis of open neural
tube defects.® Presurgical MR imaging in CM-1 showed elevated
fractional anisotropy values in the anterior pons, which reduced
after decompression surgery.”® DTI studies demonstrate paren-
chymal alterations and may contribute to the diagnosis and man-

agement of CM in the future.*>*

Posterior Fossa Decompression for CM-1

The decision to treat CM-1 surgically is based on the severity
and progression of symptoms and signs, in conjunction with
the MR imaging findings. Indications for surgery are typically
symptoms that affect daily life or any degree of symptomatic
syringohydromyelia.®’ The goals of surgery are to stop the

progression of symptoms, relieve the brain stem and spinal cord
compression, restore the normal flow of CSF through the fora-
men magnum, and stop the progression of syringohydromyelia.
If warranted, posterior fossa decompression consists of surgical
enlargement of the posterior cranial fossa, with a “bone-only”
craniocervical decompression (typically a small suboccipital
craniectomy above the foramen magnum with removal of the
posterior arch of C1) or bone decompression, with an expand-
ing duraplasty, ie, opening of the dura mater over the cisterna
magna, and insertion and suturing of allogenic and xenogenic
connective tissue dura graft in a watertight fashion to enlarge
the cistern (Fig 6). Intraoperative sonography may be per-
formed to determine if a dura mater opening is necessary
because bone removal alone may sometimes not suffice to
restore normal CSF flow. Dissection of arachnoid adhesions is
frequently performed in patients with a syrinx. Tonsillopexy, ie,
limited resection of the cerebellar tonsils with bipolar cautery,
may also be performed when the surgeon is unable to
adequately superiorly mobilize herniated tonsils that severely
impinge on the foramen magnum.

Postsurgical Imaging in CM

MR imaging is generally the technique of choice for evaluation of
the expected postoperative imaging findings (On-line Fig 2) and
the associated complications in patients with CMs.

Complications in CM-1 Surgery. Pseudomeningoceles are subcu-
taneous fluid collections that are more likely in patients under-
going posterior fossa decompression with duraplasty versus
without duraplasty (18.5% versus 1.8%).5
either superficial, ie, cellulitis involving the postoperative bed, or

Wound infections are

deep in the form of subcutaneous abscesses or meningitis. The
incidence rates of postsurgical infections range from 1% to as
high as 11%.%> Abscesses appear as rim-enhancing fluid collec-
tions with restricted diffusion. Meningitis typically demonstrates
leptomeningeal enhancement that predominantly involves the
posterior fossa.

Anterior and posterior circulation strokes are rare complica-
tions of CM surgery, occurring in 0.5% of patients.”> The poste-
rior inferior cerebellar artery territory is usually involved,
possibly due to injury to its distal branches during revision sur-
geries. Arachnoid adhesions complicate approximately 0.5% of
cases with allogenic and xenogenic connective tissue grafts.®*
They may obstruct the normal flow of CSF owing to tethering of
the parenchyma to the overlying dura, leading to hydrocephalus
and symptomatic recurrence. Inferior migration of the cerebel-
lum, ie, cerebellar slumping, is an unlikely event due to excessive
bony decompression of the foramen magnum (>4 x 4cm). It
may result in treatment failure or even mass effect on the brain
stem and spinal cord.®®

Complications in CM-2 Surgery. Postoperative complications in
CM-2 include wound dehiscence and shunt infection (7.6%), CSF

leaks and postoperative fluid collections (32.8%), and inclusion

cysts and intraspinal arachnoid cysts (3.4%).*>¢
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CONCLUSIONS
CMs are a diverse group of abnormalities that involve the brain,

the craniocervical junction, and the spine. They present with a

multitude of clinical manifestations, depending on the affected

regions, and altered CSF flow dynamics. Because of the increasing

performance of neuroimaging for optimal therapeutic guidance,

we need to be aware of common and uncommon types of CM,

associated abnormalities, and common imaging findings.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

1980

Chiari H. Ueber Verinderungen des Kleinhirns infolge von
Hydrocephalie des Grosshirns1 [About changes in the cerebellum as
a result of hydrocephus of the cerebrum]. Dtsch Med Wochenschr
1891;17:1172-75 CrossRef

. Chiari H. Uber Veranderungen des Kleinhirns, der Pons und der

Medulla oblongata infolge von congenitaler Hydrocephalie des
Grosshirns [About changes in the cerebellum, the pons and the me-
dulla oblongata as a result of congenital hydrocephalus of the cere-
brum)]. Denkschr Akad Wiss Wien 1895;63:71-115

. Haddad FA, Qaisi I, Joudeh N, et al. The newer classifications of the

Chiari malformations with clarifications: an anatomical review.
Clin Anat 2018;31:314-22 CrossRef Medline

. Tubbs RS, Iskandar BJ, Bartolucci AA, et al. A critical analysis of the

Chiari 1.5 malformation. J Neurosurg 2004;101:179-83 CrossRef
Medline

. Chiapparini L, Saletti V, Solero CL, et al. Neuroradiological diagno-

sis of Chiari malformations. Neurol Sci 2011;32(suppl 3):5283-86
CrossRef Medline

. Doberstein CA, Torabi R, Klinge PM. Current concepts in the

pathogenesis, diagnosis, and management of type I Chiari malfor-
mations. R [ Med ] (2013) 2017;100:47-49 Medline

. Speer MC, Enterline DS, Mehltretter L, et al. Review article: Chiari

type I malformation with or without syringomyelia: prevalence
and genetics. ] Genet Couns 2003;12:297-311 CrossRef Medline

. Briganti F, Leone G, Briganti G, et al. Spontaneous resolution of

Chiari type 1 malformation. A case report and literature review.
Neuroradiol ] 2013;26:304-09 CrossRef Medline

. Kim I-K, Wang K-C, Kim I-O, et al. Chiari 1.5 malformation: an

advanced form of Chiari I malformation. ] Korean Neurosurg Soc
2010;48:375-79 CrossRef Medline

Tubbs RS, McGirt MJ, Oakes W]. Surgical experience in 130 pediat-
ric patients with Chiari I malformations. ] Neurosurg 2003;99:291-
96 CrossRef Medline

Milhorat TH, Chou MW, Trinidad EM, et al. Chiari I malformation
redefined: clinical and radiographic findings for 364 symptomatic
patients. Neurosurgery 1999;44:1005-17 CrossRef Medline

Milhorat TH, Bolognese PA, Nishikawa M, et al. Association of
Chiari malformation type I and tethered cord syndrome: prelimi-
nary results of sectioning filum terminale. Surg Neurol 2009;72:20-
35 CrossRef Medline

Cama A, Tortori-Donati P, Piatelli GL, et al. Chiari complex in
children-neuroradiological diagnosis, neurosurgical treatment
and proposal of a new classification (312 cases). Eur ] Pediatr Surg
1995;5(suppl 1):35-38 CrossRef Medline

Ivashchuk G, Loukas M, Blount JP, et al. Chiari III malformation: a
comprehensive review of this enigmatic anomaly. Childs Nerv Syst
2015;31:2035-40 CrossRef Medline

Fisahn C, Shoja MM, Turgut M, et al. The Chiari 3.5 malformation:
a review of the only reported case. Childs Nerv Syst 2016;32:2317-19
CrossRef Medline

Muscatello G. Ueber die angeborenen Spalten des Schidels und der
Wirbelsdule [About the congenital clefts of the skull and the spine].
Archiv f kiln Chir Bd 1984;47:162-301

Hiremath Nov 2020 www.ajnr.org

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

Osborn AG, Hedlund GL. Posterior fossa malformations. In:
Osborn’s Brain: Imaging, Pathology, and Anatomy. 2nd ed. Osborn
AG (ed). Elsevier: Philadelphia, 2018:1169-94

Miiller F, O'Rahilly R. The human chondrocranium at the end of
the embryonic period, proper, with particular reference to the
nervous system. Am | Anat 1980;159:33-58 CrossRef Medline
Marin-Padilla M, Marin-Padilla TM. Morphogenesis of experimen-
tally induced Arnold-Chiari malformation. J Neurol Sci 1981;50:
29-55 CrossRef Medline

Tubbs RS, Hill M, Loukas M, et al. Volumetric analysis of the pos-
terior cranial fossa in a family with four generations of the Chiari
malformation type I. ] Neurosurg Pediatr 2008;1:21-24 CrossRef
Medline

Sgouros S, Kountouri M, Natarajan K. Posterior fossa volume in
children with Chiari malformation type I. J Neurosurg 2006;105
(suppl):101-06 CrossRef Medline

Badie B, Mendoza D, Batzdorf U. Posterior fossa volume and
response to suboccipital decompression in patients with Chiari I
malformation. Neurosurgery 1995;37:214-18 CrossRef Medline
Taylor DG, Mastorakos P, Jane JA, et al. Two distinct populations of
Chiari I malformation based on presence or absence of posterior
fossa crowdedness on magnetic resonance imaging. /] Neurosurg
2017;126:1934-40 CrossRef Medline

McLone DG, Knepper PA. The cause of Chiari II malformation: a
unified theory. Pediatr Neurosci 1989;15:1-12 CrossRef Medline
McLone DG, Nakahara S, Knepper PA. Chiari II malformation:
pathogenesis and dynamics. Concepts Pediatr Neurosurg 1991:1-17
CrossRef Medline

Pexieder T, Jelinek R. Pressure of the CSF and the morphogenesis
of the CNS. II. Pressure necessary for normal development of
brain vesicles. Folia Morphol (Praha) 1970;18:181-92 Medline
Birinyi PV, Bieser S, Reis M, et al. Impact of DTI tractography on
surgical planning for resection of a pediatric pre-pontine neuren-
teric cyst: a case discussion and literature review. Childs Nerv Syst
2015;31:457-63 CrossRef Medline

Tubb RS, Pugh JA, Oakes WJ. Chiari Malformations. In: Youmans
Neurological Surgery, Winn HR (ed). Elsevier Saunders: Philadelphia,
2011:1918-27

Cai C, Oakes WJ. Hindbrain herniation syndromes: the Chiari mal-
formations (I and II). Semin Pediatr Neurol 1997;4:179-91 CrossRef
Medline

Van den Hof MC, Nicolaides KH, Campbell J, et al. Evaluation of
the lemon and banana signs in one hundred thirty fetuses with
open spina bifida. Am ] Obstet Gynecol 1990;162:322-27 CrossRef
Medline

Soto-Ares G, Delmaire C, Deries B, et al. Cerebellar cortical dyspla-
sia: MR findings in a complex entity. AJNR Am ] Neuroradiol 2000;
21:1511-19 Medline

Gooding CA, Carter A, Hoare RD. New ventriculographic aspects
of the Arnold-Chiari malformation. Radiology 1967;89:626-32
CrossRef Medline

Rauzzino M, Oakes W]J. Chiari II malformation and syringomyelia.
Neurosurg Clin N Am 1995;6:293-309 CrossRef Medline
Hino-Shishikura A, Niwa T, Aida N, et al. Periventricular nodular
heterotopia is related to severity of the hindbrain deformity in
Chiari II malformation. Pediatr Radiol 2012;42:1212-17 CrossRef
Medline

Petit-Lacour MC, Lasjaunias P, Iffenecker C, et al. Visibility of the
central canal on MRI. Neuroradiology 2000;42:756-61 CrossRef
Medline

Menezes AH. Chiari I malformations and hydromyelia-complica-
tions. Pediatr Neurosurg 1991;17:146-54 CrossRef Medline

Alai A, Reddy CG, Amrami KK, et al. Charcot arthropathy of the
shoulder associated with typical and atypical findings. Clin Anat
2013;26:1017-23 CrossRef Medline

Sgouros S. Chiari IT malformation and syringomyelia. In: Memet
Ozek M, Cinalli G, Maixner WJ, eds. The Spina Bifida: Management
and Outcome. Springer-Verlag: Milan, 2008: 237-48


http://dx.doi.org/10.1055/s-0029-1206803
http://dx.doi.org/10.1002/ca.23051
https://www.ncbi.nlm.nih.gov/pubmed/29344999
http://dx.doi.org/10.3171/ped.2004.101.2.0179
https://www.ncbi.nlm.nih.gov/pubmed/15835105
http://dx.doi.org/10.1007/s10072-011-0695-0
https://www.ncbi.nlm.nih.gov/pubmed/21800079
https://www.ncbi.nlm.nih.gov/pubmed/28564670
http://dx.doi.org/10.1023/A:1023948921381
https://www.ncbi.nlm.nih.gov/pubmed/26141174
http://dx.doi.org/10.1177/197140091302600309
https://www.ncbi.nlm.nih.gov/pubmed/23859287
http://dx.doi.org/10.3340/jkns.2010.48.4.375
https://www.ncbi.nlm.nih.gov/pubmed/21113370
http://dx.doi.org/10.3171/jns.2003.99.2.0291
https://www.ncbi.nlm.nih.gov/pubmed/12924703
http://dx.doi.org/10.1097/00006123-199905000-00042
https://www.ncbi.nlm.nih.gov/pubmed/10232534
http://dx.doi.org/10.1016/j.surneu.2009.03.008
https://www.ncbi.nlm.nih.gov/pubmed/19559924
http://dx.doi.org/10.1055/s-2008-1066261
https://www.ncbi.nlm.nih.gov/pubmed/8770577
http://dx.doi.org/10.1007/s00381-015-2853-9
https://www.ncbi.nlm.nih.gov/pubmed/26255148
http://dx.doi.org/10.1007/s00381-016-3255-3
https://www.ncbi.nlm.nih.gov/pubmed/27679454
http://dx.doi.org/10.1002/aja.1001590105
https://www.ncbi.nlm.nih.gov/pubmed/7446441
http://dx.doi.org/10.1016/0022-510x(81)90040-x
https://www.ncbi.nlm.nih.gov/pubmed/7229658
http://dx.doi.org/10.3171/PED-08/01/021
https://www.ncbi.nlm.nih.gov/pubmed/18352798
http://dx.doi.org/10.3171/ped.2006.105.2.101
https://www.ncbi.nlm.nih.gov/pubmed/16922070
http://dx.doi.org/10.1227/00006123-199508000-00004
https://www.ncbi.nlm.nih.gov/pubmed/7477771
http://dx.doi.org/10.3171/2016.6.JNS152998
https://www.ncbi.nlm.nih.gov/pubmed/27588590
http://dx.doi.org/10.1159/000120432
https://www.ncbi.nlm.nih.gov/pubmed/2699756
http://dx.doi.org/10.1159/000120432
https://www.ncbi.nlm.nih.gov/pubmed/2699756 
https://www.ncbi.nlm.nih.gov/pubmed/5441477
http://dx.doi.org/10.1007/s00381-014-2587-0
https://www.ncbi.nlm.nih.gov/pubmed/25407831
http://dx.doi.org/10.1016/S1071-9091(97)80036-8
https://www.ncbi.nlm.nih.gov/pubmed/9323788
http://dx.doi.org/10.1016/0002-9378(90)90378-k
https://www.ncbi.nlm.nih.gov/pubmed/2178424
https://www.ncbi.nlm.nih.gov/pubmed/11003288
http://dx.doi.org/10.1148/89.4.626
https://www.ncbi.nlm.nih.gov/pubmed/5299337
http://dx.doi.org/10.1016/S1042-3680(18)30464-9
https://www.ncbi.nlm.nih.gov/pubmed/7620355
http://dx.doi.org/10.1007/s00247-012-2431-1
https://www.ncbi.nlm.nih.gov/pubmed/22886376
http://dx.doi.org/10.1007/s002340000373
https://www.ncbi.nlm.nih.gov/pubmed/11110081
http://dx.doi.org/10.1159/000120586
https://www.ncbi.nlm.nih.gov/pubmed/1819330
http://dx.doi.org/10.1002/ca.22110
https://www.ncbi.nlm.nih.gov/pubmed/22696209

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

Milhorat TH. Classification of syringomyelia. Neurosurg Focus
2000;8:E1 CrossRef Medline

Fischbein NJ, Dillon WP, Cobbs C, et al. The “presyrinx” state: a
reversible myelopathic condition that may precede syringomy-
elia. AJNR Am ] Neuroradiol 1999;20:7-20. Accessed April 26, 2020.
http://www.ajnr.org/content/20/1/7 Medline

Goh S, Bottrell CL, Aiken AH, et al. Presyrinx in children with
Chiari malformations. Neurology 2008;71:351-56 CrossRef Medline
Sen A. Flow comp off: an easy technique to confirm CSF flow
within syrinx and aqueduct. Indian ] Radiol Imaging 2013;23:97-100
CrossRef Medline

Atta CAM, Fiest KM, Frolkis AD, et al. Global birth prevalence of
spina bifida by folic acid fortification status: a systematic review
and meta-analysis. Am ] Public Health 2016;106:¢24-34 CrossRef
Medline

Boulet SL, Yang Q, Mai C, et al. Trends in the postfortification
prevalence of spina bifida and anencephaly in the United States.
Birth Defects Res Part A Clin Mol Teratol 2008;82:527-32 CrossRef
Medline

Adzick NS, Thom EA, Spong CY, et al. A randomized trial of prena-
tal versus postnatal repair of myelomeningocele. N Engl ] Med
2011;364:993-1004 CrossRef Medline

Nagaraj UD, Bierbrauer KS, Stevenson CB, et al. Spinal imaging
findings of open spinal dysraphisms on fetal and postnatal MRI.
AJNR Am ] Neuroradiol 2018;39:1947-52 CrossRef Medline
Cesmebasi A, Loukas M, Hogan E, et al. The Chiari malformations:
a review with emphasis on anatomical traits. Clin Anat 2015;28:
184-94 CrossRef Medline

Dlouhy BJ, Dawson JD, Menezes AH. Intradural pathology and
pathophysiology associated with Chiari I malformation in children
and adults with and without syringomyelia. /] Neurosurg Pediatr
2017;20:526-41 CrossRef Medline

Menezes AH, Greenlee JDW, Dlouhy BJ. Syringobulbia in pediatric
patients with Chiari malformation type I. ]| Neurosurg Pediatr
2018;22:52-60 CrossRef Medline

Geerdink N, van der Vliet T, Rotteveel J], et al. Essential features of
Chiari II malformation in MR imaging: an interobserver reliability
study—part 1. Childs Nerv Syst 2012;28:977-85 CrossRef Medline
Gongalves LF, Lee W, Mody S, et al. Diagnostic accuracy of ultraso-
nography and magnetic resonance imaging for the detection of
fetal anomalies: a blinded case-control study. Ultrasound Obstet
Gynecol 2016;48:185-92 CrossRef Medline

Griffiths PD, Bradburn M, Campbell MJ, et al. Use of MRI in the di-
agnosis of fetal brain abnormalities in utero (MERIDIAN): a mul-
ticentre, prospective cohort study. Lancet 2017;389:538-46 CrossRef
Medline

Nagaraj UD, Bierbrauer KS, Zhang B, et al. Hindbrain herniation in
Chiari IT malformation on fetal and postnatal MRI. AJNR Am ]|
Neuroradiol 2017;38:1031-36 CrossRef Medline

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

AJNR Am ] Neuroradiol 41:1975-81

Bollo RJ, Riva-Cambrin ], Brockmeyer MM, et al. Complex Chiari
malformations in children: an analysis of preoperative risk factors
for occipitocervical fusion. | Neurosurg Pediatr 2012;10:134-41
CrossRef Medline

Grabb PA, Mapstone TB, Oakes WJ. Ventral brain stem compres-
sion in pediatric and young adult patients with Chiari I malforma-
tions. Neurosurgery 1999;44:520-27; discussion 527-28 CrossRef
Medline

McGirt MJ, Nimjee SM, Fuchs HE, et al. Relationship of cine phase-
contrast magnetic resonance imaging with outcome after decom-
pression for Chiari I malformations. Neurosurgery 2006;59:140-46;
discussion 140-46 CrossRef Medline

Lee A, Yarbrough CK, Greenberg JK, et al. Comparison of posterior
fossa decompression with or without duraplasty in children with
type I Chiari malformation. Childs Nerv Syst 2014;30:1419-24
CrossRef Medline

Fan T, Zhao H, Zhao X, et al. Surgical management of Chiari I
malformation based on different cerebrospinal fluid flow pat-
terns at the cranial-vertebral junction. Neurosurg Rev 2017;40:
663-70 CrossRef Medline

Woitek R, Prayer D, Weber M, et al. Fetal diffusion tensor quantifi-
cation of brainstem pathology in Chiari II malformation. Eur
Radiol 2016;26:1274-83 CrossRef Medline

Eshetu T, Meoded A, Jallo GI, et al. Diffusion tensor imaging in pe-
diatric Chiari type I malformation. Dev Med Child Neurol 2014;
56:742-48 CrossRef Medline

Bolognese PA, Brodbelt A, Bloom AB, et al. Professional profiles,
technical preferences, surgical opinions, and management of clinical
scenarios from a panel of 63 international experts in the field of
Chiari I malformation. World Neurosurg 2020;S1878-8750:30590-98
CrossRef Medline

Klekamp J. Surgical treatment of Chiari I malformation-analysis
of intraoperative findings, complications, and outcome for 371
foramen magnum decompressions. Neurosurgery 2012;71:365-80;
discussion 380 CrossRef Medline

Arnautovic A, Splavski B, Boop FA, et al. Pediatric and adult Chiari
malformation type I surgical series 1965-2013: a review of demo-
graphics, operative treatment, and outcomes. ] Neurosurg Pediatr
2015;15:161-77 CrossRef Medline

Parizek ], Méricka P, Husek Z, et al. Detailed evaluation of 2959
allogeneic and xenogeneic dense connective tissue grafts (fascia
lata, pericardium, and dura mater) used in the course of 20 years
for duraplasty in neurosurgery. Acta Neurochir (Wien) 1997;139:
827-38 CrossRef Medline

Duddy MJ, Williams B. Hindbrain migration after decompression
for hindbrain hernia: a quantitative assessment using MRI. Br |
Neurosurg 1991;5:141-52 CrossRef Medline

Nov 2020 www.ajnr.org 1981


http://dx.doi.org/10.3171/foc.2000.8.3.1
https://www.ncbi.nlm.nih.gov/pubmed/16676921
http://www.ajnr.org/content/20/1/7
https://www.ncbi.nlm.nih.gov/pubmed/9974051
http://dx.doi.org/10.1212/01.wnl.0000304087.91204.95
https://www.ncbi.nlm.nih.gov/pubmed/18565831
http://dx.doi.org/10.4103/0971-3026.113626
https://www.ncbi.nlm.nih.gov/pubmed/23986624
http://dx.doi.org/10.2105/AJPH.2015.302902
https://www.ncbi.nlm.nih.gov/pubmed/26562127
http://dx.doi.org/10.1002/bdra.20468
https://www.ncbi.nlm.nih.gov/pubmed/18481813
http://dx.doi.org/10.1056/NEJMoa1014379
https://www.ncbi.nlm.nih.gov/pubmed/21306277
http://dx.doi.org/10.3174/ajnr.A5760
https://www.ncbi.nlm.nih.gov/pubmed/30237301
http://dx.doi.org/10.1002/ca.22442
https://www.ncbi.nlm.nih.gov/pubmed/25065525
http://dx.doi.org/10.3171/2017.7.PEDS17224
https://www.ncbi.nlm.nih.gov/pubmed/29027876
http://dx.doi.org/10.3171/2018.1.PEDS17472
https://www.ncbi.nlm.nih.gov/pubmed/29701558
http://dx.doi.org/10.1007/s00381-012-1761-5
https://www.ncbi.nlm.nih.gov/pubmed/22547226
http://dx.doi.org/10.1002/uog.15774
https://www.ncbi.nlm.nih.gov/pubmed/26444861
http://dx.doi.org/10.1016/S0140-6736(16)31723-8
https://www.ncbi.nlm.nih.gov/pubmed/27988140
http://dx.doi.org/10.3174/ajnr.A5116
https://www.ncbi.nlm.nih.gov/pubmed/28279990
http://dx.doi.org/10.3171/2012.3.PEDS11340
https://www.ncbi.nlm.nih.gov/pubmed/22725652
http://dx.doi.org/10.1097/00006123-199903000-00050
https://www.ncbi.nlm.nih.gov/pubmed/10069589
http://dx.doi.org/10.1227/01.NEU.0000219841.73999.B3
https://www.ncbi.nlm.nih.gov/pubmed/16823310
http://dx.doi.org/10.1007/s00381-014-2424-5
https://www.ncbi.nlm.nih.gov/pubmed/24777296
http://dx.doi.org/10.1007/s10143-017-0824-1
https://www.ncbi.nlm.nih.gov/pubmed/28181025
http://dx.doi.org/10.1007/s00330-015-3939-1
https://www.ncbi.nlm.nih.gov/pubmed/26328926
http://dx.doi.org/10.1111/dmcn.12494
https://www.ncbi.nlm.nih.gov/pubmed/24825432
http://dx.doi.org/10.1016/j.wneu.2020.03.119
https://www.ncbi.nlm.nih.gov/pubmed/32251822
http://dx.doi.org/10.1227/NEU.0b013e31825c3426
https://www.ncbi.nlm.nih.gov/pubmed/22569058
http://dx.doi.org/10.3171/2014.10.PEDS14295
https://www.ncbi.nlm.nih.gov/pubmed/25479580
http://dx.doi.org/10.1007/BF01411400
https://www.ncbi.nlm.nih.gov/pubmed/9351987
http://dx.doi.org/10.3109/02688699108998460
https://www.ncbi.nlm.nih.gov/pubmed/1863375

REVIEW ARTICLE

Neuro-Oncology and Radiogenomics: Time to Integrate?

A. Lasocki, ““’”M.A. Rosenthal, A. Neal, and “*'KJ. Drummond

O=

S.J. Roberts-Thomson,

ABSTRACT

SUMMARY: Radiogenomics aims to predict genetic markers based on imaging features. The critical importance of molecular markers in
the diagnosis and management of intracranial gliomas has led to a rapid growth in radiogenomics research, with progressively increasing
complexity. Despite the advances in the techniques being examined, there has been little translation into the clinical domain. This has
resulted in a growing disconnect between cutting-edge research and assimilation into clinical practice, though the fundamental goal is
for these techniques to improve patient care. The goal of this review, therefore, is to discuss possible clinical scenarios in which the
addition of radiogenomics may aid patient management. This includes facilitating patient counseling, determining optimal patient man-
agement when complete molecular characterization is not possible, reclassifying tumors, and overcoming some of the limitations of his-
tologic assessment. The review also discusses considerations for selecting relevant radiogenomic features based on the clinical setting.

ABBREVIATIONS: IDH = isocitrate dehydrogenase; IDH™" = IDH mutant; IDH"* = IDH wild-type; WHO = World Health Organization; HG = 2-hydroxyglu-
tarate; nCET = non-contrast-enhancing tumor; cIMPACT-NOW = Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy

adiogenomics, also known as imaging genomics, aims to pre-

dict genetic markers based on imaging features. An impor-
tant change in the 2016 update to the World Health Organization
(WHO) Classification of Tumors of the CNS was the addition of
molecular markers to the diagnosis of diffuse gliomas, providing
an integrated phenotypic and genetic classification.' In particular,
diffuse gliomas of all grades (II-IV) are now classified according
to isocitrate dehydrogenase (IDH) status as either IDH mutant
(IDH™") or IDH wild-type (IDH""), and grade II and III gliomas
with an IDH mutation are further classified based on the presence
or absence of 1p/19q-codeletion (with codeletion representing
combined loss of both the short arm of chromosome 1 and the
long arm of chromosome 19).> The greater importance of genetic
markers has led to a rapid growth in radiogenomics research in
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gliomas, with progressively increasing complexity, including the
incorporation of artificial intelligence techniques.

Most radiogenomics research has focused on MR imaging,
though a small minority of studies have considered CT (in particu-
lar in relation to the presence of calciﬁcation3’4), and there is also a
growing interest in PET, in particular using amino acid tracers such
as '"SF-FDOPA (fluorine-18-fluoro-L-dihydroxyphenylalanine).>®
MR imaging studies have examined both conventional MR imaging
sequences (eg, pre- and postcontrast TIWI, T2WI, and FLAIR) and
widely used advanced sequences (eg, DWI and MR imaging perfu-
sion techniques). Notably, in addition to standard MR imaging
spectroscopy7, novel spectroscopic assessment targeting 2-hydroxy-
glutarate (2HG)—an oncometabolite that accumulates in IDH™"
gliomas caused by catalysis of alpha-ketoglutarate to 2HG®—has
been shown to have high sensitivity for detecting IDH mutations.”"
Newer MR imaging techniques such as chemical exchange-depend-
ent saturation transfer imaging have also been examined'' but cur-
rently largely lie outside the clinical domain. A multiparametric

approach improves accuracy,'>'?

though a greater number of varia-
bles requires larger cohorts to provide a robust algorithm.

There has also been increasing interest in harnessing the power
of a variety of computational techniques. Radiomics describes a
range of computational methods to extract quantitative features
from radiographic images''—most commonly MR imaging in the
case of brain tumors—providing quantitative assessment of features
that include signal intensity, shape, volume, and heterogeneity."*

These features, with the aid of machine learning methods, can in
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turn be mined to detect correlations with genomic markers.'' More
recently, deep learning (a subset of machine learning'®) using con-
volutional neural networks has further improved radiogenomic pre-
diction."*'® Initial concerns regarding the uninterpretable “black
box” nature of neural networks are being overcome by more recent
work; for example, Chang et al'® applied principal component anal-
ysis to the final feature vector to demonstrate the appearances most
strongly correlating with a particular genomic marker.

Despite the rapid advances and growth in the complexity of
the techniques being examined, there has been little translation
into the clinical domain. This has resulted in a growing discon-
nect between cutting-edge research and assimilation into clinical
practice, though the fundamental goal is for these techniques to
improve patient care. Therefore, it is important to take a step
back and discuss possible ways in which radiogenomics could be
incorporated into clinical practice, with a multidisciplinary focus.
By identifying relevant clinical scenarios, we also hope to encour-
age research into the clinical impact of radiogenomics, ideally
prospectively. Being the key genetic markers in the current WHO
classification, our discussion focuses on IDH and 1p/19q status,
though similar principles generally apply also to other genetic
markers. Our focus is on possible clinical scenarios rather than a
detailed discussion on the specific imaging features.

CLINICAL APPLICATIONS OF RADIOGENOMICS
Definitive histopathologic and genetic assessment based on histo-
logic specimens remains the criterion standard for the diagnosis of
brain tumors, but imaging has several advantages. The most obvious
limitation of histology is that it requires surgery—and its associated
morbidity—to obtain the specimen, but imaging is noninvasive.
Thus, radiogenomics has value before surgery or in situations when
there may be a preference for or a possibility of avoiding surgery. A
further advantage of imaging is its ability to image the entire tumor,
which is of particular value for gliomas given their inherently diffuse
and heterogeneous nature. Finally, radiogenomics can be tailored
toward the clinical question, by the appropriate selection of imaging
modalities, the optimal use of the given technique (eg, in the selec-
tion of MR imaging sequences or PET tracers), and even in the
application of computational techniques. Possible clinical uses of
radiogenomics are discussed, including the advantages and disad-
vantages of radiogenomics and a brief description of specific imag-
ing features that could be used. The scenarios discussed include:

e Providing a “virtual biopsy.”

e Aiding patient counseling.

¢ Guiding perioperative management.

e The prediction of “noncanonical” IDH mutations.

e Considerations in centers with limited access to genetic test-
ing methods.

e Tumor reclassification.

¢ Overcoming the limitations of histologic assessment.

e Posttreatment follow-up.

“Virtual Biopsy”

The ultimate vision is, perhaps, for imaging genomics to deliver a
“virtual biopsy,” by providing—noninvasively—a sufficiently confi-
dent prediction of genetic status to guide clinical management.

FIGURE. Axial T2WI (left) and FLAIR (right) image of a right frontal
lobe WHO grade Ill, IDH-mutant, 1p/19q noncodeleted glioma dem-
onstrating the T2-FLAIR mismatch sign.

Arguably, the T2-FLAIR mismatch sign, when present, already
provides a confident prediction of an IDH™", 1p/19q nonco-
deleted tumor, having been shown to have a 100% positive pre-
dictive value in several different cohorts, with moderate to
near-perfect interobserver agreement (k = 0.56-0.88)*1>17:18
(Figure). False-positive results can occur in the case of enhanc-
ing tumors or pediatric patients,'”*” but exceptions are rare in
the case of nonenhancing tumors in an adult population,'® and
this sign remains highly specific of an IDH™", 1p/19q nonco-
deleted tumor in this context. The main limitation of this sign,
however, is its sensitivity, being present in 22%-51% of
IDH™", 1p/19q noncodeleted lower-grade gliomas in different
cohorts.'>!'71®

Even if imaging genomics were able to approach 100% accu-
racy more widely, however, surgery not only provides a diagnosis
(both histologic and genetic) but is also a key therapeutic tech-
nique in diffuse gliomas of all grades.>"** Indeed, the importance
of surgery may increase because of the push toward extending
resection beyond the enhancing component of gliomas to the
nonenhancing tumor component.23 2> PBurthermore, there has
been an increasing push toward early functional-guided resection
for lower-grade gliomas to optimize both oncologic and functional
long-term outcomes.?® As such, other than for tumors in locations
that are challenging surgically or in patients with a gliomatosis-like
pattern in whom even subtotal resection is not feasible,* resection
cannot practically be avoided unless medical treatments improve
dramatically.

Nevertheless, there are clinical scenarios when the differen-
tial diagnosis of a brain lesion includes non-neoplastic etiologies
that do not require immediate surgery, in particular when the
lesion is nonenhancing. A radiogenomic approach can aid deci-
sion making in such cases. The presence of imaging features
that have been shown to correlate with a particular glioma ge-
notype supports a diagnosis of a glioma, and thus a need for
surgery, but the lack of such features gives clinicians greater
confidence in managing the lesion as nongliomatous. Possible
scenarios include focal lesional epilepsy caused by isolated
amygdala enlargement with associated T2 hyperintensity”” and
unilateral mesial temporal FLAIR hyperintensity that is sus-
pected to be caused by autoimmune encephalitis.*®
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Patient Counseling

Radiogenomics is relevant for counseling patients before surgery.
A “watch-and-wait” approach may have been used in the past for
patients suspected on imaging of having a low-grade glioma but
is going out of favor because of the importance of genetic markers
and a recognition of the effect of extent of resection on survival.*'
Patients may nevertheless wish to adopt such a strategy, for
example, because of fear, logistic difficulties, or medical comor-
bidities, and the ability to predict the genetic status with MR
imaging allows a more informed decision-making process. If MR
imaging suggests an IDH"" tumor, this provides further support
for recommending surgery because tumor progression is likely to
be more rapid, and it is important to confirm IDH"' status to
institute appropriate management. Even if the patient remains
hesitant, imaging follow-up should occur at a shorter interval. In
contrast, if an IDH mutation can be confidently predicted based
on the preoperative imaging (eg, because of the presence of a T2-
FLAIR mismatch sign®'”'® or high ADC values),”® this may pro-
vide greater confidence that active surveillance is a feasible alter-
native. Such considerations already occur to some extent (eg,
based on the presence or absence of enhancement), but the addi-
tion of radiogenomics data would further optimize personalized
care.

Perioperative Management

Seizures are common in diffuse gliomas, particularly grade IT-III
tumors.**>* IDH mutations have been proposed as a potential
biomarker of glioma-associated epilepsy, being associated with
increased rates of seizures in both the pre- and postoperative set-

i o 30,31,33
tings.

2HG is structurally similar to the excitatory neuro-
transmitter glutamate and is hypothesized to activate excitatory
N-Methyl-d-aspartate receptors.’® Radiogenomic identification
of an IDH™" tumor thus suggests that patients could benefit

from preoperative prophylactic antiepileptic treatment.

Prediction of Noncanonical IDH Mutations

After histology has confirmed a diffuse glioma, IDH testing is the
next step in the molecular characterization of both grade II or III
gliomas and glioblastomas.” Traditionally, IDH testing has started
with immunohistochemistry, and this remains the practice in
most centers. An inherent limitation of this technique is that it is
specific to the R132H mutation in the IDHI gene and is thus
unable to detect “noncanonical” IDH mutations, namely, non-
R132H-IDHI mutations and all IDH2 mutations.>® The possibil-
ity of a noncanonical mutation is sufficiently high in grade IT and
III tumors™ that the WHO mandates definitive IDH testing for
these tumors.” Definitive IDH testing is not required for older
patients (55 years of age and older) with a glioblastoma and nega-
tive IDHI immunohistochemistry because of the very low likeli-
hood of a noncanonical mutation.” Chen et al*® have created
and described an on-line tool that predicts, with high accuracy,
the likelihood of a noncanonical IDH mutation based on patient
age; tumor grade; and, if a glioblastoma, whether there was a
prior history of a grade II or III tumor (ie, whether the glioblas-
toma is “primary” or “secondary”). This allows a determination
as to whether a noncanonical mutation is sufficiently likely to
warrant definitive IDH testing, and such a threshold can vary
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between individuals and departments. Radiogenomics has the
potential to add to such a system, either based on simple criteria
(eg, the likelihood of an IDH mutation is very low if a glioblas-
toma is located outside of the frontal lobes and demonstrates little
non-contrast-enhancing tumor [nCET])*” or on more compre-

hensive radiomic assessment.

Limited Access to Genetic Testing Methods
Similar considerations are even more relevant if a center does not
have ready access to all the testing methods required for complete
characterization according to the WHO guidelines. IDHI immuno-
histochemistry is relatively accessible, but testing for 1p/19q status
and, in particular, noncanonical IDH mutations is not as widely
available. Even if there is a possibility of sending specimens to
another institution for testing, this adds to costs (to either the insti-
tution or the patient). Although the cost of performing any given
test can be expected to decrease over time, there is likely to be a
growth in the number of genetic markers incorporated into future
diagnostic classifications. Arguably, this is less of an issue in glio-
blastoma because IDH status currently provides important prog-
nostic information but does not alter standard management
(beyond the clinical trial setting). In the case of grade II and III glio-
mas, however, there is the potential for changes to management.
For example, if chemotherapy is considered, whereas temozolomide
is typically used for astrocytomas (whether IDH™" or IDH""), pro-
carbazine, lomustine, and vincristine chemotherapy may be pre-
ferred for oligodendrogliomas,” and 1p/19q status is important for
this distinction. Even if chemotherapy is not considered at the ini-
tial diagnosis, it is likely to be warranted at progression.
Radiogenomics has the potential to provide complementary
information in such a setting and may more accurately predict
the molecular subtype than the histologic phenotype if certain
MR imaging features are present.* It is rare for tumor operations
to occur without preoperative MR imaging; therefore, radioge-
nomic information, at the very least involving a neuroradiolo-
gist’s interpretation of conventional sequences, is likely to be
available. This may be particularly useful for a smaller institution
requesting advice from a quaternary center because the transfer
of data is facilitated by the digital nature of modern imaging,
especially compared with sending pathologic specimens for fur-
ther analysis.

Tumor Reclassification

Many patients currently living with gliomas—in particular, with
lower-grade gliomas—will have been diagnosed before the 2016
WHO update. Such patients may have an outdated pathologic di-
agnosis, which could change if the histology were to be reviewed.
This is most common in tumors previously labeled oligoastrocyto-
mas—a diagnosis that is now obsolete except in rare cases—with
molecular markers allowing a definitive diagnosis as either an
astrocytoma or oligodendroglioma.® Also, an astrocytoma may
occasionally be reclassified as an oligodendroglioma or vice versa.*
If tumor progression occurs and a change to the treatment is being
considered, there is an opportunity to re-evaluate the diagnosis.
Even if there is insufficient histologic material for retrospective
testing, review of the patient’s preoperative MR imaging may allow
prediction of the molecular subtype without the need for repeat



surgery. At the least, radiogenomics may suggest that the molecu-
lar subtype is different from what would be suspected from the his-
tologic testing and thus provide a triaging role.

Such considerations can be expected to become more prevalent
in the future as further genetic markers with prognostic and thera-
peutic implications are identified and potentially incorporated into
subsequent classification systems. Indeed, the rapid growth—both
recent and continuing—in our understanding of the molecular
characteristics of CNS tumors has also lead to the development of
cIMPACT-NOW (Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy).** Given that the 2016
WHO update occurred 9 years after the preceding classification,*'
this initiative acknowledges a need to evaluate classification progress
faster than can occur for a complete update to the WHO classifica-
tion and thus provides consensus recommendations for proposed
changes to future classifications.*® For example, IMPACT-NOW
has recommended that in the case of a phenotypic grade II or III
astrocytoma with an IDH mutation, loss of nuclear ATRX expres-
sion, or diffuse p53 immunopositivity is adequate to label the tumor
an IDH™" astrocytoma according to the current WHO guidelines
without definitive 1p/19q testing.** Another important recommen-
dation is the addition of the entity diffuse astrocytic glioma, IDH™",
with molecular features of glioblastoma.** This suggests patients be
treated as having glioblastoma even when the formal histologic cri-
teria have not been met.* This diagnosis requires an additional
finding of high-level epidermal growth factor receptor (EGFR) ampli-
fication, whole-chromosome 7 gain and whole-chromosome 10
loss, or a TERT promoter mutation.*> Thus, markers beyond just
IDH and 1p/19q status have become clinically relevant, providing
new avenues for radiogenomics research and subsequent clinical
integration before the next WHO update.

It is worthwhile noting that changes to classification systems
also have implications for the relevance of previous research. For
example, previously, grade Il and IV gliomas were often grouped
together as high-grade gliomas, with grade II gliomas considered
low-grade gliomas. Now, grade II and III tumors are often con-
sidered together, sometimes referred to together as lower grade
gliomas. As such, the value of previous studies comparing grade
I and grade III/IV tumors is much diminished. If, for example,
future iterations of the WHO classification were to put all empha-
sis on genotype, removing histologic grade entirely, current
radiogenomic literature—which typically distinguishes between
grade II/III and IV tumors, as per the current WHO classificat-
ion—would need to be reassessed. An advantage of radiogenom-
ics, however, is its ability to reanalyze previous data based on the
most up-to-date information, and computational techniques are
making such processes easier and faster.

Overcoming Limitations of Histology

Despite remaining the criterion standard for glioma diagnosis,
histopathology has some limitations. 1p/19q testing methods
have been shown to occasionally provide false-positive results, for
example, in the case of partial- rather than whole-arm deletion.**
Sampling error is a well-recognized issue in gliomas because of
their heterogeneous nature, and this is particularly relevant to
determining the grade® but also potentially relevant to the deter-
mination of the genotype. Even advanced IDH testing methods

may produce false-negative results if there is a limited number of
tumor cells within the sample being analyzed.***® In addition,
although IDH status is generally considered to be consistent
throughout a glioma, some heterogeneity can be observed. For

4
example, Preusser et al*®

reported that only a fraction of tumor
cells exhibited immunostaining in approximately 15% of their gli-
oma cohort, with some of these cases demonstrating biphasic im-
munostaining patterns. As such, there is the potential for MR
imaging to provide genetic information when there is some rea-
son to suspect inaccuracy of genetic testing. For example, if the
pathologist acknowledges the possibility of a false-negative test
result because of a small sample, imaging may be able to provide
a confident prediction of the molecular status without the mor-
bidity of repeat surgery. Equally, if a highly specific imaging fea-
ture is present but is at odds with the genetic testing result, in
particular if genetic testing results are negative, more comprehen-
sive histologic assessment may be warranted.

There are 2 IDH alleles, and mutation in 1 is sufficient for a
tumor to be considered IDH™".** Occasions exist, however,
when tumors express only 1 of the 2 alleles, known as monoallelic
gene expression.”® This can occur in IDH™" gliomas, with an
incidence of 15% in 1 study.”” Most commonly, only the IDH™"*
allele is expressed, resulting in a worse prognosis.*’ Similarly,
IDH™" gliomas may rarely lose their IDH™" allele.*® As such,
there is the potential for IDH™ gliomas to be or become
functionally IDH"', and this may not be readily identifiable by
genetic testing methods.** Radiogenomics could have value in
such situations, potentially identifying an MR imaging appear-
ance more in keeping with an IDH"™ ' rather than IDH™" tumor,
and thus suggesting a more aggressive treatment approach.

mut

Interestingly, deletion of the wild-type allele in IDH™"" gliomas
also results in decreased 2HG production, showing that both
wild-type and mutant alleles are necessary for 2HG production in
glioma cells.*” Thus, although 2HG spectroscopy has typically
been studied in the preoperative setting,”® it may also be able to
quantitatively demonstrate such changes in IDH expression and
2HG production as the tumor evolves.

Similar considerations are also relevant to mixed tumors.
Although an important role of the new WHO classification is to
largely remove the diagnostic uncertainly of tumors with a mixed
histologic phenotype (in particular oligoastrocytomas), true ge-
netically mixed tumors—with 2 genetically distinct compone-
nts—do occasionally occur.”** Genetic testing is typically per-
formed in a single portion of the tumor, so the incidence of true
mixed tumors may be underappreciated.”’ Radiogenomics there-
fore has the potential to identify distinct appearances in different
portions of the tumor, suggesting value in repeating testing in a
different portion.

It has become critical for medical oncologists and neurosur-
geons treating patients with gliomas to have a strong understand-
ing of the molecular subtypes of gliomas and the histologic
testing methods. This knowledge is also becoming increasingly
important for neuroradiologists, and it may be worthwhile not
only stating the likely diagnosis in the radiologic report but also
the likely molecular subtype if there are indicative features.
Similarly, there is value in neuropathologists having some knowl-
edge of the growing field of radiogenomics, at least the imaging
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features most sensitive or specific for a particular molecular sub-
type. This may allow neuropathologists to appropriately temper
their confidence if relevant radiologic features are present and
there is some doubt as to the validity of the histologic assessment,
facilitating optimal multidisciplinary care.

Posttreatment Follow-Up

As discussed, resection is a key part of the patient’s manage-
ment at diagnosis, which somewhat decreases the value of
radiogenomics at this time. Posttreatment follow-up could
therefore be a more useful clinical context for radiogenomics
because further surgery may not be otherwise warranted. This
is particularly relevant given that the newly understood genetic
landscape of gliomas has progressed to the therapeutic do-
main, for example, with the advent of IDH inhibitors, which
have now entered clinical trials.>> Intuitively, knowledge of the
imaging appearance associated with the genetic mutation
being targeted therapeutically has value. For example, features
associated with an IDH mutation in glioblastoma include the pres-
ence of nCET,* a masslike morphology of nCET,” and a mini-
mally invasive phenotype on diffusion-tensor imaging.”® Targeted
therapies have produced dramatic responses in some extracranial
malignancies, but the plasticity of tumor cells can result in resist-
ance to these treatments through a variety of mechanisms,” and
similar mechanisms can be expected in gliomas. The imaging
changes related to targeted treatments such as IDH inhibitors are
as yet unknown, but given that gliomas have strategies to circum-
vent IDH mutation as outlined earlier, one would expect that these
strategies would occur more commonly on treatment with a tar-
geted agent. Again, if the appearance of the tumor were to change,
for example, by developing a more infiltrative imaging phenotype,
this could suggest the development of resistance to the therapeutic
agent.

Of note, much of the research in this field focuses on preoper-
ative imaging and cannot necessarily be extrapolated to the post-
treatment setting. A further difficulty with the posttreatment
context is that a variety of additional confounders are introduced.
There are differences in the extent of resection and postsurgical
changes, and imaging changes after radiation therapy can also
vary between patients. These complexities are most pronounced
with medical therapies, including conventional chemotherapy (in
particular temozolomide), antiangiogenics agents (the most com-
monly used being bevacizumab), and less established treatments
such as immunotherapy, vaccine therapy, and, increasingly, tar-
geted agents. These treatments have revealed challenging imaging
patterns, well demonstrated by the phenomena of pseudoprogres-
sion and pseudoresponse, and one would expect that emerging
and future therapies may provide similar conundrums. With the
greater number of potential variables in the posttreatment setting,
development of a robust radiogenomic algorithm requires a
much larger number of testing cases, providing an opportunity
for automated computational techniques. Advanced artificial
intelligence techniques such as deep learning are also able to
identify features not readily discernible to the human eye, of par-
ticular relevance given that important clinical scenarios such as
pseudoprogression are notoriously difficult for neuroradiologists.
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CHOOSING APPROPRIATE RADIOGENOMIC
FEATURES

The way in which radiogenomic data are incorporated into clini-
cal practice may vary depending on the specific scenario. For
example, if the hope is to confidently diagnose a specific mutation
or molecular subtype, specificity is important. The T2-FLAIR
mismatch sign is the best example of such a feature, being able to
predict a IDH™", 1p/19q noncodeleted grade II/III tumor with
high confidence.*'>17!8 If this feature is absent, however, its sen-

sitivity is insufficient to exclude an IDH™"

, 1p/19q noncodeleted
tumor.*'”'® In contrast, although the presence of nCET is associ-
ated with IDH mutations in glioblastoma,™ it is not sufficiently
7 rather, the
moderate sensitivity of this feature means that a glioblastoma
without substantial nCET is unlikely to have an IDH mutation

(ie, it is likely IDH"").*” Thus, to confidently predict a particular

specific to confidently predict an IDH mutation;’

genetic marker, specificity is important, but if the goal is to
exclude a genetic marker, sensitivity is more important.

The specific clinical scenario has implications for the use of
the results of radiogenomics research. Because there is usually a
degree of overlap in the imaging features between molecular sub-
types, many studies aim to maximize the overall accuracy by
using area under the curve analysis, but this may not be optimal
for a given patient. If such a model were to predict a given genetic
marker in a specific patient, it would be important to know not
just the likely result but also the degree of confidence in this result
because this would greatly impact the value of this information
for any given patient. Some continuous variables, such as ADC,
can potentially be thresholded in different ways depending on
how they are to be used. IDH"" gliomas are associated with lower
ADC values, but there is overlap with IDH™ gliomas, in particu-
lar at intermediate ADC values.*>*®*® An appropriate threshold
can be selected depending on whether there is a desire to more
confidently diagnose or exclude a particular mutation. For exam-
ple, if the goal were to confidently diagnose an IDH mutation, a
higher ADC threshold would be preferable, with ADC values
above this being particularly suggestive of an IDH™" tumor.
Multivariate methods such as radiomics have even greater poten-
tial for being targeted toward optimizing sensitivity or specificity
depending on the clinical scenario.

Here, it is important to recognize that whether a feature can
be used and how this could be done depends on the grade of the
tumor. For example, the T2-FLAIR mismatch sign and the pres-
ence of calcifications (predictive of an IDH™", 1p/19q codeleted
tumor) are only relevant to grade II and III tumors.>*'>!”!® [n
contrast, a frontal lobe location is associated with IDH mutations
in both grade II and III gliomas and glioblastomas,””>**° but the
positive predictive value varies between grades because of the
much lower incidence of IDH mutations in glioblastoma com-
pared with grade Il and IIT gliomas.**

CONCLUSIONS

The field of radiogenomics has advanced rapidly in recent times
because of the increased understanding of the importance of mo-
lecular markers and the development of computational techniques.
The clinical implementation of these techniques is lagging behind
the research, however, and this disconnect warrants further



consideration. Possible roles for radiogenomics include determin-

ing the likely molecular subtype in gliomas when complete genetic

characterization is not practical, reclassifying tumors diagnosed

before the current classification systems, and optimizing discussion

with patients when conservative management is being considered.

With the advent of targeted therapies for glioma, there is also the

potential to identify features suggestive of resistance to treatment.
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ORIGINAL RESEARCH
PATIENT SAFETY

Fetal Exposure to MR Imaging: Long-Term
Neurodevelopmental Outcome

E. Zvi, ““ A. Shemer, “~'S. toussia-Cohen, ““'D. Zvi, ““'Y. Bashan, ““'L. Hirschfeld-dicker, ““N. Oselka, ““’M.-M. Amitai, “~'O. Ezra,
O. Bar-Yosef, and ““E. Katorza
=

ABSTRACT

BACKGROUND AND PURPOSE: Very few studies have investigated long-term neurodevelopment of children exposed to MR imag-
ing antenatally. Thus, the purpose of our study was to evaluate long-term neurodevelopmental outcomes of children exposed to
MR imaging during pregnancy.

MATERIALS AND METHODS: We conducted a historical prospective cohort study in a single tertiary medical center. Women
exposed to 15T noncontrast MR imaging for maternal or fetal indications were matched to unexposed controls. Long-term neuro-
developmental outcomes were evaluated of their children, 2.5 to 6years of age, according to the Vineland-Il Adaptive Behavior
Scale. The Vineland-Il Adaptive Behavior Scale assesses communication, daily living skills, socialization, and motor skills. A composite
score summarizes these 4 domains.

RESULTS: A total of 131 exposed women matched our inclusion criteria and were included in the study group, and 771 unexposed
women, in the control group. No difference was identified in the Vineland-lIl Adaptive Behavior Scale composite score between
the children of the study and control groups (mean, 110.79 versus 108.18; P =.098). Differences were also not observed between the
children of the 2 groups in 3 of the 4 questionnaire domains: communication (108.84 versus 109.10; P =.888), daily living skills (109.51
versus 108.28; P = .437), and motor skills (105.09 versus 104.42; P = .642). However, the socialization score was favorable for the study
group (112.98 versus 106.47; P < .001).

CONCLUSIONS: Exposure to 15T noncontrast MR imaging during pregnancy had no harmful effects on long-term neurodevelop-
mental outcomes. This study contributes to understanding the safety of MR imaging during pregnancy.

ABBREVIATION: VABS = Vineland-Il Adaptive Behavior Scale

R imaging has become commonly used when higher reso-

lution imaging is needed for fetuses and pregnant women.
The consensus is to avoid ionizing radiation whenever possible
due to adverse effects on fetal development.l’2 Therefore, clini-
cians prefer to use nonionizing imaging such as sonography and
MR imaging during pregnancy.’
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Currently, MR imaging is used for fetal and maternal indica-
tions in pregnant women with selected conditions.*> Animal stud-
ies have shown associations of some adverse effects with long-term
exposure to MR imaging, including hearing impairment, skeletal
malformations, and fetal weight abnormalities.”® Human studies
did not show similar results but concluded that more research
needs to be conducted.”""!

The American College of Radiology practice guidelines state
that there is no conclusive evidence of harmful effects on a devel-
oping fetus exposed to 1.5T MR imaging.'* However, concerns
about MR imaging safety during pregnancy, especially during
organogenesis, have been raised due to loud noise, heating caused
by absorption of radio waves, and exposure to high-power elec-
tromagnetic fields.">'® Two recent studies with large cohorts
helped shed light on the subject. One retrospective study com-
pared hearing screening results of 751 neonates exposed to MR
imaging in utero with those of 10,042 unexposed neonates. The

respective rates of hearing impairment or deafness at birth were
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0% and 0.34%. Long-term outcomes were not assessed. The me-
dian gestational age at MR imaging was 37 weeks, with the earliest
at 16 weeks.'” The second study compared 1737 fetuses exposed
to MR imaging during the first trimester versus 1,418,451 unex-
posed fetuses. A follow-up at 4 years of age was performed using
diagnosis billing codes. Five outcomes were evaluated: 1) stillbirth
after 20 weeks’ gestational age, 2) congenital anomaly, 3) neo-
plasm, 4) vision loss, and 5) hearing loss. The risk for these out-
comes was not significantly higher in the exposed compared with
the unexposed group.'® To the best of our knowledge, studies of
long-term neurodevelopmental assessments are scarce. Thus, the
objective of our study was to examine the long-term neurodeve-

lopmental outcomes of fetuses exposed to MR imaging during

pregnancy.

MATERIALS AND METHODS

This is a historical prospective cohort study, conducted in a single
tertiary medical center (Chaim Sheba Medical Center) between
2011 and 2017. Demographic and clinical data were collected
from the electronic records of each patient. The study included
all women who gave birth at our medical center and underwent a
noncontrast 1.5T MR imaging during pregnancy due to fetal or
maternal indications. Maternal indications for MR imaging
included suspected appendicitis, cholecystitis, multiple sclerosis,
back pain, severe headaches, and trauma. Fetal indications for
MR imaging included suspected mild ventricular dilation or
asymmetry,'® microcephaly, or macrocephaly and a previous
pregnancy with CNS malformations. All the fetuses included in
the study had normal MR imaging findings and were without evi-
dence of chromosomal abnormalities or cytomegalovirus infec-
tion during pregnancy. No contrast materials were used during
the MR imaging. Women with substance abuse, including
tobacco and alcohol, were excluded from the study. We created a
control group that consisted of women who gave birth at the
same medical center on the same days. All the women in the con-
trol group met the inclusion and exclusion criteria of the study,
apart from exposure to MR imaging during pregnancy.

For the neurodevelopmental assessment, we selected women
from the control group and matched them according to date of
birth and mode of delivery at the ratio of 1:1 with the study
group. Four neurodevelopmental long-term aspects were assessed
using the Vineland-II Adaptive Behavior Scale (VABS): commu-
nication, daily living skills, socialization, and motor skills. These
provide a composite score that summarizes the individual’s per-
formance across all 4 domains.**?' Telephone interviews were
conducted between February 2017 and July 2017. All the children
were between 2.5 and 6 years of age at the time of the interviews.
The VABS is standardized by age. The mean score for all ages is
100 = 15. Scores of <70 are considered in the abnormal range.

Categoric variables were described using frequencies and
percentages. Continuous variables were evaluated for normal
distribution using histograms and quartile-quartile plots.
Normally distributed continuous variables were described as
means and SDs, and skewed variables were expressed as
medians and interquartile ranges. The ANOVA, independent-
samples t test, Kruskal-Wallis test, and the Mann-Whitney test
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were used, as appropriate, to compare continuous variables
among categories within the exposed group. Categoric variables
were compared using the y? test or Fisher exact test. Study and
control-matched women were compared using the paired-sam-
ples t test, Wilcoxon signed rank test, McNemar test, general-
ized estimating equations, or conditional logistic regression, as
appropriate.

The sample size was calculated by using WINPEPI software
(http://www.brixtonhealth.com/pepi4windows.html). Significance
level and power were set to 5% and 80%, respectively. To identify a
5-point difference in the VABS composite score, 73 matched pairs
of patients were needed.

All the statistical tests were 2-tailed. P <.05 was considered
statistically significant. All the statistical analyses were performed
using SPSS Statistics software, Version 24 (IBM).

The study was approved by the institutional review board
(No. 1902-15-SMC). The authors obtained both informed con-
sent and ethics committee approval for accessing data from
patient records and conducting a telephone questionnaire.

RESULTS

Demographic and Clinical Characteristics of the Study
Population

One hundred thirty-one pregnant women who were exposed to
MR imaging during pregnancy, between 2011 and 2015 met the
inclusion criteria of the study. The excluded cases were mainly
due to fetal anomalies or chromosomal aberrations, twin preg-
nancy, cytomegalovirus infection during pregnancy, and delivery
in a different medical center. Of 131 deliveries, 58 (44.3%) were
girls; the mean gestational age at birth was 39 weeks. Eight
women were exposed to MR imaging during the first trimester;
28, during the second; and 95, during the third. During preg-
nancy, 114 women were exposed once to MR imaging scans,
and 17 were exposed =2 times. Seventy-two MR imaging
scans were for fetal indications (68 CNS and 4 body), and 62
were for maternal indications (20 CNS and 42 body) as
shown in On-line Table 1.

Comparison between the Study and Control Groups
During the same study period, 771 women met our criteria for
the control group. Of them, 392 fetuses were girls (50.8%). The
mean gestational age at birth was 39 weeks. Compared with the
control group, for the study group, parity was higher (1.68 versus
1.14), as was the prevalence of pregestational diabetes mellitus
(6.1% versus 1.3%), the use of anticoagulation (8.4% versus 3.9%)
and antihypertensive medications during pregnancy (6.9% versus
1.2%), and cesarean delivery (37% versus 22.8%). In contrast,
thrombocytopenia was more prevalent in the control than in the
study group (16% versus 3.8%). Statistically significant differences
were not found between the groups in maternal age during deliv-
ery or in the mode of conception, as shown in On-line Table 2.
The neonatal characteristics and outcomes for the study and
control groups are presented in On-line Table 3. Compared with
the study group, for the control group, the mean gestational age
at delivery was higher (39.01 versus 38.41 weeks, P <<.001) and
the birth weight was higher (3216.6 versus 3069.95g, P=.002).
The weight percentiles did not differ significantly between the
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groups. The mean APGAR scores after 5 minutes were higher in
the control than the study group (9.96 versus 9.86, P=.04).
APGAR 1-minute scores and hearing test results after birth did
not differ between the groups.

Neurodevelopmental Outcome

One hundred ninety-two women responded to the VABS in a 1:1
ratio of exposed and unexposed cases, matched according to the
birth date and mode of delivery (96 in each group). No statistically
significant difference was found in the VABS composite score
between the children of the study and control groups (110.79 ver-
sus 108.18, P=.098). None of the children (exposed or nonex-
posed) had abnormal VABS composite scores. However, analyzing
each domain separately (communication, daily living skills, social-
ization, and motor skills), a statistically significant difference was
noticed between the groups only in the socialization score in favor
of the study group (112.98 = 13.28 versus 10647 * 11.08,
P <.001) (On-line Table 4).

In an analysis that stratified by the trimester of MR imaging ex-
posure (On-line Table 5), the mean motor skills score of the VABS
was significantly lower among those exposed in the first compared
with the second and third trimesters (94.5 *= 10.71, 106.28 *
11.03, and 105.91 * 10.31, respectively, P=.037). Notably, despite
the statistically significant difference, all the scores were within the
normal range. No other differences in fetal outcome (birth weight,
APGAR score, hearing screening) were found according to the tri-
mester of exposure, the number of MR imaging exposures during
the same pregnancy, and the MR imaging protocols.

DISCUSSION

Our study evaluated long-term neurodevelopmental outcomes of
children exposed to MR imaging during pregnancy, according to
VABS, as assessed by telephone interviews.

We showed no difference in the adaptive behavior composite
score between the exposed and the unexposed groups.

However, the socialization score of the study group was signif-
icantly higher than that of the control group (112.98 versus
106.47; P <.001). This finding probably does not have any clini-
cal significance because all the scores are within the normal
range. Our results suggest that exposure to MR imaging does not
have a harmful long-term effect on the child’s neurodevelopment
between 2.5 and 6 years of age. This result is in agreement with
those in smaller studies that evaluated long-term effects of fetal
MR imaging exposure.”**?

Recommendations that have been published for MR imaging
safety during pregnancy do not contraindicate the use of this tech-
nique according to the trimester of pregnancy.>'*** Other studies
have suggested that MR imaging is safe during all trimesters of
pregnancy in regard to neonatal normal hearing and vision and
the risks for neoplasm, stillbirth, and congenital anomalies.'”'* No
other study evaluated long-term neurodevelopment of MR imag-
ing-exposed fetuses or compared the MR imaging exposure effects
in different trimesters and protocols. The lack of long-term adverse
effects demonstrated in our study corroborates previous reports
and supports the use of MR imaging in prenatal imaging.

We found that children who were exposed to MR imaging in
the first trimester had lower scores on the motor skills domain of

the VABS than those exposed in the second and third trimesters.
This is probably without any clinical manifestation because all
the scores were within the normal range and all the neonates
were delivered at term with normal APGAR scores. However,
only 8 fetuses were exposed in the first trimester.

None of the outcomes examined differed between children
whose mothers underwent a CNS protocol MR imaging during
pregnancy and children whose mothers underwent other MR imag-
ing protocols. Notably, in mothers with CNS protocols, the distance
of the fetus from the center of the MR imaging is farther than with
other protocols; therefore, the exposure is lower.?® A similar result
was demonstrated when comparing the fetal CNS protocol, in
which the MR imaging is focused on the fetal brain, with the rest of
the protocols. Thus, according to these findings, the fetus is not
affected by MR imaging, regardless of the protocol used.

The proportion of cesarean deliveries was higher in the study
than in the control group. A possible explanation may relate to
close monitoring of most of the pregnancies of women who
underwent MR imaging due to the particular circumstances
involved. No statistically significant differences were noticed
between the groups regarding birth weight, weight percentile,
and 5-minute APGAR scores, concurring with previous reports.*®
Regarding birth weight and gestational age at delivery, we showed
similar results to those in a previous study.”’

The strengths of this study include the long-term evaluation
of motor skills, socialization, daily living skills, and communica-
tion obtained by the VABS. In addition, to avoid any confounders
that could affect the results, we set strict inclusion and exclusion
criteria that were achieved by reviewing all the medical files. All
information regarding prenatal evaluation before the MR imag-
ing exposure was collected, together with potential teratogens
such as medication, alcohol use, and maternal morbidity.
Furthermore, all the MR imaging protocols are known and were
grouped by anatomic region of the mother and fetus. To further
reduce any confounders, we matched 96 women in the study and
control groups by day and mode of delivery.

Our study has a number of limitations. First, only a small
number of women were exposed to MR imaging during the first
trimester, thus limiting the power of this study to assess the risk
of MR imaging exposure during this trimester. Second, the main
indication of MR imaging in this study was for the fetal CNS
(35.3%), which may cause a selection bias.

CONCLUSIONS

Exposure to 1.5T noncontrast MR imaging during pregnancy had
no harmful effects on long-term neurodevelopmental outcomes,
regardless of gestational age, the number of MR imaging scans dur-
ing pregnancy, and the use of various MR imaging protocols. This
study contributes to the understanding of the safety of MR imaging
during pregnancy and may benefit prenatal counseling.

REFERENCES

1. Fazel R, Krumholz HM, Wang Y, et al. Exposure to low-dose ioniz-
ing radiation from medical imaging procedures. N Engl | Med
2009;361:849-57 CrossRef Medline

AJNR Am J Neuroradiol 41:1989-92  Nov 2020 www.ajnr.org 1991


http://dx.doi.org/10.1056/NEJMoa0901249
https://www.ncbi.nlm.nih.gov/pubmed/19710483

10.

11.

12.

13.

1992

. Chen MM, Coakley FV, Kaimal A, et al. Guidelines for computed to-

mography and magnetic resonance imaging use during pregnancy
and lactation. Obstet Gynecol 2008;112:333-40 CrossRef Medline

. ACOG Committee on Obstetric Practice. ACOG Committee Opinion:

Number 299, September 2004 (replaces No. 158, September 1995)—
guidelines for diagnostic imaging during pregnancy. Obstet Gynecol
2004;104:647-51 CrossRef Medline

. Rapp EJ, Naim F, Kadivar K, et al. Integrating MR imaging into the

clinical workup of pregnant patients suspected of having appendi-
citis is associated with a lower negative laparotomy rate: single-
institution study. Radiology 2013;267:137-44 CrossRef Medline

. Spalluto LB, Woodfield CA, DeBenedectis CM, et al. MR imaging

evaluation of abdominal pain during pregnancy: appendicitis and
other nonobstetric causes. Radiographics 2012;32:317-34 CrossRef
Medline

. Mevissen M, Buntenkoétter S, Loscher W. Effects of static and time-

varying (50-Hz) magnetic fields on reproduction and fetal develop-
ment in rats. Teratology 1994;50:229-37 CrossRef Medline

. Yip YP, Capriotti C, Talagala SL, et al. Effects of MR exposure at 1.5

T on early embryonic development of the chick. ] Magn Reson
Imaging 1994;4:742-48 CrossRef Medline

. Gerhardt KJ, Pierson LL, Huang X, et al. Effects of intense noise ex-

posure on fetal sheep auditory brain stem response and inner ear
histology. Ear Hear 1999;20:21-32 CrossRef Medline

. Rocha EB, Frasson de Azevedo M, Ximenes Filho JA. Study of the

hearing in children born from pregnant women exposed to occu-
pational noise: assessment by distortion product otoacoustic emis-
sions. Braz ] Otorhinolaryngol 2007;73:359-69 CrossRef Medline
Reeves MJ, Brandreth M, Whitby EH, et al. Neonatal cochlear func-
tion: measurement after exposure to acoustic noise during in utero
MR imaging. Radiology 2010;257:802-09 CrossRef Medline

Choi JS, Ahn HK, Han JY, et al. A case series of 15 women inadver-
tently exposed to magnetic resonance imaging in the first trimester
of pregnancy. ] Obstet Gynaecol 2015;35:871-72 CrossRef Medline
American College of Radiology. ACR-SPR Practice Guideline for the
Safe and Optimal Performance of Fetal Magnetic Resonance
Imaging (MRI). American College of Radiology; 2015. https://www.
acr.org/-/media/ ACR/Files/Practice-Parameters/mr-fetal. pdf. Accessed
November 13, 2016

Patenaude Y, Pugash D, Lim K, et al; Society of Obstetricians and
Gynaecologists of Canada, The use of magnetic resonance imaging in
the obstetric patient. ] Obstet Gynaecol Can 2014;36:349-63 CrossRef
Medline

Zvi  Nov 2020 www.ajnr.org

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kanal E, Barkovich AJ, Bell C, et al; ACR Blue Ribbon Panel on MR
Safety. ACR guidance document for safe MR practices: 2007. AJR
Am ] Roentgenol 2007;188:1447-74 CrossRef Medline

Hartwig V, Giovannetti G, Vanello N, et al. Biological effects and
safety in magnetic resonance imaging: a review. Int | Environ Res
Public Health 2009;6:1778-98 CrossRef Medline

Kikuchi S, Saito K, Takahashi M, et al. Temperature elevation in the
fetus from electromagnetic exposure during magnetic resonance
imaging. Phys Med Biol 2010;55:2411-26 CrossRef Medline

Strizek B, Jani JC, Mucyo E, et al. Safety of MR imaging at 1.5 T in
fetuses: a retrospective case-control study of birth weights and the
effects of acoustic noise. Radiology 2015;275:530-37 CrossRef
Medline

Ray JG, Vermeulen MJ, Bharatha A, et al. Association between MRI
exposure during pregnancy and fetal and childhood outcomes.
JAMA 2016;316:952-61 CrossRef Medline

Barzilay E, Bar-Yosef O, Dorembus S, et al. Fetal brain anomalies
associated with ventriculomegaly or asymmetry: an MRI-based
study. AJNR Am ] Neuroradiol 2017;38:371-75 CrossRef Medline
Limperopoulos C, Majnemer A, Steinbach CL, et al. Equivalence reli-
ability of the Vineland Adaptive Behavior Scale between in-person
and telephone administration. Phys Occup Ther Pediatr 2006;26:115-
27 CrossRef Medline

Sparrow SS, Balla DA, Cicchetti DV. PsycTESTS dataset. In: Sparrow
SS, Balla DA, Cicchetti DV. Vineland Adaptive Behavior Scales. 2nd
ed. American Psychological Association; 2005

Clements H, Duncan KR, Fielding K, et al. Infants exposed to MRI
in utero have a normal paediatric assessment at 9 months of age.
Br J Radiol 2000;73:190-94 CrossRef Medline

Kok RD, de Vries MM, Heerschap A, et al. Absence of harmful effects
of magnetic resonance exposure at 1.5 T in utero during the third
trimester of pregnancy: a follow-up study. Magn Reson Imaging
2004;22:851-54 CrossRef Medline

Jaffe TA, Miller CM, Merkle EM. Practice patterns in imaging of
the pregnant patient with abdominal pain: a survey of academic
centers. AJR Am ] Roentgenol 2007;189:1128-34 CrossRef Medline
Pediaditis M, Leitgeb N, Cech R. RF-EMF exposure of fetus and mother
during magnetic resonance imaging. Phys Med Biol 2008;53:7187-95
CrossRef Medline

Dollberg S, Haklai Z, Mimouni FB, et al. Birth weight standards in
the live-born population in Israel. Isr Med Assoc ] 2005;7:311-14
Medline

Myers C, Duncan KR, Gowland PA, et al. Failure to detect intrauter-
ine growth restriction following in utero exposure to MRI. Br |
Radiol 1998;71:549-51 CrossRef Medline


http://dx.doi.org/10.1097/AOG.0b013e318180a505
https://www.ncbi.nlm.nih.gov/pubmed/18669732
http://dx.doi.org/10.1097/00006250-200409000-00053
https://www.ncbi.nlm.nih.gov/pubmed/15339791
http://dx.doi.org/10.1148/radiol.12121027
https://www.ncbi.nlm.nih.gov/pubmed/23360736
http://dx.doi.org/10.1148/rg.322115057
https://www.ncbi.nlm.nih.gov/pubmed/22411935
http://dx.doi.org/10.1002/tera.1420500308
https://www.ncbi.nlm.nih.gov/pubmed/7871487
http://dx.doi.org/10.1002/jmri.1880040518
https://www.ncbi.nlm.nih.gov/pubmed/7981520
http://dx.doi.org/10.1097/00003446-199902000-00003
https://www.ncbi.nlm.nih.gov/pubmed/10037063
http://dx.doi.org/10.1016/s1808-8694(15)30080-x
https://www.ncbi.nlm.nih.gov/pubmed/17684657
http://dx.doi.org/10.1148/radiol.10092366
https://www.ncbi.nlm.nih.gov/pubmed/20876389
http://dx.doi.org/10.3109/01443615.2015.1017559
https://www.ncbi.nlm.nih.gov/pubmed/26033169
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/mr-fetal.pdf
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/mr-fetal.pdf
http://dx.doi.org/10.1016/S1701-2163(15)30612-5
https://www.ncbi.nlm.nih.gov/pubmed/24798674
http://dx.doi.org/10.2214/AJR.06.1616
https://www.ncbi.nlm.nih.gov/pubmed/17515363
http://dx.doi.org/10.3390/ijerph6061778
https://www.ncbi.nlm.nih.gov/pubmed/19578460
http://dx.doi.org/10.1088/0031-9155/55/8/018
https://www.ncbi.nlm.nih.gov/pubmed/20360633
http://dx.doi.org/10.1148/radiol.14141382
https://www.ncbi.nlm.nih.gov/pubmed/25575119
http://dx.doi.org/10.1001/jama.2016.12126
https://www.ncbi.nlm.nih.gov/pubmed/27599330
http://dx.doi.org/10.3174/ajnr.A5009
https://www.ncbi.nlm.nih.gov/pubmed/28059712
http://dx.doi.org/10.1300/J006v26n01_08, 10.1080/J006v26n01_08
https://www.ncbi.nlm.nih.gov/pubmed/16938828
http://dx.doi.org/10.1259/bjr.73.866.10884733
https://www.ncbi.nlm.nih.gov/pubmed/10884733
http://dx.doi.org/10.1016/j.mri.2004.01.047
https://www.ncbi.nlm.nih.gov/pubmed/15234454
http://dx.doi.org/10.2214/AJR.07.2277
https://www.ncbi.nlm.nih.gov/pubmed/17954650
http://dx.doi.org/10.1088/0031-9155/53/24/012
https://www.ncbi.nlm.nih.gov/pubmed/19033645
https://www.ncbi.nlm.nih.gov/pubmed/15909464
http://dx.doi.org/10.1259/bjr.71.845.9691901
https://www.ncbi.nlm.nih.gov/pubmed/9691901

RADIOLOGY-PATHOLOGY CORRELATION

COVID-19-Associated Carotid Atherothrombosis and Stroke

C. Esenwa, ““/N.T. Cheng, ““E. Lipsitz, ““K. Hsu, ““’R. Zampolin, ““’A. Gersten, “'D. Antoniello, “*'A. Soetanto, “*'K. Kirchoff,
A. Liberman, ““'P. Mabie, ““'T. Nisar, ““’'D. Rahimian, ““’A. Brook, ““’S.-K. Lee, ““’N. Haranhalli,
D. Altschul, and ““'D. Labovitz
o=
ABSTRACT

SUMMARY: We present a radiology-pathology case series of 3 patients with coronavirus disease 2019 (COVID-19) with acute ische-

mic stroke due to fulminant carotid thrombosis overlying mild atherosclerotic plaque and propose a novel stroke mechanism:

COVID-associated carotid atherothrombosis.

ABBREVIATIONS: ACE2 = angiotensin-converting enzyme 2; CCA = common carotid artery; COVID-19 = coronavirus disease 2019; RT-PCR = reverse-tran-
scriptase polymerase chain reaction; SARS-CoV-2 = Severe Acute Respiratory Syndrome coronavirus 2

C arotid plaque size is a predictor of ischemic stroke and
guides treatment s'[rategies.1 However, since 1952, when C.
Miller Fisher associated carotid atherosclerosis with stroke, there
remained an unresolved question: Why did the plaque become
symptomatic when it did?* Inflammation has been proposed as
the main mediator® of carotid disease, and with the emergence of
the coronavirus disease 2019 (COVID-19), we may have entered
a new era of large-vessel atherothrombotic disease with a unique
opportunity to address Fisher’s question.

COVID-19 causes acute cardiovascular events with unusual
manifestations.* Reports of patients with intracranial large-vessel
occlusion implicates cerebrocervical vessel involvement as part of
the spectrum of cardiovascular events in COVID-19.>° One
mechanism under investigation is related to the binding of Severe
Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) on
the human angiotensin-converting enzyme 2 (ACE2) receptor.”
ACE2 is highly expressed in the endothelium and has been
directly implicated in mediating vessel wall inflammation, oxida-
tive stress, and atherosclerosis.® Evidence of viral infection with
endothelial inflammation and apoptosis in bowel and lung tissue
of patients with COVID-19 has been termed “endotheliitis.”
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We describe 3 patients with COVID-19 with acute ischemic
stroke due to fulminant carotid thrombosis overlying mild athe-
rosclerotic plaque. We review the clinical course, advanced imag-
ing, and pathologic examination and propose a previously
undescribed COVID-19-related stroke mechanism.

Case Series Description

From April 9 to 23, 2020, a 2-week period when COVID-19 peaked
in New York City, we encountered 3 patients with COVID-19 and
partially occlusive cervical carotid thrombosis. Patients 1 and 3 pre-
sented to our tertiary-care hospital and comprehensive stroke cen-
ter (Montefiore Medical Center - Moses Campus) with acute
stroke, while patient 2 developed stroke as an inpatient. The
patients shared comorbid conditions, biomarker profiles, and radio-
graphic features (On-line Table). CT angiography showed nonoc-
clusive thrombus adherent to the distal common carotid artery
(CCA) and carotid bifurcation on CTA of the head and neck (Fig
1), with cortical acute ischemic strokes ipsilateral to the carotid
lesion in all patients. Patient 1 also had an incidental arotic arch
thrombus adherent to the vessel wall. All 3 patients demonstrated
peripheral ground-glass pulmonary findings consistent with
COVID-19 infection. Patients 1 and 3 were diagnosed with
COVID-19 on the basis of the clinical course, pulmonary findings,
and a positive reverse-transcriptase polymerase chain reaction test
(RT-PCR) for SARS-CoV-2. Patient 2 presented with signs and
symptoms of COVID-19 pneumonia, had profound pulmonary
findings consistent with COVID-19 pneumonia on imaging, and
while RT-PCR results were negative, the patient tested positive for
the SARS-CoV-2 antibody. The patients were treated with apixaban
or intravenous unfractionated heparin without resolution of the
thrombus. Two were also on antiplatelet therapy before undergoing
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FIG 1. CT angiogram of cervical vessels showing thrombosis. Curved planar reformatted CTA
neck images demonstrate adherent thrombus in the left mid-common carotid artery (patient 1)
(A). The thrombus appears to start from the right carotid bifurcation and extend toward both
the internal and external carotid arteries (patient 2) (B), and the left carotid bifurcation shows
wedge-shaped intraluminal thrombus (patient 3) (C). Note the relatively minor mineralized and
nonmineralized atherosclerotic plaque adjacent to the thrombus in each patient.

open thrombectomy and carotid endarterectomy. Surgical interven-
tion was chosen to facilitate complete clot removal and perform
endarterectomy as needed, as well as to minimize embolic risk from
the intraluminal thrombus.

Open exploration in patient 1 revealed an organized thrombus
moderately adherent to the wall of the CCA over a length of
approximately 1 cm and encompassing approximately 70% of its
circumference. A free-floating tail of thrombus extended distally to
the level of the carotid bifurcation. Moderate plaque with marked
inflammatory changes at the area of clot adherence did not cause
considerable plaque-related luminal stenosis. Microscopic exami-
nation confirmed thrombus adherent to the wall. The intima had
inflammatory infiltrates as well as some degenerative cellular debris
consistent with apoptosis (Fig 2C).

Open exploration in patient 2 identified a small, moderately
adherent organized thrombus in the carotid bulb with a smaller
contiguous portion adjacent to an area of calcified plaque extend-
ing into the external carotid artery. Gross examination found
only mild inflammatory changes at the level of clot adherence.
Microscopically, the intima was thickened with evolving calcifica-
tion consistent with atherosclerotic disease. A portion of the
intima contained mononuclear inflammatory cells (Fig 24, -B).

Patient 3 had organized, nearly occlusive thrombus, extending
into the proximal internal carotid artery, with moderate plaque and
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an approximate 6 X 6 mm area of
ulceration in the carotid bulb at the area
of adhesion. Considerable inflammation
was noted in the area of the bulb. The
specimen showed mild-to-moderate
atherosclerotic disease with intimal
thickening, plaque, and mural calcifica-
tion. There were scattered mononuclear

cells in an area of thickened intima.

DISCUSSION

We propose a novel stroke mecha-
nism, COVID-19-associated carotid
atherothrombosis, and review the
imaging and pathologic findings.
While still not fully understood, it is
believed that an overwhelming innate
immune response to SARS-CoV-2
results in 1) systemic inflammation,
2) associated coagulopathy, and 3)
local endotheliitis, in some.”'° In the
patients described herein, SARS-
CoV-2 endotheliitis may have destabi-
lized mild chronic atherosclerotic plaque
to initiate thrombosis, with subsequent
propagation due to a prothrombotic
state broadly termed “COVID-19-associ-
ated coagulopathy.”'! Reports of SARS-
CoV-2-mediated endotheliitis support
this possible mechanism because local
inflammation might alter endothelial functions.">'® Pathologic
reports of multiorgan thrombotic microangiopathy in patients with
COVID-19 support our theory that COVID-19-associated coagulop-
athy may have additionally and perhaps synergistically contributed to
the disproportionately high intraluminal thrombus burden relative to
the mild underlying atherosclerotic plaque.*'> On the basis of our
limited case observation and the available literature, we further sug-
gest the possibility that thromboinflammation related to COVID-19
may preferentially affect areas of atheromatous disease. Thus, our
clinical impression in each of the described cases was that medical
therapy with anticoagulation or antiplatelets alone was not sufficient
to minimize the embolic risk; therefore, we recommended surgical
intervention to facilitate complete clot and atheroma removal.

From this radiology-pathology case series, we deduce that
areas of mild carotid atherosclerosis may be particularly prone to
thrombus formation in patients with COVID-19 because of the
unique combination of endotheliitis and COVID-19-associated
coagulopathy. In the face of this pandemic, we may have coinci-
dentally come closer to answering Fisher’s question and are
poised to address the next: How do we prevent COVID-19-asso-
ciated carotid atherothrombosis?
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FIG 2. Gross and microscopic pathology. A, Surgical view in patient 2. The blue circle indicates
the area to which the thrombus was adherent, and the green circle indicates the area to which
the contiguous portion of the thrombus was adherent. Arrows represent the larger portion of
thrombus (blue), smaller portion of thrombus (green), and calcified plaque at the external carotid
origin (red). B, Microscopic examination of a specimen from patient 2. Hematoxylin-eosin stain
shows intimal thickening, plaque formation, and calcification. Higher magnification shows an area
of intima with mononuclear inflammatory cells and evolving plaque formation. C, Microscopic
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PRACTICE PERSPECTIVES

Evolving Use of fMRI in Medicare Beneficiaries

S. Asnafi,

ABSTRACT

R. Duszak, ““').M. Hemingway, ““D.R. Hughes, and ““'J.W. Allen

SUMMARY: Using the Medicare Physician-Supplier Procedure Summary Master File, we evaluated the evolving use of fMRI in

Medicare fee-for-service beneficiaries from 2007 through 2017. Annual use rates (per 1,000,000 enrollees) increased from 17.7 to

32.8 through 2014 and have remained static since. Radiologists have remained the dominant specialty group from 2007 to 2017

(86.4% and 88.6% of all services, respectively), and the outpatient setting has remained the dominant place of service (65.4% and

65.4%, respectively).

ABBREVIATIONS: CPT = Current Procedural Terminology; MEG = magnetoencephalography

First introduced in 1991 for mapping the visual cortex, fMRI
relies on detecting small changes in the blood oxygen level-
dependent MR imaging signal as a result of neuronal activity fol-
lowing specific tasks." Since its introduction, fMRI has been
widely used in neuroimaging research and increasingly incorpo-
rated into clinical practice. Currently, fMRI has value in the neu-
rosurgical planning of conditions such as brain tumors or
epilepsy, diagnosis and management of Alzheimer disease, and
better understanding of psychiatric conditions.”

In January 2007, three distinct Current Procedural Terminology
(CPT) codes were introduced to report fMRI services.® Several stud-
ies have examined changing use of various radiologic modalities
and procedures across various time periods,”* but no similar study
has been performed to assess the nationwide adoption of fMRI.
Given the relatively new translation of fMRI into clinical practice
and the possibility that the high costs of fMRI might not be
adequately reimbursed by current payor schemes,® such informa-
tion could potentially inform clinical practice guidelines and payer-
coverage decisions. For these reasons and focusing on Medicare
beneficiaries, we aimed to investigate the use patterns of fMRI with
regard to both specialty groups and places of service since the intro-
duction of unique CPT codes.
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MATERIALS AND METHODS

The Annual Medicare Physician-Supplier Procedure Summary
Master File from 2007 through 2017 was obtained from the
Centers for Medicare & Medicaid Services. These files contain
aggregated, submitted national Part B Medicare claims for all
beneficiaries in the traditional Medicare fee-for-service program.
These data are classified by codes for procedures, places of serv-
ice, and provider specialties, along with the number of services
both billed and denied. Physician-Supplier Procedure Summary
files include no individual patient, diagnosis, or other encounter-
specific information. Thus, their use does not constitute human
subject research, and no institutional review board oversight was
required for this study.

For this study, fMRIs were identified using the following service-
specific CPT codes: 70554, 70555, and 96020 (Table 1) Analysis
was performed as previously described using SPSS Statistics 25.0
(IBM) and Excel 2016 (Microsoft).*>” fMRI use rates were calcu-
lated per 1,000,000 Medicare enrollees per year. Provider specialties
and sites of service were grouped using relevant Medicare codes
(Table 2).

RESULTS

Between 2007 and 2014, use rates for fMRI studies performed on
Medicare fee-for-service beneficiaries increased 85% (from 17.7 to
32.8) but have since stabilized (32.8, 32.6, 32.7, and 33.3 from 2014
to 2017, respectively). In 2007, radiology was the dominant spe-
cialty group, with a rate of 15.3 (versus 2.4 for all other specialties),
which has continued to be the case since (Fig 1). The specialties
with the second and the third highest rates were neurology and
neurosurgery, respectively, with considerable year-to-year variabili-
ty. Radiology, neurology, and neurosurgery accounted for overall



Table 1: CPT Codes for fMRI

CPT Code Description

70554 fMRI; including test selection and administration of repetitive body
part movement and/or visual stimulation, not requiring physician
or psychologist administration

70555 fMRI; requiring physician or psychologist administration; this is to
be always reported with CPT code 96020

96020 Neurofunctional testing selection and administration during

noninvasive imaging functional brain mapping, with test
administered entirely by a physician or psychologist, with review
of test results and report

Table 2: Site of service and specialty groups studied with the corresponding codes

Site Group/Specialty

Group Sites (Code)
Outpatient Office (1), outpatient hospital (19 and 22), independent clinic (49)
Inpatient Inpatient hospital (21)

Emergency department
Other

Radiology

Neurology
Neurosurgery
Others
Unidentified

Emergency department (23)

Other: independent laboratory (81), skilled nursing facility (31),
temporary lodging (16), mobile unit (15), home (12), and other
place of service (99)

Diagnostic radiology (30), interventional radiology (94), and
nuclear medicine (36)

Neurology (13)

Neurosurgery (14)

All other identifiable groups

Unidentified: independent diagnostic testing facility (47), single or
multispecialty clinic or group practice (70), unknown physician
specialty (99)

use rates of 280.4, 11.2, and 3.4, respec-
tively, during the entire time period.

Separate analysis of the CPT codes
billed by radiology showed that the
code 70554 (test selection/administra-
tion not requiring physician or psy-
chologist administration) billing rate
increased from 12.3 in 2007 to 20.7 in
2017 (Fig 1). Code 70555 (requiring
physician or psychologist administra-
tion) radiology billing also increased
from 3.0 in 2007 to 8.8 in 2017 (Fig 1).
Code 96020 must always be accompa-
nied by code 70555 during billing,
though 96020 may be billed by a sepa-
rate provider. For radiology, the rate of
billing 96020 was 0.25 in 2007 and 5.18
in 2017. From 2007 through 2017, the
rate of billing 96020 for radiology was
always lower than for code 70555.
However, the percentage of cases in
which code 70555 was billed with
96020 by radiology has increased from
2007 to 2017.

Most of the fMRI studies were per-
formed in the outpatient (office, outpa-
tient hospital, or independent clinic)
setting, accounting for 65.4% in 2007

FIG 1. Functional MR imaging use in Part B Medicare beneficiaries from 2007 to 2017 by physician specialty group. Radiology (70554 + 70555)
refers to the total billing of fMRI by this specialty. Radiology (70554) refers only to the 70554 CPT code. All other specialties reflect total billing.
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FIG 2. Functional MR imaging use in Part B Medicare beneficiaries from 2007 to 2017 by place of a service group.

and 65.4% in 2017. The second and the third most common sites
were inpatient hospital (31.1 in 2007 and 29.6 in 2017) and emer-
gency department (3.1% in 2007, and 5.0% in 2017). fMRI use
with regard to place of service is illustrated in Fig 2.

DISCUSSION
Using annual aggregate Medicare fee-for-service claims files for
all years for which unique CPT code data were currently avail-
able, we studied nationwide use of fMRI and found an increased
adoption in the first 7 years after CPT codes became available,
with a plateau in use thereafter. fMRI has consistently been per-
formed predominantly by radiologists and predominantly in the
outpatient setting, not dissimilar to patterns previously described
for nonfunctional brain CT and MR imaging.®

Preoperative planning is one of the widely accepted applica-
tions of fMRI, which is commonly used in brain tumor surgery
and in surgical resection of epileptic foci for certain patients.” A
recent study on national trends in brain tumor management dur-
ing a relatively similar time period to our study (2004 to 2015)
reported a total of 464,856 brain and other nervous system cancers
among patients with a median age of 60 years, with an overall 56%
rate of surgical procedures performed.” In that study, 260,317 sur-
gical procedures were performed on patients with brain cancer
during the 11-year period. Not every neurosurgical procedure for
brain cancer requires preoperative {MRI. However, given the bene-
fit of fMRI in selected patients'®"? and the difference between this
number of surgical studies performed and the 10,056 fMRI studies
billed during the similar 10-year period of our study, there may be
a gap between potential ideal and actual fMRI use rates. Moreover,
the prevalence and incidence of primary brain tumors in the
United States are thought to be rising due to a combination of an
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aging population and improved diagnosis and therapies.”'* Thus,
it may be expected that the rate of brain surgery for these tumors
will increase as well, particularly because the extent of tumor resec-
tion positively correlates with improved patient outcomes,'* and
the need for preoperative fMRI should also increase.

Despite the increase in the use rates of fMRI, it is possible that
barriers exist to furthering expansion of fMRI services and that cur-
rent levels of fMRI use among Medicare beneficiaries might not be
meeting the population-level clinical needs. Decreasing Medicare
reimbursement ($618 in 2007 to $455 in 2017 for CPT code
70554') is potentially a factor leading to the slowing of fMRI adop-
tion. In addition, competing technologies for presurgical evaluation
of refractory focal epilepsy and functional brain mapping, such as
magnetoencephalography (MEG), have also grown.' Increased ex-
pertise in the field of clinical MEG might also contribute to blunting
the curve of fMRI use in recent years. However, despite the accepted
clinical value of MEG,”*® its accessibility is still low, with only 21
clinical MEG sites in 14 states listed by the American Clinical MEG
Society."® Future comparisons of MEG use with fMRI trends as well
as regional use of MEG and fMRI are warranted.

Another potential barrier to fMRI adoption is likely related to
the hardware, software, level of experience, and dedicated time
required for acquisition, postprocessing, and interpretation of
this study. Not surprisingly, radiologists have consistently per-
formed the major share of the fMRIs for Medicare beneficiaries,
and have experienced the largest growth since the introduction of
dedicated CPT codes. In contrast, other specialties billed a rela-
tively small number of fMRI services and showed no increases in
use with time. Considering that 3 of the 4 main applications of
fMRI concern neurology and neurosurgery (presurgical planning
in brain tumors and epilepsy, more precise study of the level of



consciousness in altered level of consciousness, and in follow-up
of patients with traumatic brain injury and stroke), it is expected
that those specialists participated as well in the provision of fMRI
services. A secondary clinical application of fMRI is in diagnosis
and efficacy assessment of certain psychiatric disease treat-
ments.”> We identified no cases of fMRI billed by psychiatrists,
possibly reflecting the low rate at which psychiatrists perform any
imaging services.

A separate analysis of the CPT codes in this study showed that
for radiology, both the number of billings for 96020 and the per-
centage of cases of simultaneous billing of codes 70555 and 96020
have increased from 2007 to 2017. This increase suggests that
radiologists have become more comfortable across time acting as
the physician who selects and administers fMRI paradigms, in
addition to interpreting these studies. Alternatively, this may
reflect an increased awareness of correct CPT billing practices.
Regardless, despite the overall increase in radiology billing of
96020, the rate of billing of this code has always been lower than
the rate of 70555, indicating that other specialties continue to per-
form and bill fMRI in conjunction with radiologists. Another
possibility is that radiologists are performing both roles but
incorrectly billing Medicare for this service.

The clinical use of resting-state fMRI, which is performed with-
out an explicit task, has been advocated recently.”23 Once stand-
ardized clinical protocols are established, the use of resting-state
fMRI may drive increased overall use of fMRI. The currently avail-
able fMRI CPT codes assume that a task is administered and there
is no separate CPT code for isolated resting-state fMRI at this time.
Therefore, it is not currently possible to assess the use of resting-
state fMRI using national databases, so the impact of resting-state
fMRI on overall fMRI use cannot be determined at this time.

Our study has limitations similar to those in other studies inves-
tigating the changing use of physician services. Most important, we
studied only Medicare fee-for-service enrollees. Thus, our findings
cannot necessarily be generalized to the population more broadly.
However, considering that on the basis of the Surveillance,
Epidemiology, and End Results Program data, approximately 40%
of new national cases of brain and central nervous system cancers
are associated with the older-than-65-year age group,** our findings
are, nonetheless, quite relevant. Additionally, we were constrained
because certain Medicare provider codes did not allow identification
of specific provider specialties (these were grouped as “unidentified
specialty”). Moreover, we were not able to compare our findings on
fMRI use trends with those of other advanced imaging techniques
such as diffusion tensor imaging because there are no separate CPT
codes for them. Future studies would benefit from the inclusion of
both private and public payers as well as a larger age range of
patients, particularly because presurgical fMRI is also used in the pe-
diatric population.

In summary, fMRI use among the Medicare beneficiary popu-
lation has markedly increased between 2007 and 2014 but has
since plateaued. In this population, fMRI is primarily performed
by radiologists in the outpatient setting.
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Brain Imaging of Patients with COVID-19: Findings at an
Academic Institution during the Height of the Outbreak
in New York City

E. Lin, ““J.E. Lantos, “*'S.B. Strauss, ““’C.D. Phillips, “*' T.R. Campion, Jr., ““'B.B. Navi, ““’N.S. Parikh, “*’ A.E. Merkler, “*'S. Mir,
C. Zhang, ““'H. Kamel, “’M. Cusick, ““P. Goyal, and “*’A. Gupta
o-'-'.
ABSTRACT

BACKGROUND AND PURPOSE: A large spectrum of neurologic disease has been reported in patients with coronavirus disease 2019
(COVID-19) infection. Our aim was to investigate the yield of neuroimaging in patients with COVID-19 undergoing CT or MR imaging
of the brain and to describe associated imaging findings.

MATERIALS AND METHODS: We performed a retrospective cohort study involving 2054 patients with laboratory-confirmed
COVID-19 presenting to 2 hospitals in New York City between March 4 and May 9, 2020, of whom 278 (14%) underwent either CT
or MR imaging of the brain. All images initially received a formal interpretation from a neuroradiologist within the institution and
were subsequently reviewed by 2 neuroradiologists in consensus, with disputes resolved by a third neuroradiologist.

RESULTS: The median age of these patients was 64 years (interquartile range, 50-75 years), and 43% were women. Among imaged
patients, 58 (21%) demonstrated acute or subacute neuroimaging findings, the most common including cerebral infarctions (11%),
parenchymal hematomas (3.6%), and posterior reversible encephalopathy syndrome (1.1%). Among the 51 patients with MR imaging
examinations, 26 (51%) demonstrated acute or subacute findings; notable findings included 6 cases of cranial nerve abnormalities
(including 4 patients with olfactory bulb abnormalities) and 3 patients with a microhemorrhage pattern compatible with critical ill-
ness—associated microbleeds.

CONCLUSIONS: Our experience confirms the wide range of neurologic imaging findings in patients with COVID-19 and suggests
the need for further studies to optimize management for these patients.

ABBREVIATIONS: ACE2 = angiotensin converting enzyme 2; COVID-19 = coronavirus disease 2019; MFS = Miller Fisher syndrome; PRES = posterior reversi-
ble encephalopathy syndrome; SARS-CoV-2 = Severe Acute Respiratory Syndrome coronavirus 2

S ince the introduction of Severe Acute Respiratory Syndrome
coronavirus 2 (SARS-CoV-2) to the human population in
December 2019, coronavirus disease 2019 (COVID-19) has rap-
idly become a global pandemic. While pulmonary manifestations
remain its hallmark, COVID-19 is gaining recognition as a multi-
system disease,'® and there is increasing recognition of frequent
neurologic manifestations, which reportedly may affect up to
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36.4% of patients with COVID-19.”® While there is growing liter-
ature describing neurologic symptoms in patients with COVID-
19, little has been published about neuroimaging findings outside
of case reports and smaller case series. Our objective was to
present the yield of neuroimaging and report the neuroimaging
findings in a large cohort of patients with COVID-19 at NewYork-
Presbyterian/Weill Cornell Medical Center and NewYork-
Presbyterian Lower Manhattan Hospital in New York City.

MATERIALS AND METHODS

A retrospective cohort study was performed at an academic qua-
ternary-care center and an affiliated community hospital, both in
New York City. Using automated systems for electronic capture
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Characteristics of patients with COVID-19°

experience. A third Certificate of

Patients with COVID-19
Undergoing CT or MR Imaging of

Characteristic the Brain (n=278)

Patients with COVID-19
without Brain Imaging

Added Qualification—certified neu-

roradiologist was available for re-

(n=1776)

solving discrepancies, but none

Age (yr)° 71.8 (15.4)
Male 165 (59%)
Race
Asian 42 (15%)
Black 37 (13%)
White 84 (30%)
Other 58 (21%)
Unknown 57 (21%)
Medical comorbidities
Atrial fibrillation 79 (28%)

Hypertension
Hyperlipidemia
Diabetes

214 (77%)
115 (41%)
144 (52%)
Coronary artery disease 93 (33%)
Chronic kidney disease 58 (21%)
COPD 40 (14%)
Mechanical ventilation 53 (19%)
ICU admission 92 (33%)
Death 61 (22%)

60.6 (18.])

arose. Neuroimaging findings were
1009 (57%) Hroumaging undngs w

documented, including acute or

222 (13%) subacute infarctions, posterior re-
231 (13%) versible encephalopathy syndrome
524 (30%) (PRES), and acute or subacute hem-
400 (23%) orrhage. PRES was determined by
399 (22%)

the presence of confluent T2-FLAIR
244 (14%) hyperintensity or CT hypoattenuation,
1030 (58%) as described in prior literature."® The
515 (29%) burden of microhemorrhage seen on
7‘?29] gg;)) SWI sequences was also recorded.
267 (]5%0) Chronic findings, including chronic
150 (8%) infarcts and white matter changes
292 (16%) deemed likely of microvascular origin
399 (22%) based on age and expected findings,
213 (12%)

Note:—COPD indicates chronic obstructive pulmonary disease; ICU, intensive care unit.

?Data are reported as number (%) except where otherwise noted.
® Age is presented as mean age, with SD in parentheses.

of laboratory data, we identified all patients with an active
COVID-19 infection with an emergency department visit or hos-
pitalization between March 4, 2020, and May 9, 2020. All
COVID-19 diagnoses were confirmed via detection of SARS-
CoV-2 RNA in nasopharyngeal swab specimens by real-time
reverse transcription polymerase chain reaction. The study popu-
lation was then narrowed to adults (18 years of age or older) who
underwent cranial neuroimaging (either CT or MR imaging of the
brain) during this period. The racial demographics of our cohort
were included given the disproportionate burden of COVID-19
among racial minorities and to assess the generalizability of our
findings. Weill Cornell Medicine’s COVID-19 Research Data
Repository automated data capture feature was also used to collect
data on performed imaging studies, demographics, medical
comorbidities, presenting symptoms, and the use of mechanical
ventilation.” Our institutional review board approved this study
and waived the requirement for informed consent.

CT imaging was performed on 1 of 3 scanners: HD Discovery
750, Optima 660, or Revolution EVO (GE Healthcare) with
0.625-mm section thickness, 22 -cm FOV, 120 kV(peak), and
250-300mA. Coverage was from the foramen magnum to the
vertex. Images were reconstructed in the axial plane at 2.5- and 5-
mm intervals and in the coronal and sagittal planes at 2-mm
intervals. MR imaging was performed on 1 of 3 machines:
SIGNA Architect (3T), Discovery 750 (3T), or SIGNA Artist
(1.5T) (GE Healthcare). Postcontrast MR imaging was performed
using intravenous gadobutrol, 0.1 mmol/kg (Gadavist; Bayer
Schering Pharma). Although there was some variability in MR
imaging protocols, all MRIs included diffusion-weighted imag-
ing, SWI, T2 FLAIR, and T1-weighted sequences.

Neuroimaging was reviewed by 2 Certificate of Added
Qualification—certified neuroradiologists, each with 10 years of
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were considered incidental to the event
and not recorded. Special attention was
directed toward the presence or absence
of previously reported COVID-19-
related neuroimaging findings,
including acute hemorrhagic necrotizing encephalopathy,'" lep-
tomeningeal enhancement,'” cortical T2 hyperintensity," cra-
nial nerve abnormalities,"* and olfactory cleft obstruction.'®
Stroke mechanisms and etiologies of parenchymal hematomas
were determined by 2 study neurologists as per established crite-
ria and classification systems.'®'® We used descriptive statistics
to characterize the patient cohort and to estimate the yield of
neuroimaging. We used STATA (Version 15.1; StataCorp) to per-

form statistical analyses.

RESULTS
Our 2 hospitals treated 2054 adult patients with laboratory-con-
firmed COVID-19 between March 4, 2020, and May 9, 2020,
including 263 patients with emergency department visits and
1791 hospitalized patients. Among the total cohort of patients,
the age range was 18-101 years, median age was 64 years (inter-
quartile range, 50-75 years), and 43% were women. Among the
cohort, 491 (24%) were admitted to the intensive care unit and
345 (17%) were mechanically ventilated. Patient demographics
and medical comorbidities are further detailed in the Table.
Cross-sectional neuroimaging of the brain was performed for 278
(14%) patients, with 269 (13%) patients undergoing CT, 51
(2.5%) patients undergoing MR imaging, and 42 (2.0%) patients
undergoing both CT and MR imaging. For 17 of the 51 patients
undergoing an MR imaging examination, imaging was performed
both before and after intravenous administration of gadobutrol.
Among the 278 patients with neuroimaging, 58 (21%) demon-
strated acute or subacute neuroimaging findings. There were 31
cerebral infarctions (11%), 10 parenchymal hematomas (3.6%), 6
cases of cranial nerve abnormalities (2.2%), 3 cases of PRES (1.1%),
3 cases of probable critical illness—associated microhemorrhage
(1.1%), 3 nontraumatic subdural hemorrhages (1.1%), and 2



FIG 1. Stroke. A 53-year-old man with COVID-19 with an axial CTA
image (A) demonstrating an abrupt cutoff of the proximal M1 seg-
ment of the left MCA (arrow), consistent with thrombosis. The
patient later underwent MR imaging, with a DWI sequence (B) dem-
onstrating acute infarctions in the left MCA territory (arrows). An 85-
year-old woman with COVID-19 and MR imaging with a DWI
sequence (C and D) demonstrating acute infarctions in both the ante-
rior (arrow, C) and posterior (arrows, D) circulations, consistent with
central embolic etiology. Most patients in our cohort had stroke of
either embolic or cryptogenic etiology.

nonaneurysmal subarachnoid hemorrhages (0.7%). The yield of
neuroimaging was higher among the 51 patients undergoing MR
imaging, with 26 (51%) patients having acute or subacute findings,
including 13 cerebral infarctions (26%), 6 cranial nerve abnormal-
ities (12%), 3 cases of suspected critical illness—associated microhe-
morrhage (5.9%), 2 cases of PRES (3.9%), and 1 subarachnoid
hemorrhage (2.0%). Individual findings are discussed in more detail
below.

Cerebral Infarction

Acute and subacute infarctions were the most common imaging
finding in our cohort (Fig 1). Of 31 patients with cerebral infarc-
tions, the median age was 69 years (interquartile range, 66-78 years)
and 13 (42%) were women. Mechanisms of infarction, as deter-
mined by our study neurologists, were mostly cryptogenic (n=16,
52%) or cardioembolic (n =13, 42%), with 8 (26%) cases resulting
from large-vessel occlusion. Of the cryptogenic infarctions, multiple
cerebrovascular territories were involved for 11 (69%) patients. Of
the patients determined to have cardioembolic strokes, 10 had atrial
fibrillation, 4 had low ejection fraction heart failure, and 1 was
found to have a moderate-to-large patent foramen ovale on an
echocardiogram during admission; multiple mechanisms were
identified in 2 patients. Aside from the frequency of multiterritory
infarctions, no particularly unique imaging characteristics were
noted among infarctions in our patients with COVID-19.

Intracranial Hemorrhage

All except 1 patient with acute parenchymal hematomas in our
cohort were men, with a median age of 68 years (interquartile
range, 67-74 years). Of the 10 hematomas, 6 (60%) were >5cm,
all with intraventricular extension, surrounding edema, midline
shift, and downward herniation. All 6 of these patients died soon
after initial imaging, without follow-up examinations. All 6 patients
were on anticoagulation, and 1 had an underlying thrombocytope-
nia, but only 2 patients demonstrated a hematocrit level on imaging.
The remaining 4 cases of parenchymal hematomas either resolved
or decreased in size on follow-up imaging. Our study neurologists
attributed 6 (60%) cases to anticoagulation, 2 (30%) to indetermi-
nate mechanisms, 1 (10%) to trauma, and 1 (10%) to hypertension.
One case of subarachnoid hemorrhage arose from an incidental
dural arteriovenous fistula, while the other was posttraumatic. There
were also 3 cases of spontaneous subdural hemorrhage.

Microhemorrhages
Twenty-six (51%) of the patients having undergone MR imaging
had foci of age-indeterminate microhemorrhage. Most (n=17) of
these patients had 1-3 foci of microhemorrhage, a number that did
not allow further characterization. Seven (14%) of the patients had
a greater burden of microhemorrhage (>15 foci). Of these patients,
1 had a cortical and subcortical distribution sparing the deep gray
matter structures in a pattern compatible with cerebral amyloid an-
giopathy; 1 had predominant involvement of the basal ganglia and
cerebellum, with both the microhemorrhage distribution and clini-
cal history compatible with a hypertensive etiology; and 1 had foci
attributable to previously treated widespread metastatic disease.
Another patient had a nonspecific pattern possibly associated with
multiple chronic infarcts but also had a history of hypertension.
The 3 remaining patients with a greater burden of microhe-
morrhage had innumerable foci, predominantly involving the
splenium of the corpus callosum, along with several foci along
the remainder of the corpus callosum, internal capsules, and jux-
tacortical white matter (Fig 2). There were no foci involving the
cortex, deep gray matter, brain stem, or cerebellum. The distribu-
tion in these 3 patients was atypical for both cerebral amyloid an-
giopathy and hypertensive microhemorrhage and, instead, was
most compatible with critical illness—associated microhemor-
rhage.'”?® All 3 patients had prolonged intensive care unit
courses with intubation and mechanical ventilation, but none
were treated with extracorporeal membrane oxygenation. Two of
the 3 had a history of hypertension, and none of the 3 had a his-
tory of seizures or antiepileptic medication use. One patient was
receiving therapeutic enoxaparin (Lovenox) for deep vein throm-
bosis, while the other 2 patients were receiving prophylactic
Lovenox at the time of imaging. Initial radiology reporting for 2
of these patients raised the possibility of diffuse axonal injury, but
none of these patients had a trauma history. Following extuba-
tion, all 3 patients had clinical courses complicated by prolonged
delirium and altered mental status. Of the patients with fewer
than 15 foci of microhemorrhage, 2 additional patients also dem-
onstrated foci only within the splenium of the corpus callosum.

PRES. There were 3 patients with imaging findings typical of
PRES, with acute development of occipital subcortical white
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FIG 2. Corpus callosum microhemorrhages. A 65-year-old woman (A), a 44-year-old woman (B),
and a 69-year-old man (C) all demonstrate microhemorrhages on SWI, with a similar distribution,
preferentially involving the corpus callosum (arrows in A—C), particularly the splenium. All patients
had undergone mechanical ventilation before imaging. The distribution is similar to that previously
described in critically ill, ventilated patients as well as in those with high-altitude cerebral edema.

FIG 3. PRES. A 65-year-old woman (A, same patient as in Fig 2A) and 63-year-old man (B and C)
demonstrate a typical imaging appearance of PRES on T2-FLAIR images (arrows in A and B), with
bilateral subcortical occipital white matter hyperintense signal, as well as more pronounced
involvement of the patient in B with thalamic and internal and external capsule involvement. This
patient also has evidence of associated right occipital microhemorrhage (arrow in C). Both
patients had the typical risk factors for PRES of acute kidney injury and hypertension.

matter edema. One patient, a 72-year-old man, was diagnosed solely
on the basis of the CT examination. He was intubated for hypoxic
respiratory failure and also developed acute kidney injury. The
patient was initially hypotensive, requiring pressors, but afterward
was intermittently hypertensive. He had follow-up CT showing re-
solution of occipital white matter edema. The other 2 patients, a 65-
year-old woman (Fig 3A) and a 63-year-old man (Fig 3B, -C), both
underwent CT and MR imaging and had evidence of associated
acute microhemorrhage on susceptibility-weighted MR imaging
sequences. Both of these patients also had complications of hypoxic
respiratory failure requiring intubation, acute renal failure, and
acute hypertension. The 65-year-old woman did not have follow-up
imaging, but the 63-year-old man had follow-up CT showing reso-
lution of edema. None of these 3 patients were septic or hyperam-
monemic, and no cases of PRES were attributable to medications
such as various immunosuppressive or chemotherapeutic agents.

Cranial Neuropathies

Six patients had cranial nerve abnormalities on MR imaging. Four of
these patients had olfactory bulb abnormalities and will be discussed
separately. The remaining 2 patients are discussed below.
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The first patient presented with di-
plopia, ataxia, and areflexia typical
of Miller Fisher syndrome (MEFS),
the cranial nerve variant of Guillain-
Barré syndrome. MR imaging of the
brain with dedicated orbital sequences
showed an enlarged, T2-hyperintense
left oculomotor nerve with marked
nerve enhancement after intravenous
gadobutrol administration (Fig 4).
This patient had negative serum anti-
symptoms
improved after intravenous immuno-
globulin treatment. Another patient pre-
sented with painless diplopia and right

ganglioside testing, and

abducens palsy, with MR imaging dem-
onstrating enhancement of the bilateral
optic nerve sheaths and posterior Tenon
capsules. The patient was treated with
hydroxychloroquine, and diplopia and
abducens palsy resolved after 2 weeks.

Olfactory Bulb Abnormality

Given the prevalence of anosmia
in patients with COVID-19,2'% our
department added thin-section coro-
nal T2 imaging through the olfactory
bulbs to brain MRIs for all patients
with COVID-19 in whom clinical sta-
tus allowed the additional scan time.
A total of 13 examinations (12
patients; mean age, 58years; 6
women) included both diagnostic ol-
factory bulb sequences and high-re-
solution 3D-T2 FLAIR sequences;
these studies were included in a sepa-
rate systematic review (S.B. Strauss, unpublished data, May
2020). Briefly, no patient demonstrated changes in olfactory
bulb volume. However, 4 of 12 patients demonstrated abnor-
mally increased olfactory bulb signal on postcontrast T2 FLAIR,
which may reflect intrinsic T2 prolongation or, potentially, con-
trast enhancement (Fig 5). No abnormalities were identified
along the olfactory clefts within this cohort to correlate with
findings reported in a prior case report of olfactory cleft
obstruction in a patient with COVID-19 with anosmia.'> One
of the 4 patients with olfactory bulb signal abnormality had
documented anosmia, but for the other 3 patients, there was no
clinical documentation addressing either the presence or ab-
sence of anosmia.

Pertinent Negatives

None of the 51 MR imaging examinations performed in our
cohort demonstrated the abnormal cortical T2-FLAIR hyperin-
tensity described in a recent case series."> There were no cases of
hemorrhagic encephalitis in our cohort. There were also no cases
with abnormal leptomeningeal enhancement among the 17
patients undergoing postcontrast MR imaging.



DISCUSSION

COVID-19 is the disease caused by the novel coronavirus
SARS-CoV-2, which emerged in December 2019. As the disease
has spread, neurologic manifestations have been increasingly
described as a contributor to morbidity and mortality. One
review of 214 patients found neurologic symptoms, including
headache, ataxia, cognitive impairment, anosmia, and stroke, in
36.4%.” Kandemirli et al'? studied 235 patients who were admit-
ted to the intensive care unit for complications of COVID-19
and found that 21% had neurologic symptoms. Of the sympto-
matic patients in that study, 54% underwent MR imaging of the

FIG 4. Miller Fisher syndrome. A 36-year-old male patient with a his-
tory of COVID-19 and diplopia, ataxia, and areflexia. Axial T1 postcon-
trast (A) and coronal T2 fat-suppressed (B) MR images through the
orbits demonstrate striking enlargement, enhancement, and T2
hyperintense signal of cranial nerve Il (arrows in A and B). The patient
was clinically diagnosed with Miller Fisher syndrome and improved
with intravenous immunoglobulin treatment.

FIG 5. Olfactory neuritis. Six patients with COVID-19 with coronal T2-FLAIR postcontrast images.
A 48-year-old woman (A) demonstrates hyperintense signal in the right (arrow) greater than left
olfactory bulbs. A 52-year-old woman (B) and a 62-year-old man (C) demonstrate symmetric
hyperintense signal in the olfactory bulbs (arrows). For comparison, 3 different patients (D—F) in

our cohort with normal olfactory bulbs (arrows) are included.

brain, almost half (44%) of whom had acute findings.
Mahammedi et al** found that 16% of 725 patients had acute
neurologic symptoms and underwent neuroimaging.

At our institution, a review of 2054 patients with COVID-19
presenting during the height of the pandemic in New York City
found that 278 patients (14%) underwent cranial neuroimaging
with either CT, MR imaging, or both. Of our imaged patients,
21% had acute or subacute findings, with a higher yield on MR
imaging (51%). Ischemic stroke (11%) was the most common
acute finding, and most were multifocal and determined to be ei-
ther cryptogenic or cardioembolic in origin. Potential pathogene-
sis of stroke in COVID-19 may be from the development of a
coagulopathy or endothelial dysfunction.”> Coagulopathy may be
attributable to the thrombophilic effects of systemic inflamma-
tion; the presence of lupus anticoagulant and antiphospholipid
antibodies has also been reported.>*>*° Despite reported elevated
D-dimer levels and a high incidence of deep vein thrombosis in
COVID-19,%” we did not find evidence of cerebral venous throm-
bosis in our cohort. Parenchymal hematomas were found in 10
(3.6%) patients, most (n = 6) of whom had hemorrhages attrib-
uted to anticoagulation, a finding that highlights the risks of ini-
tiating anticoagulant therapy in response to the prothrombotic
features of patients with COVID-19.

Microhemorrhages were found in 26 of 51 patients, with 3
patients demonstrating extensive microhemorrhages predomi-
nantly involving the corpus callosum, similar to those shown in a
recent case report of a patient with COVID-19 and PRES* and
also in keeping with another recent observational study describ-
ing 4 patients with COVID-19 with microhemorrhage in the cor-
pus callosum.”® This pattern of microhemorrhage involving the
corpus callosum has also been described in critically ill patients,
including those mechanically ventilated for acute respiratory dis-
tress syndrome, as well as in patients with high-altitude cereb-
ral edema.'®?® High-altitude cerebral edema microhemorrhages
are thought to be due to increased cerebral venous pressure, and
positive pressure ventilation may impair cerebral venous return
secondary to raised intrathoracic pressure, perhaps explaining
the common finding in these 2 distinct patient populations.'® All
3 of our patients with callosal microhemorrhage received me-
chanical ventilation before MR imaging. Therefore, callosal micro-
hemorrhage in COVID-19 is potentially attributable to mechanical
ventilation rather than a direct effect
from the virus. These 3 patients did not
receive extracorporeal membrane oxy-
genation, which has previously been
reported with callosal microhemor-
thages.”" We agree with Radmanesh et
al®® that these callosal hemorrhages
resemble those seen with diffuse axonal
injury, but, as in their study, the clinical
history of our patients excludes post-
traumatic etiology.

Our review found 2 types of cases
in which neural tissue was involved.
The first is a patient previously
reported'* who presented with clinical
MFS and had imaging confirming
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oculomotor nerve abnormality. Serum ganglioside testing was
negative in this patient, leaving open the possibility that there was
direct inoculation of the nerve by SARS-CoV-2, rather than a
cross-reactive immune response induced by molecular mimicry,
as is more typical of MFS. MFS is the cranial nerve variant of
Guillain-Barré syndrome, which has also been described in
COVID-19 in prior case reports, also with negative serum gangli-
oside testing.’> Furthermore, our patient presented with MES
and then tested positive for SARS-CoV-2, indicating that MFS
may be a parainfectious rather than postinfectious process, simi-
lar to that reported with the Zika virus.>>** Parainfectious
Guillain-Barré syndrome has also been recently reported in asso-
ciation with COVID-19.>®> Whether COVID-19 has the propen-
sity to cause cranial neuropathies more or less than other viruses
is an area of potential future investigation and may depend on
various factors, including, but not limited to, viral load, neurotro-
pism, and systemic inflammation.

We also found that 4 of our patients with COVID-19 had evi-
dence of an olfactory neuritis, with hyperintensity of the olfactory
bulb on postcontrast T2 FLAIR images, potentially a biomarker
of disease and an imaging correlate of the anosmia commonly
experienced by patients. Recently, it has been shown that susten-
tacular cells of the olfactory epithelium (technically part of the pe-
ripheral nervous system) express the angiotensin converting
enzyme 2 (ACE2) receptor,*® providing a potential entry point
to the CNS via synapses with the olfactory bulbs. Extension to
the brain may occur via further trans-synaptic spread, as has
been shown to occur in other coronaviruses.>’ For example,
transnasal exposure in mice to the related coronavirus SARS-
CoV resulted in detection of the virus in regions with direct
neuronal connection to the olfactory bulb: the piriform and
infralimbic cortices, basal ganglia, and midbrain.>® Another
coronavirus, Middle East respiratory syndrome coronavirus,
has also been shown to invade the brain of mice when admin-
istered intranasally.’® Trans-synaptic spread may also allow
coronaviruses to gain access to the CNS via other parts of the
peripheral nervous system.”’

Hematogenous spread to the CNS is proposed to be due to vi-
ral binding to ACE2 receptors in the capillary endothelium,
resulting in damage to the endothelial lining. This could lead to
increased permeability of the blood-brain barrier and loss of he-
mostatic regulation, with resultant cerebral edema. This mecha-
nism could explain the PRES cases that we observed, as has been
recently proposed in 2 other cases of PRES with COVID-19.%
However, each of our 3 patients with PRES also had the typical
risk factors of acute kidney injury and elevated blood pressure.
Endothelial damage could also allow the SARS-CoV-2 spike
protein to bind directly with neural ACE2 receptors. However,
Li et al’” believed that the related virus SARS-CoV is highly
unlikely to spread to the brain by the hematogenous or lym-
phatic route because almost no viral particles have been
detected in nonneuronal cells of infected brain areas in multi-
ple studies. By implication, the same could be true of SARS-
CoV-2.

Poyiadji et al''

were the first to describe acute hemorrhagic
necrotizing encephalitis in the setting of COVID-19 infection.
We did not have a similar case in our relatively large cohort,
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indicating that this may be an uncommon neuroimaging finding,
but further investigation is required to assess the incidence in
association with COVID-19. Our study did not confirm the corti-
cal T2-FLAIR signal abnormality recently reported in 10 of 27
patients admitted to the intensive care unit for COVID-19."> We
also did not observe abnormal leptomeningeal enhancement in
any of our patients undergoing postcontrast imaging, despite
prior reports of this finding in COVID-19."2

Limitations of this study include those inherent in a retrospec-
tive, observational design. In addition, our patients are from 2
centers during the height of the pandemic in New York City and
may not represent the true spectrum of neuroimaging findings in
COVID-19, especially more chronic, long-term findings. Some of
our patients with relatively mild neurologic symptoms may not
have undergone imaging due to regulatory constraints imposed
during the pandemic, and on the contrary, some patients with
more pronounced neurologic impairment may have been too
unstable to undergo imaging. Furthermore, it is uncertain
whether the observed findings are directly related to SARS-CoV-
2 infection rather than to coincident conditions, particularly
because the patients undergoing imaging had more medical
comorbidities than the overall cohort. Given the retrospective
design and the critically ill conditions of many of these patients, it
was also difficult to obtain full clinical correlation for many of the
patients.

Finally, our study was not comprehensive and omitted a few
potential areas of interest. For example, we did not include pedi-
atric patients in our cohort, but with the emergence of pediatric
COVID-19 manifestations such as multisystem inflammatory
syndrome, neuroimaging findings in this population may be of
interest. Also, with growing speculation that COVID-19 may be a
vascular disease with manifestations in various highly perfused
organs,” intracranial vasculitis would be a plausible manifesta-
tion of infection; however, due to the limited number and quality
of MR angiographic studies performed with a vessel wall imaging
protocol in our cohort, we were unable to confidently assess the
prevalence of intracranial vasculitis.

CONCLUSIONS

Understanding of the novel coronavirus SARS-CoV-2 is still in
its infancy. Neurologic complications are increasingly recognized,
and familiarity with imaging findings is important for radiolog-
ists as the pandemic spreads. Of our patients with COVID-19
undergoing neuroimaging, 21% had acute or subacute findings,
including 51% of the patients undergoing MR imaging. We
observed ischemic strokes and intracranial hemorrhages that are
similar in appearance to those in patients without COVID-19,
though seemingly more common in this patient population. We
also observed microhemorrhages with a predilection for the cor-
pus callosum, similar to those previously described in high-alti-
tude cerebral edema and severely ill, ventilated patients. A
small subset of our patients had abnormal olfactory nerves, a
possible imaging correlate to frequently reported anosmia.
Our experience indicates a wide range of neuroimaging find-
ings in COVID-19 and suggests the need for further studies
to optimize management of patients with COVID-19 with
neurologic manifestations.
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A Double-Edged Sword: Neurologic Complications and
Mortality in Extracorporeal Membrane Oxygenation Therapy
for COVID-19—Related Severe Acute Respiratory Distress

Syndrome at a Tertiary Care Center

S. Mohan

o~ =

J. Masur, ““’C.W. Freeman, and

ABSTRACT

SUMMARY: In this clinical case series, we report our experience to date with neurologic complications of extracorporeal mem-
brane oxygenation therapy for COVID-19 Acute Respiratory Distress Syndrome. We have found an unexpectedly increased
rate of complications as demonstrated by neuroimaging compared with meta-analysis data in extracorporeal membrane oxy-
genation therapy for all Acute Respiratory Distress Syndrome etiologies over the past few decades and compared with the
most recent baseline data describing the incidence of neurologic complication in all patients with COVID-19. For our 12-
patient cohort, there was a rate of intracranial hemorrhage of 41.7%. Representative cases and images of devastating intracra-
nial hemorrhage are presented. We hypothesize that the interplay between hematologic changes inherent to extracorporeal
membrane oxygenation and inflammatory and coagulopathic changes that have begun to be elucidated as part of the COVID-
19 disease process are responsible. Continued analysis of extracorporeal membrane oxygenation therapy in this disease para-
digm is warranted.

ABBREVIATIONS: ARDS = Acute Respiratory Distress Syndrome; COVID-19 = coronavirus disease 2019; ECMO = extracorporeal membrane oxygenation;

MERS = Middle East respiratory syndrome; vv = venovenous

he data regarding all aspects of coronavirus disease 2019

(COVID-19) continue to evolve. As the number of patients
treated with specific paradigms grows, continuous reevaluation
of the outcomes must be undertaken. Extracorporeal membrane
oxygenation (ECMO) has been a mainstay of therapy in multiple
treatment strategies related to respiratory failure for several deca-
des, including Acute Respiratory Distress Syndrome (ARDS)
refractory to conventional therapy. More recently and specif-
ically, ECMO was shown to have mortality reduction benefit
in refractory ARDS secondary to the Middle Eastern
Respiratory Syndrome coronavirus (MERS-CoV).! As the
COVID-19 pandemic has progressed, review of the most
recent literature has shown that the ECMO treatment para-
digm was thus initiated for severe COVID-19-related ARDS
at many institutions. However, as the number of patients
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treated with various measures including ECMO grows, con-
tinuous reevaluation of the outcomes must be undertaken.

Several initial analyses have found that the ECMO paradigm for
refractory ARDS in patients with COVID-19 has not shown the
same benefit as seen with MERS-CoV.>* High mortality rates are
being reported in these patients compared with those treated
with conventional therapy. Although this is undoubtedly
multifactorial and small sample sizes have precluded scien-
tifically sound conclusions to date, the early findings are
alarming. For example, a recent pooled retrospective analysis
of 4 studies in China comprising 567 patients with COVID-
19 and ARDS of whom 17 were treated with ECMO found a
mortality rate of 94% in the ECMO subgroup compared with
70% for those treated with conventional therapy alone.*

In our group, we are trying to understand the etiopathogenesis
and mechanisms of CNS involvement in patients who are positive
for COVID-19. Specifically, we are aiming to study the prevalence
of neurologic complications and complications of supportive treat-
ments including ECMO. A recent meta-analysis of patients treated
with ECMO for respiratory failure of all causes from 1992 to 2015
showed a neurologic complication rate of 7.1%;>° this included a
3.6% incidence of cerebral hemorrhage and a 1.7% incidence of
stroke. Additionally, a recent observational study from a large aca-
demic center reported a rate of intracranial hemorrhage of 4.5% in
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admitted patients who are positive for COVID-19.” Although there
are small case series in the literature regarding ECMO therapy and
intracranial hemorrhage in patients with COVID-19,® the data
regarding ECMO therapy as it relates to the neurologic sequelae
and outcomes of COVID-19 remain sparse. Our larger case series
aims to elucidate this relationship.

MATERIALS AND METHODS

An observational study design was performed with approval
from our institutional review board. The number of inpatients
admitted to a tertiary health care system between March 1, 2020,
and May 19, 2020, with confirmed infection status of “COVID-
19 positive” was determined by using the “Reports” function of
the electronic medical record system (Epic Systems). A list of
inpatients with an infection status of “COVID-19 positive” and
with neuroimaging of the head performed during the same time
period, including CT/CTA and MRI/MRA, was subsequently
generated.

The medical records of these participants were examined, and
the age, sex, utilization of ECMO, either venovenous (VV) or
venoarterial, and duration of ECMO therapy during their admis-
sions were recorded. The rationale for initiation of ECMO in
these patients was at the discretion of the treating pulmonologist
and according to institutional guidelines. The presence of poten-
tially contributory medical comorbidities in this cohort, including
autoimmune conditions, immunosuppression, hypertension, dia-
betes mellitus, asthma, and structural lung disease, was docu-
mented. Additionally, the anticoagulation method used during
ECMO as well as the patients’ platelet counts at the time of imag-
ing were recorded.

The clinical examination findings prompting neuroimaging
in the ECMO cohort were recorded. The images and reports for
patients on ECMO with brain imaging were reviewed for critical
findings, which we defined as acute or subacute intracranial hem-
orrhage, acute or subacute infarction, vascular occlusion, findings
of infection or inflammation, herniation, hydrocephalus, and evi-
dence of hypoxic-ischemic encephalopathy.

RESULTS

Between March 1, 2020, and May 19, 2020, we identified 12
patients on VV-ECMO at the time of neuroimaging and none on
VA-ECMO. The demographics, comorbidities, anticoagulation
therapy, ECMO duration, platelet counts, clinical examination
findings prompting neuroimaging, and imaging findings are all
presented in the On-line Table.

The most common comorbid conditions in the cohort were
hypertension (5 of 12; 41.7%), type 2 diabetes mellitus (4 of 12,
33%), and asthma (4 of 12, 33%). Additional pre-existing condi-
tions that could have predisposed patients to vascular phenomena
were present: 1 patient had systemic lupus erythematosus,
another had sickle cell trait, and a third had rheumatoid arthritis.

The mean duration of ECMO therapy in our cohort at the
time of imaging was 230.3 hours. This is similar to the duration
of therapy in the referenced meta-analysis, in which the mean du-
ration of therapy in both the CNS complication and non-CNS
complication groups was approximately 258 hours.”
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FIG 1. A 65-year-old female patient with a history of rheumatoid ar-
thritis and type 2 diabetes mellitus presented to an outside hospital
with fevers and was found to be positive for COVID-19, with pneu-
monia on chest imaging. The patient’s respiratory status declined de-
spite ventilation, prompting transfer and initiation of VV-ECMO. One
day after initiation of ECMO, the patient’s right pupil was fixed on
neurologic examination, prompting emergent head CT. This showed a
large mixed-attenuation intraparenchymal hemorrhage centered in
the right basal ganglia (dotted arrow) with intraventricular extens-
ion (dashed arrow) and right-to-left midline shift or subfalcine hernia-
tion (solid arrow). Additional intraparenchymal hemorrhages are seen
throughout the supratentorial brain (dotted arrow) as well as ventric-
ular dilation and right uncal herniation. Subarachnoid hemorrhage
was also seen, such as in the interpeduncular cistern (solid arrow).

FIG 2. A 60-year-old male patient with a history of asthma and
hypertension presented to an outside hospital with fever, dyspnea,
and chest imaging demonstrating multifocal pneumonia. The patient
tested positive for COVID-19. The patient was intubated, but his con-
dition worsened despite mechanical ventilation, and he was subse-
quently placed on VV-ECMO. Three days later, the patient
demonstrated anisocoria on physical examination, prompting a CT
scan of the head. There was diffuse cerebral edema with sulcal and
cisternal effacement and multiple intraparenchymal hemorrhages
(solid arrows) resulting in left-to-right midline shift, intraventricular
extension (dotted arrow), and subfalcine and uncal herniations.

Critical findings meeting our criteria were identified on neu-
roimaging studies from 6 of the 12 (50%) participants on ECMO.
The most common critical findings were intracranial hemorrhage
(5 of 12; 41.7%) with associated herniation in 4 of 5 patients (Figs
1 and 2). All 5 patients had subarachnoid hemorrhage, 4 of 5 had
intraparenchymal hemorrhage, and 3 of 5 had intraventricular



hemorrhage. Evidence of ischemic infarctions were seen in 2 of 6,
both with concomitant intracranial hemorrhage. Three patients
had findings of hydrocephalus. All 4 patients with parenchymal
hemorrhage and herniation seen on neuroimaging died from the
complications. The fifth patient had isolated small-volume subar-
achnoid hemorrhage that subsequently resolved, but this patient
died from ongoing respiratory complications. The sixth patient
had findings suggestive of communicating hydrocephalus with-
out a clear cause. One of the 12 patients had vascular imaging
with CTA of the head and neck, which did show multiple intra-
cranial large-vessel occlusions; this patient also had multicom-
partmental intracranial hemorrhages.

DISCUSSION

Our analysis of the subset of patients with COVID-19-related
ARDS treated with ECMO at our institution demonstrates an
unexpectedly increased rate (50%) of devastating neurologic
events, specifically intracranial hemorrhage (41.7%), as demon-
strated by emergently performed neuroimaging. Comparatively, a
recent meta-analysis of patients treated with ECMO for respiratory
failure from 1992 to 2015 showed a neurologic complication rate
of 7.1%, including an incidence of cerebral hemorrhage of 3.6%.
Moreover, a recent similarly designed cohort study of 246 consecu-
tive patients who were positive for COVID-19 with neuroimaging
at a large tertiary care center showed an incidence of intracranial
hemorrhage of 4.5%.” Although the statistical significance of this
difference cannot be definitely determined at this time, the results
of our analysis do show a trend toward a significantly increased
rate of devastating neurologic events manifested on neuroimaging.

Despite the mortality benefit of ECMO demonstrated in
patients with MERS-CoV ARDS, we hypothesize that the inter-
play between the novel COVID-19-related coagulopathy, pre-
existing conditions, and the hematologic alterations inherent to
continuous VV-ECMO could be responsible for the increased
risk of neurologic complications in this cohort. This is in keep-
ing with similar mechanisms suggested in the most recent
literature.’

The main limitation of our analysis is the small sample size to
date of patients at our institution treated with ECMO for
COVID-19-related ARDS. Given the scope of the coronavirus
pandemic and international expert predictions that outbreaks
could be experienced for at least the next couple of years, an
accelerated prospective clinical trial of the risk versus benefit of
ECMO therapy in patients with COVID-19-related ARDS should
be considered as feasible. Regardless, continuous retrospective
analysis of the available data regarding all aspects of this

treatment paradigm is warranted, such that future pooled analy-
ses could add to our work and assess statistical significance of
neurologic complications.

CONCLUSIONS

The evidence continues to mount that ECMO should be used with
extreme caution in patients with COVID-19-related ARDS. Very
close neurologic monitoring and a low threshold for neuroimaging
in this cohort should be used because our findings show a concern-
ing trend toward an increased rate of neurologic complications.
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Stroke Thrombectomy in Patients with COVID-19:

Initial Experience in 13 Cases
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ABSTRACT

SUMMARY: We performed a retrospective review in both comprehensive stroke units of a region affected early by the coronavirus
disease 2019 (COVID-19) pandemic, between March 1 and April 26, 2020, including patients with COVID-19 who underwent mechani-
cal thrombectomy for ischemic stroke. We identified 13 cases, representing 38.2% of 34 thrombectomies performed during this pe-

riod. We observed increased mortality and a high incidence of thrombotic complications during hospitalization. Given the high rate

of infected patients, systematic use of full personal protection measures seems justified.

ABBREVIATIONS: COVID-19 = coronavirus disease 2019; SARS-CoV-2 = Severe Acute Respiratory Syndrome coronavirus 2

he coronavirus disease (COVID-19) pandemic is an ongoing

pandemic caused by Severe Acute Respiratory Syndrome co-
ronavirus 2 (SARS-CoV-2). The outbreak was identified in China
in December 2019 and then spread to Europe in January 2020.
The first 3 cases in Europe were reported in France on January
24." Epidemic response measures were triggered in France on
March 1 and gradually developed until March 17, when a nation-
wide lockdown was enforced, with strict home confinement of
the entire population.

Alsace was the first French region affected by the outbreak. It
is a region in the East of France with a population of approxi-
mately 1.9 million people. The peak of the epidemic was regis-
tered on April 2, with 2142 hospitalized patients diagnosed with
COVID-19 (of whom 433 were in intensive care units). On April
26, there were 1153 reported in-hospital deaths.

We aimed to describe baseline characteristics, procedural
metrics, and outcomes of stroke thrombectomies in patients diag-
nosed with COVID-19, performed at the 2 comprehensive stroke
centers (Strasbourg University Hospital and Colmar Hospital) in
the Alsace region during the first 2 months of the outbreak.
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MATERIALS AND METHODS

We performed a retrospective review in both comprehensive
stroke units in the Alsace region, between March 1 and April
26, 2020. Patients were included in the study if they underwent
mechanical thrombectomy for acute ischemic stroke and were
diagnosed with SARS-Cov-2 infection either before or after the
endovascular procedure (during the same hospitalization).
Endovascular procedures for cerebral venous sinus thrombosis
were not included in this study. Patient files were reviewed to
extract demographics, comorbidities, procedural metrics, and
complications, as well as clinical follow-up information. In
addition, we collected protocols of personal protection meas-
ures in the angiography suites and the number of documented
contamination cases among medical personnel.

Brief Description of the Stroke Pathway in the Alsace
Region

There are 3 hospitals (Strasbourg University Hospital, Colmar
Hospital, and Moulhouse Hospital) with stroke units in the
region, of which 2 have endovascular treatment facilities
(Strasbourg University Hospital and Colmar Hospital). Two
additional hospitals (Saverne Hospital and Haguenau Hospital)
without stroke units are equipped with telemedicine facilities in
the emergency department and are connected to one of the com-
prehensive stroke centers. Patients are accepted as with stroke
alerts following a telephone consultation between the paramedic/
physician in the field and the on-call neurologist if there are
symptoms suggestive of stroke dating 6 hours from last seen well
(up to 24hours in selected cases). Patients with stroke alerts
bypass the emergency department and are seen directly by the
on-call neurologist in the radiology department before imaging.
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Table 1: Baseline characteristics

Thrombectomies in Patients
with COVID-19 (n = 13)

Age (median) (IQR) (yr) 78 (71-79)
Male sex (No.) (%) 5 (38.4%)
Risk factors (No.) (%)

Hypertension 8 (61.5%)

Dyslipidemia 3 (23.0%)

Diabetes 2 (15.3%)

Smoking 3 (23.0%)
Baseline mRS score >2 0 (0%)
Baseline NIHSS score (median) (IQR) 13 (7-15)
Symptom onset to femoral puncture (median) (IQR) (min) 244 (232-290)
IV thrombolysis (No.) (%) 4 (30.7%)
Initial imaging type (No.) (%)

MR imaging 11(84.6%)

cT 2 (153%)
Initial APECTS?

ASPECTS <5 (n/N) (%) 0/12 (0%)

ASPECTS score (median) (IQR) 8(57-9)
Occlusion site at angiography (No) (%)

M1 segment 8 (61.5%)

M2 segment 3(23.0%)

Tandem occlusion 1(7.6%)

Basilar trunk 1(7.6%)

Note:—IQR indicates interquartile range; n/N, n - number of cases with ASPECTS <5/N - number of cases with
anterior circulation strokes.
For anterior circulation strokes.

Table 2: Thrombectomy procedure metrics: clinical and radiologic outcomes

Thrombectomies in Patients
with COVID-19 (n = 13)

Anesthesia method (No.) (%)

General anesthesia 9 (69.2%)

Conscious sedation 4 (30.7%)
Initial treatment approach (No.) (%)

Stent retriever 4 (30.7%)

ADAPT technique 6 (46.1%)

Combined distal aspiration and stent retriever 3 (23.0%)
Timing of intervention (median) (IQR)( min)

Femoral puncture to recanalization 34.5 (23-45)

Symptom onset to recanalization 298.5 (261-324)
Angiographic outcome (No.) (%)

TICI 2b-3 10 (76.9%)

TICI 2¢-3 9 (69.2%)

TICI 3 7 (53.8%)
Procedural complications (No.) (%)

Neurologic 0 (0%)

Non-neurologic (femoral artery occlusion) 1(7.6%)
Imaging outcome (No). (%)

All hemorrhagic transformation 3 (23.0%)

Symptomatic ICH 0 (0%)

HI-HI2 2 (15.3%)

PH 1 1(7.6%)

PH 2 0(0%)
Clinical outcome

In-hospital mortality (No.) (%) 2 (15.3%)

Last available NIHSS (median) (IQR)* 5 (0.5-12.5)

NIHSS drop (median) (IQR)? 2 (0.5-5)

Note:—ADAPT indicates direct aspiration first pass technique; ICH, intracerebral hemorrhage; PH, parenchymal he-
matoma; HI, petechial hemorrhage.
?n =10 (excluding 2 deceased patients).

All 3 centers use MR imaging for
patient selection. During the COVID-
19 outbreak, all hospitals were able to
maintain around-the-clock care for
stroke emergencies.

Statistical Analysis

Given the small sample size, the analysis
was mainly performed using descriptive
statistics. Continuous variables are pre-
sented as median with interquartile
range. Categoric variables are prese-
nted as numbers with percentages.
Comparisons of time delays were per-
formed using the Mann-Whitney U test
after the normality of the distributions
was assessed graphically and using the
Shapiro-Wilk test. Analyses were per-
formed using GraphPad Prism, Version
6.0 (GraphPad Software).

RESULTS

We identified 13 patients with SARS-
Cov-2 infection, representing 38.2% of
a total of 34 thrombectomies per-
formed in the 2 centers during the
study period. Apart from 1 case,
recorded on March 12, all other cases
were recorded after March 25.

Baseline characteristics are detailed
in Table 1. The median patient age was
78years, and the median time from
symptom onset to groin puncture was
244 minutes. Most cases were anterior
circulation strokes (8/13; 61.5%). The
median ASPECTS was 8, and none of
the patients had ASPECTS < 5.

Procedural metrics and outcomes
are detailed in Table 2. The median
time from groin puncture to recanali-
zation was 34.5 minutes, and TICI 2b-
3 recanalization was obtained in 10/13
(76.9%) cases. No symptomatic hem-
orrhagic transformation was observed
on 24-hour CT scans. In 1 case (7.6%),
9 hours after successful recanalization
of a middle cerebral artery occlusion,
we observed early arterial re-occlusion
of both internal carotid arteries and of
the basilar trunk.

Three patients (23.0%) were diag-
nosed with deep vein thrombosis, and 1
(7.6%), with a pulmonary embolism dur-
ing hospitalization. Two patients died,
accounting for a mortality rate of 15.3%.
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Table 3: Influence of COVID-19 epidemic on mechanical thrombectomy volumes and procedural time metrics

March 1to April 26,2019  March 1to April 26,2020  Variation/P Value
Volume of mechanical thrombectomies 43 34 -21%
Symptom onset to brain imaging (median) (IQR) (min) 141 (102-189) 135 (100-171) 568
Symptom onset to IV thrombolysis®* (median) (IQR) (min) 167 (141-188) 162 (150-180) 992
Imaging to femoral puncture (median) (IQR) (min) 102 (82-137) 113 (96-138) 316
Symptom onset to femoral puncture (median) (IQR) (min) 257 (207-298) 258 (211-293) 919
Femoral puncture to recanalization (median) (IQR) (min) 48 (39-71) 43 (25-58) 363

?For patients who received IV thrombolysis before thrombectomy.

COVID-19 Diagnosis

Only 1 patient had been diagnosed with COVID-19 before
thrombectomy, and the patient was already hospitalized at the
time of the stroke. In the remaining 12/13 (92.3%) cases, patients
presented to the hospital primarily for symptoms of acute stroke.
On initial examination and history, there were symptoms sugges-
tive of COVID-19 in only 4/12 (33.3%) cases.

Infection with SARS-Cov-2 was confirmed by reverse tran-
scription polymerase chain reaction in 10/13 patients. In 3 of
these cases, the results of the first oropharyngeal swab were nega-
tive. Subsequently, 2 patients had a second oropharyngeal swab
positive for COVID-19, while for the third patient, the reverse
transcription polymerase chain reaction was positive for COVID-
19 in a sputum sample.

In the remaining 3/13 cases with negative findings with oro-
pharyngeal swabs, the diagnosis was made due to association of
typical clinical symptoms and chest CT findings.

Personal Protection Measures

Both centers used personal protection measures during the study
period. In 1 center, measures to prevent contamination of per-
sonnel were used systematically for all cases, even in the absence
of suggestive clinical symptoms. This center (Strasbourg
University Hospital) already used systematic general anesthesia
for all thrombectomies, and this practice was continued.
Orotracheal intubation was performed in the angiography suite,
which is equipped with an ISO 7 air-handling unit (capable of
clearing 90% of 0.5-um particles in less than 6 minutes; Unit
model RMO09/09, manufacturer ROBATHERM,
Scheppach, Germany). All personnel in the angiography suite

Jettingen-

wore enhanced personal protection equipment, including surgical
cap, goggles, full gown/gloves, shoe covers, and a filtering face-
piece 3 mask. Extubation was performed in the angiography suite;
then, the patient was transferred directly to the stroke unit.

The second center continued their usual practice of throm-
bectomy with the patient under local anesthesia/conscious seda-
tion. Enhanced personal protective equipment was used only for
cases with symptoms suggestive of COVID-19 disease.

During the study period, 1 interventional neuroradiologist
developed mild respiratory symptoms suggestive of COVID-19.
Subsequent CT of the chest revealed unilateral small ground glass
opacities compatible with mild COVID-19 pneumonia. Findings
of nasopharyngeal swabs 10 days apart were negative, there was
full resolution of symptoms without specific treatment, and the
physician resumed activity after 14 days of home confinement.
One radiology technician developed respiratory symptoms, tested
positive on the first nasopharyngeal swab, and was also able to
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resume activity after 14 days of home confinement. There were
no other documented cases of contamination in physicians or an-
giography suite staff (7 interventional neuroradiologists and 29
radiology technicians).

Compatrison with Prepandemic Activity

Compared with the same time period in 2019, we observed a 21%
decrease in stroke thrombectomy volume. Procedural time met-
rics compared with the prepandemic period are outlined in Table
3. There was no significant difference in prehospital or in-hospi-
tal delays, but this comparison is obviously limited by the small
sample size.

DISCUSSION

During the first 2 months of the COVID-19 outbreak, more
than one-third of the patients who underwent stroke thrombec-
tomies had SARS-Cov-2 infection. In most cases, patients did
not have a COVID-19 diagnosis or suspicion before the acute
presentation with stroke symptoms. Moreover, only 1 of 3
patients had suggestive symptoms at the moment of the acute
presentation.

These results underline the importance of personal protec-
tion measures for all stroke centers in areas touched by the
COVID-19 pandemic. An important proportion of cases were
not suspected of having COVID-19 at presentation. This sce-
nario can be explained, on one hand, by the high rate of asymp-
tomatic infections and, on the other hand because the initial
examination and history are performed in an expedited fashion
in the context of stroke alerts because of time constraints and
deficits.
Consequently, it seems justified to systematically apply full per-

impaired communication due to neurologic
sonal protection measures for all stroke thrombectomies,
for the entire duration of the epidemic. Recent guidance issued
by the Society of Neurolnterventional Surgery’ also recom-
mends that patients with undocumented COVID-19 status
should be treated as high risk, provided institutional resources
are available. However, the high rate of patients positive for
COVID-19 observed in our series might not be applicable in
other geographic areas. Moreover, the definition of appropriate
personal protection measures may vary among facilities and
practitioners. This is reflected in the recommendations of the
European Society of Minimally Invasive Neurological Therapy,*
which state that clinical management should be conducted
according to local hospital protocols.

Baseline characteristics among treated cases, as well the dura-
tion of procedures and recanalization rates, are comparable with
those in previously published literature.” Two recent reports®” of



10 thrombectomies in relatively young patients (5 cases in each
report) suggested that SARS-Cov-2 infection might lead to
increased rates of stroke in the younger population. We did not
observe this tendency in our cohort. The youngest patient was
62 years of age, and the median age was 78 years, which is above
the average age in recent thrombectomy trials. Escalard et al®
recently published their experience of thrombectomy in patients
with COVID-19 in a high-volume center in Paris, France. They
treated 10 patients positive for COVID-19, representing 27% of
the total 37 thrombectomies performed during the study period;
most patients (70%) had mild or no respiratory signs at the time
of stroke. These findings are comparable with the results in our
cohort.

With regard to clinical outcomes, despite the obvious limi-
tations pertaining to the small sample size and short follow-up,
out initial results suggest an increase in the in-hospital mortal-
ity rate (15.3%) and a high rate of thrombotic complications
during hospitalization (23.0% with deep vein thrombosis, 7.6%
with pulmonary embolism, and 7.6% with early arterial re-
occlusion). In the cohort of Escalard et al,® these rates were
even higher; 40% of cases had early cerebral re-occlusion and
60% mortality. This finding is concordant with recent reports
indicating a hypercoagulable state in patients with COVID-19.
Multiple groups have observed high levels of thrombosis and
inflammation serum markers such as D-dimers, fibrinogen,
and C-reactive protein.”"" Similarly, a recent study'> found
that pulmonary embolism is frequent and is seen in almost 1
of 4 patients with severe clinical features of COVID-19
infection.

Given this physiopathologic evidence, we should be seeing an
increase in the incidence of ischemic stroke. Initial reports seem
to point in the opposite direction: Two centers in northern

13,14

Italy ™" observed a reduction in the number of acute presenta-
tions, stroke admissions, and the proportion of patients treated
with intravenous thrombolysis or mechanical thrombectomy. In
our region, compared with the same period in 2019, between
March 1 and 31, 2020, there were 39.6% fewer stroke alerts and
333% fewer acute revascularization treatments (intravenous
thrombolysis and/or mechanical thrombectomy), with a relatively
stable number of stroke unit admissions (—0.6%)."*> This finding
suggests that the overall stroke incidence remained the same, but
fewer patients presented within the therapeutic time window and
were thus eligible for intravenous thrombolysis or mechanical
thrombectomy.

The incidence of ischemic stroke among patients with
COVID-19 remains unknown. In our center,'® brain MR
imaging was performed in 13 patients hospitalized in the in-
tensive care unit with severe COVID-19 infection and acute
respiratory distress syndrome. Three cases (23%) had evi-
dence of acute or subacute ischemic stroke. Of note, these
patients did not have focal signs suggestive of stroke; they
underwent MR imaging because of unexplained encephalo-
pathic features. These findings suggest that ischemic stroke
might be frequent in patients with severe COVID-19 infec-
tion, but a large proportion of cases are not detected because
clinical symptoms are masked by the severity of respiratory
features and sedation.

The main limitations of this study are the small sample size
and the absence of a comparative cohort. However, the aim of
this study was primarily to describe our initial experience of
stroke thrombectomy in this particular context and discuss possi-
ble implications for clinical practice.

CONCLUSIONS

More than one-third of patients who underwent stroke thrombec-
tomies during the epidemic had SARS-Cov-2 infection. Most
patients had not been diagnosed or suspected before the acute
stroke presentation, and often they did not have suggestive symp-
toms on initial examination. In view of these results, it seems justi-
fied to systematically apply full personal protection measures for
all stroke thrombectomies performed during this epidemic. Patient
characteristics and thrombectomy metrics were comparable with
those in recent clinical trials; however, initial data on clinical out-
comes suggest increased mortality and a high incidence of throm-
botic complications during hospitalization.
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BRIEF/TECHNICAL REPORT
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Cytotoxic Lesion of the Corpus Callosum in an Adolescent
with Multisystem Inflammatory Syndrome and
SARS-CoV-2 Infection

R. Sidhu
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ABSTRACT

SUMMARY: Multisystem inflammatory syndrome in children is a recently described complication in the late phase of Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-CoV-2) infection involving systemic hyperinflammation and multiorgan dysfunction. The
extent of its clinical picture is actively evolving and has yet to be fully elucidated. While neurologic manifestations of SARS-CoV-2
are well-described in the adult population, reports of neurologic complications in pediatric patients with SARS-CoV-2 infection are
limited. We present a pediatric patient with SARS-CoV-2 infection with development of multisystem inflammatory syndrome and
acute encephalopathy causing delirium who was found to have a cytotoxic lesion of the corpus callosum on neuroimaging.
Cytotoxic lesions of the corpus callosum are a well-known, typically reversible entity that can occur in a wide range of conditions,
including infection, seizure, toxins, nutritional deficiencies, and Kawasaki disease. We hypothesized that the cytotoxic lesion of the
corpus callosum, in the index case, was secondary to the systemic inflammation from SARS-CoV-2 infection, resulting in multisys-
tem inflammatory syndrome in children.

ABBREVIATIONS: CLOCC = cytotoxic lesion of the corpus callosum; COVID-19 = coronavirus disease 2019; IVIG = intravenous immunoglobulin; MIS-C =
multisystem inflammatory syndrome in children; PCR = polymerase chain reaction; SARS-CoV-2 = Severe Acute Respiratory Syndrome coronavirus 2

Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
CoV-2) infection in the pediatric population is not well-
understood and has, until recently, been thought of as a relatively
mild disease compared with that in adults. Most reported symp-
toms in children are fever, respiratory tract infection, or asymp-
tomatic infection." More recent reports in the pediatric
population, however, describe a multisystem inflammatory syn-
drome in children (MIS-C).>® In the adult population, neuro-
logic manifestations of coronavirus disease 2019 (COVID-19) are
being reported with increasing frequency, including seizure,
Guillain-Barré syndrome, vasculitis, stroke, cranial nerve palsy,
and general encephalopathy.”"" Cases of neurologic manifesta-
tions in pediatric patients have been limited.
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We report the case of a pediatric patient positive for COVID-
19 who presented with fever, vomiting, diarrhea, cough, difficulty
walking, and delirium.

Case Presentation

A 13-year-old previously healthy girl, who relocated from New
York to Georgia a month prior, presented to the emergency
department after 3 days of fever, vomiting, diarrhea, cough, dizzi-
ness, and gait instability. The only medications given before
admission were aspirin and ibuprofen. On presentation to
Egleston Hospital of Children's Healthcare of Atlanta, she had a
fever of 39.2°C, hypotension initially requiring pressor support,
normal white blood cell count (9780 cells/puL) with increased neu-
trophils (88%) and lymphopenia (7%), thrombocytopenia
(121,000 cells/uL), hyponatremia (128 mmol/L), elevated transa-
minases (aspartate aminotransferase = 292 U/L, alanine amino-
transferase = 336 U/L), acute kidney injury (creatinine =
1.09mg/dL), elevated inflammatory markers (C-reactive pro-
tein = 10.9 mg/dL, erythrocyte sedimentation rate = 63 mm/h,
interleukin 6 = 65 pg/mL), and elevated cardiac markers (tropo-
nin = 18.2ng/mL, brain natriuretic peptide = 561 pg/mL). She
was admitted to the pediatric intensive care unit for presumed
bacterial sepsis and started on ceftriaxone and vancomycin.
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FIGURE. CLOCC in an adolescent with MIS-C and SARS-CoV-2.. MR image of the brain demonstrates a nonspecific focus of increased signal in
the splenium of the corpus callosum on DWI sequences at b=1000 s/mm? (black arrow, A) with associated loss of signal on apparent diffusion
coefficient maps (white arrow, B) corresponding to restricted diffusion. The apparent diffusion coefficient for the lesion is 0.44 x 107> mm?/s.
This lesion corresponds to a faint focus of abnormal increased signal on T2WI spin-echo sequences (black arrowhead, C). The lesion also dem-
onstrates a lack of contrast enhancement on TIWI postcontrast thin-section image (D) and absent susceptibility, suggesting absent hemorrhage
on SWI (E). The imaging findings suggest a cytotoxic lesion of the corpus callosum. Follow-up DWI (F) and ADC maps (G) with T2WI (H), TIWI (I),
and SWI sequences (/) after 2.5 months demonstrate resolution of the lesion after therapy.

On hospital day 1, she began to have hallucinations in addi-
tion to urinary retention, prompting neurology consultation. On
neurologic examination, she was agitated and combative with a
variable rate of speech. She had intermittent auditory hallucina-
tions. Her attention fluctuated. She was able to follow 1- but not
2-step directions. Cranial nerve function was normal without
clinical evidence of anosmia. Muscle tone was decreased with
symmetric antigravity movement of all extremities. Sensation to
light touch was intact throughout. Deep tendon reflexes were 1+
with absent ankle jerks. Contrast-enhanced MR imaging of the
brain (Magnetom Avanto, 1.5T; Siemens) on hospital day 1 dem-
onstrated an abnormal focal nonenhancing lesion with increased
intensity on T2-weighted sequences and restricted diffusion in
the splenium of the corpus callosum (Figure). Findings on MR
imaging of the spine were normal. CSF studies were unremark-
able (4 white blood cells (WBC)/uL, glucose = 83 mg/dL, protein
= 32mg/dL). The electroencephalogram showed diffuse slowing
without epileptiform discharges or seizures. On hospital day 2,
the patient developed tachypnea requiring escalation of respira-
tory support to bilevel positive airway pressure, though no desa-
turation or hypoxemia was noted. The echocardiogram revealed
depressed cardiac function with a left ventricular ejection fraction
of 38%. Intravenous immunoglobulin (IVIG), 2 g/kg, was admin-
istered on hospital day 2, given concerns for atypical Kawasaki-
like multisystem inflammatory state.

Extensive infectious and autoimmune investigations were per-
formed. Respiratory viral panel and initial SARS-CoV-2 polymer-
ase chain reaction (PCR) findings on admission were negative. The
remainder of infectious evaluation was negative (CSF meningitis

2018 Lin Nov 2020 www.ajnr.org

panel, CSF and serum arboviral panels, serum viral studies includ-
ing coxsackie A9 antibody, West Nile virus antibodies, human im-
munodeficiency virus antigen and antibody, enterovirus PCR,
parvovirus B19 PCR, adenovirus PCR, and Epstein-Barr virus
PCR). The serum autoimmune encephalopathy panel had a mildly
elevated glutamic acid decarboxylase antibody (0.17 nmol/L) in the
setting of recent IVIG administration and was thought to likely be
a false-positive. Antinuclear antibody titer was elevated to 1:320
with a negative antibody reflex panel. The remainder of autoim-
mune work-up had negative findings (CSF oligoclonal bands, im-
munoglobulin G index, CSF autoimmune encephalopathy panel,
serum thyroglobulin and antithyroid peroxidase antibodies, myelin
oligodendrocyte glycoprotein antibody, aquaporin-4 antibody).
Given the high level of suspicion, SARS-CoV-2 PCR was repeated
on hospital day 3 and found to be positive. Qualitative COVID-19
immunoglobulin G in serum drawn on hospital day 2 before IVIG
administration was also positive.

During the next few days, the patient’s mental status improved
gradually; however, she remained weak and tendon reflexes were
persistently absent in the ankles. Creatine kinase was elevated
(3600 U/L, normal = 50-275 U/L), and the electrodiagnostic study
performed on hospital day 5 was unremarkable with no evidence
of polyneuropathy or myopathy. On hospital day 6, respiratory
support was weaned to nasal cannula, and she was able to stand
unassisted. The repeat echocardiogram demonstrated return to
normal cardiac function, and laboratory markers normalized. She
was transferred out of the intensive care unit and discharged home
12 days following the initial presentation with follow-up in the
pediatric neurology clinic scheduled. Furthermore, subsequent



research laboratory studies on the CSF did not detect the presence
of SARS-CoV-2 by PCR. An indirect enzyme-linked immunosor-
bent assay for CSF showed increased levels of immunoglobulin M
(1:64) for SARS-CoV-2 S1 and E (envelope) proteins (90% sensitiv-
ity, 89% specificity; courtesy of the Dr. William Hu Laboratory,
Emory University).

DISCUSSION

We describe a pediatric case of a cytotoxic lesion of the corpus
callosum (CLOCC) in the setting of MIS-C due to SARS-CoV-2
infection. CLOCCs have been well-described in a wide variety of
conditions, including infection, seizure, toxins, nutritional defi-
ciencies, and Kawasaki disease.'>!* Clinically, these lesions can
manifest in a wide variety of nonspecific symptoms, such as cog-
nitive impairment, seizures, hallucinations, delirium, dysarthria,
and motor weakness.'>"* Clinically, the CLOCC may have con-
tributed to her acute encephalopathy, causing delirium with
prominent auditory hallucinations. MR imaging features of
CLOCC: include increased signal intensity on FLAIR sequences
and decreased signal intensity on T1-weighted sequences.
Diffusion is reduced, and there is no contrast enhancement.'®

CLOCCs associated with classic Kawasaki disease are a
well-known entity. In hyperinflammatory states, macrophage
activation leads to cytokine release that subsequently results in
T-cell recruitment and breakdown of the blood-brain barrier.
As the cytokine cascade invades the CNS, astrocytes are trig-
gered to release excess glutamate, precipitating further cyto-
kine release from microglia. The corpus callosum is especially
vulnerable to this attack due to its high concentration of cyto-
kine and glutamate receptors.'® In the index case, a CSF cyto-
kine assay is pending.

SARS-CoV-2 has recently been demonstrated to result in
MIS-C.2™ This post or peri-infectious immune-mediated disor-
der leads to persistent fever, gastrointestinal symptoms, lymphad-
enopathy, and left-heart dysfunction often requiring inotropic
support, such as seen in Kawasaki disease.”

The study patient developed MIS-C characterized by
elevated serum interleukin 6 and cardiac enzymes, acutely
reduced cardiac function, and neurologic dysfunction with
neuroimaging showing CLOCC. Most interesting, this is simi-
lar to previously reported Kawasaki disease associated with
CLOCCGs."> We hypothesize that the SARS-CoV-2 postor peri-
infectious immune-mediated disorder leads to MIS-C with
neurologic dysfunction and CLOCC. This concept is further
supported by absent SARS-CoV-2 PCR findings and elevated
cytokines in the CSF as shown by Benameur et al.'* In this
case, clinical improvement was noted with supportive care and
IVIG. Repeat MR imaging 3 months following the initial illness
demonstrated resolution of CLOCC, with no residual signal
abnormality.

Reports continue to emerge of severe manifestations of
COVID-19 in children, despite previous reports of mild illness.
This case of MIS-C associated with COVID-19 highlights the
potential of MR imaging abnormalities resulting in acute

encephalopathy causing delirium and emphasizes the need for
careful consideration of possible neurologic complications of
SARS-CoV-2 infection.
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ORIGINAL RESEARCH
ADULT BRAIN

Location-Specific ASPECTS Paradigm in Acute Ischemic
Stroke: A Systematic Review and Meta-Analysis

A.A. Neuhaus, D.F. Kallmes

S.M. Seyedsaadat, J.M. Pederson, ““'W. Brinjikji, “/ A.A. Rabinstein, and

ABSTRACT

BACKGROUND: Weighting neuroimaging findings based on eloquence can improve the predictive value of ASPECTS, possibly aiding
in informed treatment decisions for acute ischemic stroke.

PURPOSE: Our aim was to study the contribution of region-specific ASPECTS infarction to acute ischemic stroke outcomes.

DATA SOURCES: We searched MEDLINE and EMBASE for reports on ASPECTS in patients with acute ischemic stroke from 2000 to
March 2019.

STUDY SELECTION: Two investigators independently reviewed articles and extracted data. Three-month poor functional outcome
defined as mRS >2 was the primary end point.

DATA ANALYSIS: A random-effects meta-analysis was performed to compare the association between infarct and mRS >2 among
ASPECTS regions. Subanalyses included the following: laterality of stroke (left/right), imaging technique (NCCT or advanced imaging
with DWI, CTP, or CTA), and interventional technique (IV-tPA/conservative management or mechanical thrombectomy).

DATA SYNTHESIS: M6 infarct was most associated with poor functional outcome (OR = 3.26; 95% Cl, 2.21-4.80; P << .00]). Pair-wise com-
parisons of ASPECTS regions regarding the association between infarct and mRS >2 were not significant, with the exception of Mé
versus lentiform (P =.009). However, pair-wise comparisons among ASPECTS regions were not significant among subgroup analyses.

LIMITATIONS: Limitations were the heterogeneity of time points, neuroimaging modalities, and interventional techniques; limited
studies for inclusion; publication bias among some comparisons; and the retrospective nature of included studies.

CONCLUSIONS: Our study indicated an unequal impact of some ASPECTS subregions in predicting outcomes of patients with
acute ischemic stroke. Stroke laterality, imaging technique, and interventional technique subgroup analyses showed no differences
among ASPECTS regions in predicting outcome. Investigation in larger cohorts is required to assess the association of ASPECTS
with acute ischemic stroke outcome.

ABBREVIATIONS: AlS = acute ischemic stroke; M1 = anterior inferior frontal lobe; M2 = temporal lobe; M3 = inferior parietal and posterior temporal
lobe; M4 = anterior superior frontal lobe; M5 = precentral and superior frontal lobe; M6 = superior parietal lobe; MT = mechanical thrombectomy;
PRISMA = Preferred Reporting Items for Systematic reviews and Meta-Analysis

D espite advances in endovascular therapy, patients with acute is-  indicating the importance of continued refinement in patient-selec-

chemic stroke (AIS) often have disabilities following treatment,  tion criteria." Patient selection for reperfusion therapy is based on

brain neuroimaging and time windows; however, standardized
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guidelines for establishing strict inclusion and exclusion criteria
have not been established.>* Following recent findings from multi-
ple landmark randomized clinical trials that established the advan-
tages of endovascular therapy over medical therapy, the American
Heart Association Guidelines recommended ASPECTS =6 as a cut-
off point for treatment.*” However, recent studies have indicated
that not only would most patients with baseline ASPECTS =6
achieve good functional outcome but also that up to 42% of success-
fully recanalized patients with low baseline ASPECTS (ASPECTS
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=5) can achieve good functional outcome.'® Conversely, patients
with relatively high ASPECTS scores may have poor outcomes
even after recanalization, highlighting the limited utility of this
prognostic tool. These limitations may lead to withholding the cri-
terion standard treatment from patients eligible for reperfusion
therapy or may result in treating patients in whom endovascular
therapy is unwarranted.

The occlusion site and the resulting ischemic regions are the
most important predictors of anterior circulation AIS outcome.'""
The limited predictive value of ASPECTS might be explained by the
lack of consideration of functional eloquence across the 10 prespeci-
fied brain regions included in the scale. For example, the lentiform
nucleus on the nondominant side and M2 on the dominant side
contribute equally to the composite ASPECTS, though their func-
tional roles are distinct. By addressing this limitation, better evi-
dence-based clinical decision-making for patients with AIS could be
achieved. Indeed, a growing number of studies are supporting the
consideration of infarct location and stroke laterality for stroke-out-
come prediction in addition to the total DWI or CT ASPECTS
score.'>™"> Consequently, we performed this systematic review and
meta-analysis to study the relationship between infarct topography
on individual ASPECTS regions and AIS outcomes.

MATERIALS AND METHODS

Literature Search

This study is reported according to the Preferred Reporting Items
for Systematic reviews and Meta-Analysis (PRISMA) guidelines.
We searched Ovid MEDLINE, Epub Ahead of Print, In-Proc-
ess, and Other Non-Indexed Citations, Ovid EMBASE, Scopus
EMBASE, PubMed, and Google Scholar using predefined keywords
and synonyms for studies reporting ASPECTS scores in patients
with AIS from 2000 (when ASPECTS was published) to the end of
March 2019. An experienced librarian designed and performed the
search strategy with input from the principal and senior investiga-
tors. We searched for key terms including “Alberta Stroke Program
Early CT Score,” “ASPECTS,” and “ischemic stroke.” We also
reviewed the reference lists of potentially included articles searching
for additional relevant studies.

Study Eligibility

Human studies that reported 90-day clinical outcomes related to
each individual ASPECTS score were included. We excluded stud-
ies with the following criteria: 1) case reports; 2) review articles; 3)
technical notes, editorial comments, or letters; 4) non-English lan-
guage; 5) conference abstracts with no separated results for each
ASPECTS region; and 6) nonrelevant to the study topic. The pri-
mary outcomes of interest were associations between poor neuro-
logic outcomes (mRS >2) and deficits in each ASPECTS region.

Data Extraction, Baseline Variables, and Outcome

Studies that were included on the basis of titles and abstracts were
screened by a postdoctoral research fellow experienced in neuroin-
terventional medicine. Subsequently, 2 medical doctors with 10 and
3years of research experience in neuroradiology independently
extracted and verified data from the full text of eligible articles.
Disagreements were resolved by consensus or consulting with a
senior coauthor. The following baseline information was collected

from each study: title, first author, year of publication, patient dem-
ographics, study design, number of patients, comorbidities, baseline
NIHSS score, stroke laterality, ASPECTS, imaging technique, imag-
ing time, and type of treatment. The primary end point of this study
was poor functional outcome, defined as a mRS >2 at 3 months.

Risk of Bias Assessment
The Quality in Prognosis Studies (QUIPS; https://abstracts.
cochrane.org/2017-global-evidence-summit/systematic-reviews-
prognostic-studies-ii-assessing-bias-studies) tool was used to
assess the risk of bias of the included studies."® Using this risk-of-
bias tool, we assessed each study on the basis of 6 criteria under 3
main categories, including 1) selection of study groups; 2) compara-
bility of the study groups; and 3) ascertainment of the outcome. The
risk of bias was classed as high, moderate, or low.

Studies with an unclear risk of bias were considered as moderate
risk. The full risk-of-bias assessment can be found in On-line Table 1.

Statistical Analysis

ORs with 95% Cls were estimated for each study outcome. ORs
were pooled across studies using a random-effects meta-analysis.'”
Heterogeneity across studies that was not attributable to chance
was assessed using the I statistic, with I* >50% suggesting sub-
stantial heterogeneity.'® Publication bias across included studies
was explored by funnel plots and testing their symmetry by using
the Egger regression.'® Subgroup analyses were categorized by fol-
low-up time, type of neuroimaging, stroke laterality, and mechani-
cal thrombectomy (MT) versus tPA/conservative management
subgroups. Brain topography maps indicating correlations between
infarct in individual ASPECTS regions and poor neurologic out-
come (mRS >2) are represented as [3-coefficients from pooled
ORs that were normalized to a maximum value of 1.0; thus, the
ASPECTS region most strongly associated with poor neurologic
outcome was assigned a value of 1.0, and the remaining regions
were assigned values relative to the maximum and according to
their respective f3-coefficients. The analysis was performed using
Excel for Office 365 (Version 1909; Microsoft) for basic summary
statistics and data organization and Comprehensive Meta-
Analysis, Version 3.3 (Biostat) for calculating odds ratios.

RESULTS

Literature Search

Among 1035 search results, 923 articles were duplicates, nonorigi-
nal, or irrelevant to the aim of our study and were thus excluded
after reviewing the title and abstracts alone. Of the remaining 112
eligible articles for full-text review, 103 were excluded because they
did not provide the outcome for each individual ASPECTS region.
Ultimately, 9 articles with 2249 unique patients were included

in the random-effects meta-analysis.'>'>**>*

Figure 1 shows the
PRISMA flow diagram of the process of screening and selection of

the eligible studies.

Study and Patient Characteristics

Of the 9 included studies (On-line Table 1), 5 studies were multi-
center and 4 were single-center. Three studies were retrospective,
and 6 were prospectively designed. The mean age of patients was
67 years, with a slight male preponderance (50.5%). Six studies
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evaluated patients using NCCT, while 2 used DWT and 1 used CTP
for scoring ASPECTS. Six studies used admission neuroimaging
reports, while 3 used images within 12-72 hours after stroke onset.
Baseline characteristics of patients and studies are summarized in
On-line Table 1.

Outcome

Region-Specific ASPECTS and Infarct Distribution. Overall, in-
farction was most frequent in the insula (52%) and lentiform nu-
cleus (51.5%) and least frequent in the internal capsule (23.6%) and

FIG 1. Flow diagram depicting the literature review, search strategy, and selection process using

the PRISMA guidelines.

I Statistics and the Egger weighted regression statistics

M3 (27.9%). A summary of the overall distribution of infarction
within ASPECTS regions is shown in On-line Table 2.

Publication Bias and Study Heterogeneity. The risk of bias was
not significant (P value > .05) for pooled analyses of the M1-M6
and the caudate brain regions; however, the Egger regression
showed significant publication bias regarding pooled assessments of
the internal capsule, lentiform nucleus, and insula regions.
Heterogeneity with regards to poor functional outcome among was
low to moderate for all ASPECTS regions (> <50%; Table).

Region-Specific ASPECTS and Outcome.
Figure 2 shows a heat map that indi-
cates the weight of each individual
ASPECTS region infarct in predicting
outcome, based on the B-coefficients
from pooled ORs from included stud-
ies. A forest plot of pooled results for
the effect of per-region ASPECTS on
outcome is provided in Fig 3 (see the
On-line Figure for forest plots showing
both study-level and pooled results
from each ASPECTS region). Across
different time points (baseline versus
follow-up) and among different modal-
ities (NCCT, CTP, MR imaging), the
strongest contribution to long-term out-
come was from infarction of M6 (OR =
3.26; 95% CI, 2.21-4.80; P < .001). This
was followed by M3 (OR = 2.42; 95%
CI, 1.45-4.04; P< .001) and M2 (OR =
2.40; 95% CI, 1.56-3.66; P <.001). ORs
from cortical areas were higher than
those of subcortical regions in all cases.
Overall, caudate (OR = 1.48; 95% ClI,
0.94-2.33; P=.092) and lentiform (OR
= 141 95% CI, 0.98-2.02; P=.065)
infarcts had the weakest association
with poor outcome. Pair-wise compari-
individual ASPECTS
regarding  the

sons between
regions association
between infarct and poor neurologic
outcome were not significant, with the
exception of M6 versus the lentiform

nucleus (P=.009).

Region 12 2 Interpretation Egger Intercept Interpretation

M1 0.00% Low heterogeneity 0.308 (P=.372) Publication bias not significant
M2 19.56% Low heterogeneity 0.532 (P=.309) Publication bias not significant
M3 32.84% Moderate heterogeneity —-0.026 (P=.491) Publication bias not significant
M4 11.44% Low heterogeneity —0.207 (P = .414) Publication bias not significant
M5 2.85% Low heterogeneity 0.211 (P=.373) Publication bias not significant
Mé 18.21% Low heterogeneity —0.066 (P=.468) Publication bias not significant
C 17.36% Low heterogeneity -1.290 (P=.085) Publication bias not significant
IC 5.89% Low heterogeneity -1.372 (P=.031) Significant publication bias

L 14.91% Low heterogeneity -1.406 (P =.018) Significant publication bias

| 40.55% Moderate heterogeneity -1.670 (P=.023) Significant publication bias

Note:—C indicates caudate; IC, internal capsule; L, lentiform; I, insula.
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Sensitivity Analysis

NCCT versus Advanced Imaging (DWI, CTP, and CTA). Regarding the
weights of individual ASPECTS regions in predicting outcome
when ischemic, M6 (OR = 3.29; 95% CI, 1.68-6.45; P <<.001)
and M3 (OR = 2.75; 95% CI, 1.19-6.39; P=.001) infarctions on
NCCT were stronger predictors of poor functional outcome than
other ASPECTS regions (Fig 4). For NCCT ASPECTS, the cau-
date nucleus and insula had the weakest association with poor
outcome. For DWI ASPECTS studies, M6 (OR 3.38; 95% CI,
2.07-5.50; P<<.001) and M4 (OR 3.02; 95% CI, 1.82-5.00;
P<.001) were more strongly associated with poor functional
outcome than other regions (Fig 5). On DWI ASPECTS, lenti-
form and M3 infarctions had the weakest contribution to
long-term function. Pair-wise comparisons among individual
ASPECTS regions regarding the association between infarct and
poor neurologic outcome were not significant in all cases when

FIG 2. Topography and outcome brain map generated using the
B -coefficients from pooled ORs for each region based on the ran-
dom-effects model, indicating the relative weight of each ASPECTS
region to M6, which was determined to be the region with greatest
significant association with poor outcomes. The ASPECTS region
most strongly associated with poor neurologic outcome was assigned
a value of 1.0, and the remaining regions were assigned values relative
to the maxima and according to their respective B-coefficients.
Reprinted with permission from Barber et al** C indicates caudate
nucleus; L, lentiform nucleus; IC, internal capsule; I, insula.

FIG 3. Forest plots demonstrating the contribution of individual ASPECTS regions, with 90-day

functional outcome based on collective data of the 9 included studies.

categorizing by imaging technique. The results of pooled analyses
from studies measuring region-specific infarcts in ASPECTS
locations via CT or MR imaging and associated clinical outcome
can be found in On-line Tables 3 and 4, respectively.

Laterality of Stroke. The pooled analysis of studies that evaluated
infarcts by laterality showed that only M1, M5, and M6 were signifi-
cantly associated with poor outcome on the right side (On-line
Table 5). A brain topography map indicating the association
between infarct in individual ASPECTS regions for right-sided
strokes is presented in Fig 6. On the left side, the pooled analysis of
observed data demonstrated that only the M1, M2, M4, M5, M6,
and the lentiform nucleus were significantly associated with poor
outcome (On-line Table 5). A brain topography map indicating the
association among infarcts in individual ASPECTS regions for left-
sided strokes is also presented in Fig 6. Pair-wise comparisons
among individual ASPECTS regions regarding the association
between infarct and poor neurologic outcome were not significant
in all cases when categorizing by laterality.

MT versus tPA/Conservative Management. The pooled analysis of
4 studies that evaluated infarcts in patients who were treated with
only MT showed that M4 (OR = 2.78; 95% CI, 1.75-4.4; P <.001)
and M6 (OR = 2.59; 95% CI, 1.37-4.9; P=.003) were the strongest
predictors of poor outcome (On-line Table 6). The pooled analysis
of 2 studies that assessed infarcts in patients who were treated with
only IV tPA/conservative management demonstrated that M6
(OR = 2.88; 95% CI, 1.4-5.91; P=.004) and M3 (OR = 2.76; 95%
CI, 1.18-3.65; P=.011) were the strongest predictors of poor out-
come (On-line Table 7).

DISCUSSION
The collective findings of the 9 studies in the current meta-analy-
sis showed that infarcts in M6 were the strongest predictors of
AIS outcome compared with other ASPECTS regions; however,
these findings were only statistically significant with respect to
infarcts in the lentiform nucleus. When analyzed by technique,
infarction in M6 and M2 on NCCT and M6 and M4 on DWT had
the greatest relative association with poor AIS outcome. In addi-
tion, infarction in M6 and M2 on the
right and M5 and M4 on the left side
were associated with worse functional
outcome. However, pair-wise compar-
isons among individual ASPECTS
the
between infarct and poor neurologic

regions regarding association
outcome were not statistically signifi-
cant when categorizing by imaging
technique or laterality. Sub-group
analyses were performed to separately
evaluate the association of ASPECTS
location and outcome in the MT
group versus IV tPA/conservative
management groups. As shown in
On-line Tables 6 and 7 for MT and
tPA/conservative management, there
were no substantial differences for

AINR Am J Neuroradiol 41:2020-26 Nov 2020  www.ajnr.org 2023



FIG 4. Topography and outcome brain map generated using the
B-coefficients from pooled ORs for each region based on NCCT
ASPECTS studies. Note that data shown are calculated from both
hemispheres but are displayed unilaterally for clarity. The ASPECTS
region most strongly associated with poor neurologic outcome was
assigned a value of 1.0, and the remaining regions were assigned values
relative to the maxima and according to their respective S-coeffi-
cients. Reprinted with permission from Barber et al** C indicates cau-
date nucleus; L, lentiform nucleus; IC, internal capsule; I, insula.

FIG 5. Topography and outcome brain map generated using the
B-coefficients from pooled ORs for each region based on DWI
ASPECTS studies. Note that data shown are calculated from both
hemispheres but are displayed unilaterally for clarity. The ASPECTS
region most strongly associated with poor neurologic outcome was
assigned a value of 1.0, and the remaining regions were assigned values
relative to the maxima and according to their respective B -coeffi-
cients. Reprinted with permission from Barber et al.** C indicates cau-
date nucleus; L, lentiform nucleus; IC, internal capsule; |, insula.

individual ASPECTS regions both within and between the
subgroups.

Previous studies showed that proximal MCA occlusion is
associated with worse outcome and worse recanalization than
distal MCA occlusion;?® and the corona radiata, internal capsule,
and insula have a high influence on 30-day functional outcome
following AIS.?® In contrast, our results suggest that cortical areas
may have a greater influence on long-term outcome.

In all 3 studies'®**?! that used admission CT, the insula and
lentiform nucleus were the 2 most frequently infarcted regions.
However, among the 4 studies'>'>'>?* that used advanced neuro-
imaging modalities, insula followed by M5 were the most frequent
regions. Most interesting, among all 10 ASPECTS regions, the inter-
nal capsule (10.4%) was the least common site of infarction on ei-
ther admission or 12- to 72-hour CT or DWIL.

2024 Seyedsaadat Nov 2020 www.ajnr.org

FIG 6. Topography and outcome brain map generated using the
B -coefficients from pooled ORs for each region based on the lateral-
ity of the stroke. The ASPECTS region most strongly associated with
poor neurologic outcome was assigned a value of 1.0, and the remain-
ing regions were assigned values relative to the maxima and according
to their respective B-coefficients. Reprinted with permission from
Barber et al.** C indicates caudate nucleus; L, lentiform nucleus; IC, in-
ternal capsule; |, insula.

Although NCCT is easy-to-use, time-saving, and the most com-
monly accessible imaging technique for the evaluation of the extent

of early ischemic change,*”

early ischemic changes might not be
readily apparent on CT."? The lower sensitivity and interrater reli-
ability of NCCT ASPECTS, compared with DWI ASPECTS, has led
to the use of advanced neuroimaging tools with higher reliability
and reproducibility, such as MR imaging and CTP in recent tri-
als.***® The insula was the only region that was consistently associ-
ated with poor outcome in the 2 studies™?** that used advanced
imaging modalities on admission. The insula is the most vulnerable
region to ischemia, and its infarction is associated with delayed re-
covery from aphasia and paralysis.>*° M6 was not associated with
poor outcome in advanced imaging studies on admission; however,
with posttreatment DWI ASPECTS, M6 infarction was significantly
associated with poor outcomes.'>** In particular, the right-hemi-
sphere M6 was significantly associated with poor clinical outcome,
perhaps due to its association with neglect syndromes. This finding
has potential implications for the treatment of patients with estab-
lished M6 infarction because their outcome may be comparatively
poor for a given total ASPECTS value.

A few previous studies'>'*'>***! have evaluated the association
of ischemic involvement of different ASPECTS brain regions with
functional outcome of patients with AIS separately in each hemi-
sphere using laterality as a surrogate of hemispheric dominance.
While the right M6 infarction and preservation were the most asso-
ciated with poor and good outcome, respectively, no ASPECTS
regions distributed by laterality were significantly different in terms
of ischemic involvement. There was no specific location in the left
hemisphere that was consistently associated with AIS outcome in
any of these 4 studies.'>'*'>*!

Most interesting, despite our assumptions regarding the
functional importance of the internal capsule, its infarction was
significantly associated with poor outcomes in only 1 study after
adjustment for other potential covariates. Furthermore, the pos-
terior limb of the internal capsule is generally only infarcted in
the setting of ICA occlusions involving the anterior choroidal
artery origin, and ICA occlusions were found in only a minority
of patients included in this study.”



Tan et al*® did not investigate infarction directly but analyzed
CTA source images, defined as having equal (scoring 2), less prom-
inent (scoring 1), or poor collaterals (scoring 0) compared with the
contralateral side, resulting in a 20-point scale on the ASPECTS
template. Having excluded the subcortical regions due to poor
interrater reliability (see below), they found M5 collaterals to be
the only significant predictor of good functional outcome. These
results are supported with the poor outcome associated with M5
infarction that was reported by Haranhalli et al.>*

To date, few studies have evaluated the combined effects of
per-region ASPECTS infarction on the outcome of patients with
AIS. While our meta-analysis did not show significant differences
for most pair-wise comparisons for individual ASPECTS regions
in terms of meaningful contribution to ischemic change, we sus-
pect that this was due to limited data and a high degree of hetero-
geneity within the available data. Nevertheless, the results of this
meta-analysis could extend the findings of previous studies with
relatively small sample sizes. By elucidating the association of each
ASPECTS region with long-term outcome after infarction, it could
be possible to devise an adjusted ASPECTS scale that weights each
region in accordance with these correlations. Such a clinical scale
could potentially enhance prognostication as well as inform treat-
ment decisions for patients with AIS. However, future investiga-
tions with large cohorts are required to assess the association of
ASPECTS with AIS outcome.

One potential limitation of our meta-analysis is that previous
studies have not separately reported the relationship of individual
ASPECTS regions with outcome based on the recanalization rate
and extension of the infarct. Therefore, we were unable to evalu-
ate the influence of the ASPECTS location in relation to the
recanalized-versus-unrecanalized vessel and extension of the
infarct subgroups. Future studies are recommended to evaluate
the relationship of ASPECTS location with AIS outcome in dif-
ferent subgroups, including recanalization status and extent of
the primary infarct.

CONCLUSIONS

Our review of 9 articles provided valuable pooled data regarding
the importance of location-specific infarct in each ASPECTS region
for AIS prognostication. The results of previous studies included in
this review article indicate an uneven distribution of infarction in
different ASPECTS regions and suggest that ASPECTS regions may
be unequally weighted in predicting the outcome of patients with
AIS. With regard to stroke location, right M6 infarction was the
strongest predictor of poor outcome; however, there was no con-
sensus regarding the most important prediction of stroke outcome
in the left hemisphere. Creating and validating eloquence-weighted
ASPECTS, taking into account the different neurologic functions of
each ASPECTS region, could improve the prediction of prognosis
and patient selection for embolectomy.
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Data can be made available by contacting the corresponding author
via email.
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ADULT BRAIN

Maximum AmbiGuity Distance for Phase Imaging in
Detection of Traumatic Cerebral Microbleeds: An
Improvement over Current Imaging Practice

D. Millward
O£.

K. Nael, ““).C. Dagher, ““M.E. Downs, ““M.S. Fine, ““E. Brokaw, and

ABSTRACT

BACKGROUND AND PURPOSE: Developed using a rigorous mathematic framework, Maximum AmbiGuity distance for Phase
Imaging (MAGPI) is a promising phase-imaging technique that provides optimal phase SNR and reduced susceptibility artifacts. We
aimed to test the potential of MAGPI over routinely used SWI in the detection of traumatic cerebral microbleeds in athletes diag-
nosed with mild traumatic brain injury.

MATERIALS AND METHODS: In this prospective study, 10 athletes (18-22 years of age, 3 women/7 men) diagnosed with mild trau-
matic brain injury were enrolled. Brain MRIs were performed using 3T MR imaging at 2 days, 2 weeks, and 2 months after head
trauma. The imaging protocol included whole-brain TI MPRAGE, T2 FLAIR, conventional SWI, and the MAGPI multiecho sequence.
Phase images from MAGPI were put through a previously described SWI process to generate MAGPI-SWI. Conventional and
MAGPI-SWI were assessed independently by a board-certified neuroradiologist for the presence of contusions and cerebral micro-
bleeds. All participants had routine neuropsychological assessment and Visuo-Motor Tests.

RESULTS: At initial assessment, 4 of the participants had visuo-motor performance indicative of mild traumatic brain injury, and 4
participants had a Post-Concussion Symptom Scale score of >21, a threshold that has been used to define moderate impairment.
Cerebral microbleeds were identified in 6 participants on MAGPI-SWI, 4 of whom had evidence of concurrent contusions on FLAIR
imaging. None of these cerebral microbleeds were identified confidently on conventional SWI due to substantial distortion and
susceptibility artifacts.

CONCLUSIONS: Optimal phase unwrapping with reduced susceptibility in MAGPI-SWI can clarify small microbleeds that can go
undetected with routinely used conventional SWI.

ABBREVIATIONS: CMB = cerebral microbleeds; ImPACT = Immediate Post-Concussion Assessment and Cognitive Testing; MAGPI = Maximum AmbiGuity
distance for Phase Imaging; mTBI = mild traumatic brain injury; PCSS = Post-Concussion Symptom Scale; VMT = Visuo-Motor Test

pproximately 75% of patients who sustain traumatic brain  individuals: Of 1.2 million patients with mTBI in the United

injury have had mild traumatic brain injury (mTBI).!
Eclipsing the economic cost of mTBI ($18 billion annually) is the
profound health and social damage altering the lives of dynamic
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States each year, 400,000 are children and adolescents, 300,000
are athletes, and 25,000 are members of the milital’y.2

At initial assessment, however, most patients with mTBI have
normal neuroimaging findings due to the subtle nature of trau-
matic changes.” Typical imaging findings in mTBI include nonhe-
morrhagic small contusions and cerebral microbleeds (CMB).**

Histopathologically, CMB represent focal accumulations of
hemosiderin-containing macrophages with paramagnetic proper-
ties that can result in susceptibility-related signal loss on MR
imaging, best depicted by T2*-weighted sequences or SWI.%®

The introduction of the SWI sequence has resulted in incre-
mental improvement in the detection of CMB compared with
traditional T2*-weighted sequences.”” SWI combines the MR
phase signal, in addition to the magnitude, to improve the con-
trast in the overall image. Despite these recent advances and
improvement in the detection of CMB afforded by the increasing
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Table 1: Data collection schedule

Examination, Procedure Visit 1 Visit 3 Visit 4

Description Duration (Min) (2-3 Days) Visit 2* (2 Weeks) (1.5 Months)

Informed consent 15 X

Demographics questionnaire 5 X

MRI 35 X X X

Visuo-Motor tracking 10 X X X X

ImPACT 25 (10 min for questionnaire Questionnaire X Questionnaire Questionnaire

only) only only only
Total time (min) 75 35 55 55

Note:—X indicates task was performed, for example Visuo-motor tracking was performed in visit 1, 2, 3 and 4.
@ Visit 2: additional data collection was performed during a scheduled follow-up at a point in time determined by team of physicians (usually within 1 day from visit 1).

Table 2: Summary of clinical assessment and imaging findings in all 10 participants with

presentation of mTBI

tissue. Normally, the TE for the best

phase SNR is chosen at around

— d d d
Participant ImPACT __RAR SWIY  MAGPI-SWI TE = 30 ms at 3T 1112

No. (at Visit 2) PCSS VMT® (Contusions) (CMB) (CMB) ) o
: n = — ~ — — Recently, Maximum AmbiGuity
) 4 38b i _ i distance for Phase Imaging (MAGPI)
3 - 15 - + - + has been developed as a promising
4) + 20b - ~ - + multiecho phase imaging technique
> + 63 - - - - that addresses the trade-offs and con-
6 - 4 - + - + 11 . :
4 _ 37b + N _ H cerns above. " By adopting a rigorous
8 _ 7N + _ _ mathematic framework (maximum-
9 - 0 - - - — likelihood), MAGPI has been shown
10 - 34° + + - + to provide optimal phase SNR with

@Plus sign in IMPACT indicates performance indicative of traumatic brain injury.
®Score >21 indicates a threshold that has been used to define moderate impairment.
€Plus sign in VMT indicates performance indicative of traumatic brain injury.

9+ indicates positive imaging finding (contusion on FLAIR) and (CMB on SWI or MAGPI-SWI). — indicates absence

of imaging finding. ~ inconclusive evidence of injury on imaging.

use of high-field-strength MR imaging systems and dedicated
imaging sequences such as SWI, our current imaging repertoire
significantly underestimates the true number of CMB, with an
estimated number of false-negative findings in the range of 50%
compared with histopathologic analysis.'"’ Therefore, there is a
pressing need for tools enabling more sensitive measurement of
specific mTBI biologic markers.

One of the limitations of SWI is the inherent trade-off in
the choice of the TE, which balances phase-image contrast and
susceptibility-induced signal loss. While longer TEs are prefer-
able to improve the sensitivity for detection of CMB, they
result in increased susceptibility-induced signal-loss artifacts,
which will be problematic near skull base structures.
Techniques have been developed to address this concern:
Multiecho SWT sequences attempt to provide the advantages
of both short and long TEs but have suboptimal phase SNR at
shorter TEs, phase wrapping at longer TEs, and increased
noise due to the larger readout bandwidths required to accom-
modate multiple echoes in a TR."" While magnitude images
have better SNR at shorter TEs and decay at longer TEs quasi-
exponentially, the trade-off is more complex with phase
images. With the MR imaging phase, the phase signal buildup
is small at short TEs, thus yielding a poor phase SNR, even in
the presence of a modest amount of noise. The phase SNR
increases with the TE, reaches a maximum, and falls again as
the magnitude of SNR decay increases the noise in the phase
signal.'’ The maximum phase SNR is attained at TE = T2* of
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no phase wrapping and reduced sus-
ceptibility artifacts.

We hypothesized that the improved
phase image quality of MAGPI has the
potential to overcome traditional SNR
trade-offs associated with the SWI pro-
cess. We tested this hypothesis clinically in the context of detection
of traumatic CMB in athletes diagnosed with mTBL.

MATERIALS AND METHODS

Study Design

This was a longitudinal single-center prospective study that was
approved by the University of Arizona institutional review board.
Ten concussed adult athletes from the University’s Athletics
Department were enrolled after informed consent was obtained.
Participants were then referred to the Athletics Department clinical
team for postconcussion evaluation. Data collection took place at
the following fixed intervals (visits) after head trauma (Table 1): 1)
visit 1 within 2-3 days, 2) visit 2, an additional short data collection
performed during a scheduled routine follow-up after concussion
at a point in time determined by the team of physicians at the
University’s Athletic Department (usually within 1 day from visit
1), 3) visit 3 at 2 weeks, and 4) visit 4 at 1.5 months. The estimated
overall duration for protocol completion per study participant per
visit was approximately 75 minutes (Table 1).

Image Acquisition

Image acquisition was performed using a 3T MR imaging scanner
(Magnetom Skyra; Siemens) during visits 1, 3, and 4 following
head trauma. The imaging protocol included whole-brain T1
MPRAGE, T2 FLAIR, a conventional SWI sequence (TE = 30 ms,
TR = 40 ms, flip angle = 15°, matrix size = 336 x 384 x 112, voxel
size = 0.57 x 0.57 x 1.2 mm>, readout bandwidths = 80 Hz/pixel,



generalized autocalibrating partially parallel acquisition = 2x accel-
eration, acquisition time = 8 minutes 30 seconds), and the MAGPI
multiecho sequence (TE = 9.34, 17.29, 22.19, 27.09, 32.12, 37.56 ms;
TR = 40 ms; flip angle =15°% matrix size = 552 x 608 x 72; voxel
size = 0.37 x 037 x 2 mm>; readout bandwidths = 220Hz/pixel;
generalized autocalibrating partially parallel acquisition = 3x accel-
eration; acquisition time = 8 minutes 25 seconds). Note that MAGPI
used a high-readout bandwidth to accommodate reading more ech-
oes in the same TR. The acquisition time was kept the same between
the single and multiecho sequences.

MAGPI Postprocessing

MR phase images were reconstructed from channel-uncombined
multiecho complex data according to a prescription described pre-
viously.'" The reconstruction process was performed on a Linux
computer with a GPU and required about 3 minutes to reconstruct
the entire brain volume. The MAGPI phase images were subse-
quently put through the SWT process as previously described.'*
The MAGPI-SWI process has the following differences: Because
MAGPI generates channel-combined, phase-unwrapped, de-
noised phase images, we were able to apply the high-pass filtering
required in SWI directly in the phase domain. Therefore, instead
of using the previously homodyne filtering process, we applied a
version of the bilateral high-pass-filtering process introduced pre-
viously."*'® The advantages of such a filter are reduced blooming
artifacts around tissue/bone areas.

Because MAGPI phase images inherently have a higher SNR
than traditional phase images, we multiplied the phase mask
only twice, instead of 4 times as in prior reports, while achieving
contrast similar to that of traditional SWIL.'* Multiplying the
mask 4 times increases the contrast to include effects from corti-
cal folds and other deeper gray matter structures. Multiplying
the mask a lower number of times reduces the noise amplifica-
tion associated with this operation.'*

To enable a more direct comparison between the postprocess-
ing steps of MAGPI-SWI and traditional SWI, we performed the
following additional experiment: Using raw data from the MAGPI
sequence, we created high-pass-filtered phase images according to
both the traditional SWT process (as described by Haacke et al'h)
and the MAGPI-SWI process (as described above). The overall
image quality of phase images in terms of delineation of iron-con-
taining structures such as the red nuclei and substantia nigra was
evaluated.

Clinical Assessment

A physician performed routine neuropsychologic assessment
including Immediate Post-Concussion Assessment and Cognitive
Testing (IMPACT questionnaire) and a novel Visuo-Motor Test
(VMT).

ImPACT includes a series of tests used to assess cognitive
functioning, including attention span, working memory, sus-
tained and selective attention time, response variability, nonver-
bal problem-solving, and reaction time. The test also records the
severity of 22 symptoms via a 7-point Likert scale (Post-
Concussion Symptom Scale [PCSS]). All enrolled athletes also
had a baseline (preconcussion) ImPACT test by the University’s
Athletics Department.

In addition, each participant underwent a VMT during every
visit. During this visuomotor task, individuals were asked to
modulate their grip force, as measured by a hand dynamometer,
to match a variable target force, displayed visually on an iPad
(Apple).'® A horizontal line is the target and moves up and down
on the screen in a smooth-but-unpredictable manner. Individuals
control the height of the vertical white bar by squeezing the dyna-
mometer. Participants are asked to track the target for 3 minutes.
Adequate training was provided to each individual before starting
the test. The scores of the ImPACT test and the results of the
VMT were recorded for each participant and used for analysis.

Image Analysis

Image analysis was performed by a board-certified neuroradiolo-
gist who was blinded to the type of SWI studies (conventional
versus MAGPI). FLAIR, MAGPI-SWI, and conventional SWI
source images (not the minimum-intensity-projection images)"’”
were available for detection of cerebral contusions and CMB.
Special attention was paid to common areas for cerebral contu-
sions, including the inferior frontal lobe and temporal poles.

In addition, the overall quality of phase images in terms of
delineation of iron-containing structures such as the red nuclei
and substantia nigra was evaluated using a typical 5-point Likert
scale by the same neuroradiologist.

RESULTS

All study participants (18-22 years of age, 3 women and 7 men)
were diagnosed with mTBI by a trained clinician. Participants
completed 4 assessments at 2.2 = 0.8 days (visit 1), 1.7 * 2.1 days
(visit 2), 15.2 = 3.2 days (visit 3), and 44.3 = 2.9 days (visit 4) af-
ter injury. At the initial assessment, participants had an average
PCSS score of 25.1 *= 18.5. Four participants (Nos. 2, 5, 7, and
10) had a PCSS of >21, a threshold that has been used to define
moderate impairment.'® The most commonly encountered
symptom (=3 severity) was fatigue, which was reported by 5 of
the participants. At initial assessment, 4 participants (Nos. 2, 7, 8,
and 10) had VMT performance indicative of mTBI based on a
previously defined threshold."® The mean PCSS for these 4 sub-
jects was 32.5 * 7.85 with 3 having a score of =21.

Two weeks postinjury, participants had an average PCSS score
of 3.0 = 6.0 with most (6 of 10) becoming completely asymptom-
atic at that time. No participants had a PCSS of >21. VMT per-
formance was reduced below the threshold for 2 of the 4
individuals (only Nos. 8 and 10 remained above the threshold).
According to the ImPACT scale, participants 1, 2, 4, and 5
showed signs of injury at this time point compared with baseline,
with participants 2, 4, and 5 showing visual memory deficits, par-
ticipants 1, 3, and 5 showing reaction time deficits, and partici-
pant 1 also presenting with visual-motor speed impairment.

Four participants had suspect areas of contusions on FLAIR
images, evident by small foci of FLAIR hyperintensity (participants
2, 3, 6, and 10) (Fig 1). These findings persisted on all 3 imaging ses-
sions. The same 4 participants also had indications of CMB on
MAGPI-SWI, evident by foci of increased susceptibility. Two other
participants (4 and 7) had CMB confirmed on MAGPI-SWI with-
out associated contusions on FLAIR images (Fig 2). None of these
CMB were noticed confidently on conventional SWI due to
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FIG 1. A softball player who had trauma to the forehead and nose (participant 2). The initial Post-
Concussion Symptom Scale score was 38. MR images shown are FLAIR, SWI, and MAGPI-SWI
obtained at 2 days (upper row), 2 weeks (middle row), and 6 weeks (lower row) after head trauma.
There are small contusions in the inferior frontal lobes (arrows on FLAIR). In the same region,
there are small foci of microbleeds on the MAGPI-SWI persistent on all 3 visits (arrows on
MAGPI). The susceptibility signal on visit 3 (6 weeks after trauma) has slightly decreased. Please
note that these microhemorrhages were exaggerated on the traditional SWI due to skull base—
related susceptibility artifacts and thus were unnoticed. The Post-Concussion Symptom Scale

score was 0 at 6-week follow-up.

substantial distortion and susceptibility artifacts in the region of the
gyrus rectus (Figs 1 and 2). The results of clinical assessment and
imaging findings are summarized in Table 2.

The image quality of the high-pass-filtered phase images in
terms of delineating iron-containing structures was rated consis-
tently higher (median score = 4) on images generated from
MAGPI-SWI versus traditional SWI (median score, 2) (P=.002)
(Fig 3).

DISCUSSION

To the best of our knowledge, this is the first work in which the
advantages of MAGPI over phase-processing methods were eval-
uated in the context of SWI processing. The advantages of
MAGPI over traditional phase-unwrapping and phase-processing
algorithms in the raw phase domain have been previously
reported.'"'® The superior performance of MAGPI in terms of
phase SNR over other phase-estimation methods was reported in
2016."" Recently, MAGPI was shown to produce more repeatable
and reproducible results than other methods used for phase
unwrapping.'® Taking advantage of these technical improve-
ments, we showed improved clinical performance of MAGPI-
SWI in the detection of CMB compared with the currently used
commercially available SWI.
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CMB can be seen in roughly 30% of
mTBI MR images.4 In mTBI, CMB can
be seen in the inferior frontal and ante-
rior temporal lobes where contusions
can commonly occur due to close prox-
imity to the calvaria and skull base. In
cases with a history of more severe
head trauma, CMB may be seen in
deeper structures such as the corpus
callosum and deep white matter tracts,
often in association with diffuse axonal
injury.”*?' Because of the paramagnetic
hemosiderin and ferritin content, CMB
can be detected by MR imaging as
hypointense foci, most notably on T2*-
weighted imaging.

Because the phase of the MR signal
is much more sensitive than its magni-
tude to electromagnetic effects induced
by CMB and iron deposits,zzz3 SWI
was proposed to use this added sensitiv-
ity in the phase domain to increase the
contrast in the magnitude images."*
SWI typically uses a 3D high-spatial-
resolution  gradient recalled-echo
sequence with prolonged TEs to
enhance the susceptibility contrast.
of SWI
combining magnitude images with

Postprocessing involves
high-pass-filtered (homodyne) phase
images to enhance the sensitivity
for detecting CMB in comparison
with conventional gradient recalled-
echo.**** Some investigators showed an increase of up to 50%
in the detection of CMB using SWI over gradient recalled-
echo.”’ Despite the promise of SWI, compared with postmor-
tem histopathologic analysis, at least half of CMB can still be
missed with premortem clinical MR imaging.'’

The contrast of SWI is limited by the inherent trade-off between
phase noise and phase contrast. Specifically, the SWI phase mask
generated from the high-pass-filtered phase image is repeatedly
multiplied with the magnitude image. As the number of multiplica-
tions increases, the contrast from the phase increases, but so does
the noise contribution. A balance between phase noise and phase
contrast has been reported with around 4 multiplications.™* In addi-
tion to phase noise, other errors that limit the information with
SWT are susceptibility-induced phase-wrapping errors, susceptibil-
ity-induced signal loss, phase-combination errors in parallel imag-
ing, and phase-offset errors in multiecho sequences. It has been
shown that MAGPI, a recently proposed phase estimation, attains
optimal phase SNR because it optimally combines multichannel
multiecho data in a maximum-likelihood fashion.'! In fact, in this
work, we observed overall improved image quality and better delin-
eation of iron-containing structures on the high-pass-filtered phase
images from MAGPI-SWI compared with conventional SWI
afforded by a higher SNR and contrast-to-noise ratio obtained with

MAGPI as reported by prior work using phantom analysis." ">



We specifically evaluated the performance of MAGPI in  we showed that MAGPI was able to recover clinical information

regions with susceptibility-induced signal loss related to the close  in these regions. In 4 participants who had cerebral contusions
proximity to the skull base such as the inferior frontal and ante- ~ on FLAIR imaging, we were able to identify CMB with MAGPI-
rior temporal lobes where contusions can commonly occur, and ~ SWI but not with the traditional SWI process (Fig 1). In addition,

FIG 2. A football player who had helmet-to-helmet frontal trauma (participant 7). The initial
postconcussion symptom scale was 37. MR images shown are FLAIR, SWI, and MAGPI-SWI
obtained at 2 days (upper row), 2 weeks (middle row), and 6 weeks (lower row) after head trauma.
There is a microbleed in the left inferior frontal lobe best seen on MAGPI-SWI (arrows). No defin-
itive contusion is visible on FLAIR images. The susceptibility signal on visit 3 (6 weeks after trauma)
has slightly decreased in size and intensity. Please note that this microbleed was exaggerated on
the traditional SWI due to skull base—related susceptibility artifacts and thus less confidently
noticed. The Post-Concussion Symptom Scale score was 0 at 6-week follow-up.

in 2 other individuals without clear
evidence of cerebral contusions on
FLAIR imaging, CMB were identified
on MAGPI-SWI only (Fig 2). Three of
4 individuals who had evidence of
brain injury on VMT (Nos. 2, 7, 8, and
10) and 3 of 4 subjects (Nos. 2, 5, 7,
and 10) who had evidence of moderate
impairment based on PCSS (PCSS >
21) had CMB on MAGPI-SWI. The
clinical and prognostic implications of
CMB and patients’ symptoms in
mTBI are still evolving, and future
work is needed.***’

Note that the gains observed with
MAGPI-SWI are due not only to
improved phase unwrapping in regions
of large phases but also to improved
phase SNR throughout the image, espe-
cially in regions of signal drop.
Applying phase-unwrapping methods
alone with traditional SWI would have
only modest incremental value in terms
of improving image quality™® for the fol-
lowing 3 reasons: First, phase-unwrap-
ping algorithms do not recover sig-
nal loss due to susceptibility-induced
dephasing. The improved SNR of
MAGTPI in such areas is the fundamen-
tal reason behind its improved ability to
detect CMB in this study. Second, the
homodyne processing used with SWI

FIG 3. Magnitude (A) and high-pass-filtered phase images obtained from the MAGPI sequence and processed with traditional SWI (B) and
MAGPI (C) to highlight the potential of MAGPI processing to capture the optimal phase SNR/contrast-to-noise ratio. Note the overall improved
image quality and delineation of structural details seen on MAGPI (C), such as the red nucleus (vertical arrow) and substantia nigra (oblique

arrow).
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reduces the need for phase unwrapping because the high-pass-filter-
ing operation applied in complex domains reduces the dynamic
range of the underlying phase signal.*® Nevertheless, phase unwrap-
ping can be helpful in regions with a large magnetic susceptibility
gradient where the large number of wraps is not resolved with the
homodyne-filter operation alone.*® The susceptibility-induced signal
loss in those regions reduces the efficacy of phase unwrapping, how-
ever. Finally, phase unwrapping often results in inconsistent or
incorrect estimates of the underlying phase, with different algo-
rithms often yielding approximate and inconsistent solutions, each
with their own advantages and disadvantages.'""

Our study has several limitations: first, the small sample size
that can limit the power and generalizability of our results.
Second, due to the study design and inclusion of patients with
mTBI, we did not have CMB in deeper structures of the brain
that are usually seen with more severe head trauma, often related
to diffuse axonal injury. Some of our participants had cerebral
contusions near the skull base structures where artifacts are com-
mon. However, having a longitudinal design and 3 sequential
MR imaging studies helped and allowed the neuroradiologist to
resolve any uncertainties about artifacts versus true CMB by
examining the longitudinal data. Another potential limitation of
this study is the absence of histopathology to confirm the true na-
ture of detected CMB, though this is a common limitation related
to a study of this type. The SWI and MAGPI sequences used in
this study had slightly different spatial resolutions. The SWI pro-
tocol is a standard high-resolution protocol used in clinical scans
with a section thickness of 1.2 mm to reduce susceptibility arti-
facts. However, the SWI still had substantial susceptibility arti-
facts near the skull base and inferior frontal lobes, which
interfered with the diagnostic ability to confidently detect CMB.
Despite its thicker section (2mm), MAGPI-SWI was able to
achieve improved susceptibility-induced dephasing artifacts
throughout the brain compared with the traditional SWT process.

CONCLUSIONS

Optimal phase unwrapping with reduced susceptibility in MAGPI-
SWI can clarify small microbleeds that can go undetected with
routinely used conventional SWI.

Disclosures: Kambiz Nael—UNRELATED: Board Membership: Olea Medical,
Comments: Medical Advisory Board. Joseph C. Dagher—UNRELATED: Patents
(Planned, Pending or Issued): Inventor of the patented MAGPI technology,
Comments: patent: MRI with Reconstruction of MR Phase Image; US patent
10,145,925; owner/applicant: Arizona Board of Regents, the University of Arizona.
David Millward—RELATED: Grant: University of Arizona, Comments: cost of the
MRI use time, research assistant salary to collect data and administer the MRIL*
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ORIGINAL RESEARCH
ADULT BRAIN

Dynamic CTA-Derived Perfusion Maps Predict Final Infarct
Volume: The Simple Perfusion Reconstruction Algorithm
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ABSTRACT

BACKGROUND AND PURPOSE: Infarct core volume measurement using CTP (CT perfusion) is a mainstay paradigm for stroke treat-
ment decision-making. Yet, there are several downfalls with cine CTP technology that can be overcome by adopting the simple
perfusion reconstruction algorithm (SPIRAL) derived from multiphase CTA. We compare SPIRAL with CTP parameters for the pre-
diction of 24-hour infarction.

MATERIALS AND METHODS: Seventy-two patients had admission NCCT, multiphase CTA, CTP, and 24-hour DWI. All patients had
successful/quality reperfusion. Patient-level and cohort-level receiver operator characteristic curves were generated to determine
accuracy. A 10-fold cross-validation was performed on the cohort-level data. Infarct core volume was compared for SPIRAL, CTP—
time-to-maximum, and final DWI by Bland-Altman analysis.

RESULTS: When we compared the accuracy in patients with early and late reperfusion for cortical GM and WM, there was no sig-
nificant difference at the patient level (0.83 versus 0.84, respectively), cohort level (0.82 versus 0.8, respectively), or the cross-vali-
dation (0.77 versus 0.74, respectively). In the patient-level receiver operating characteristic analysis, the SPIRAL map had a slightly
higher, though nonsignificant (P <.05), average receiver operating characteristic area under the curve (cortical GM/WM, r=0.82;
basal ganglia = 0.79, respectively) than both the CTP—time-to-maximum (cortical GM/WM = 0.82; basal ganglia = 0.78, respec-
tively) and CTP-CBF (cortical GM/WM = 0.74; basal ganglia = 0.78, respectively) parameter maps. The same relationship was
observed at the cohort level. The Bland-Altman plot limits of agreement for SPIRAL and time-to-maximum infarct volume were
similar compared with 24-hour DWI.

CONCLUSIONS: We have shown that perfusion maps generated from a temporally sampled helical CTA are an accurate surrogate
for infarct core.

ABBREVIATIONS: AUC = area under the curve; EVT = endovascular therapy; mCTA = multiphase CTA; ROC = receiver operating characteristic; SPIRAL =
simple perfusion reconstruction algorithm; Tmax = time-to-maximum

Endovascular therapy (EVT) for acute ischemic stroke can lead
to remarkable results for improving stroke outcome.'” The
emphasis on fast treatment decisions for patients with acute is-
chemic stroke requires simple, quick, and accurate neuroimaging
of patients for detection of early ischemic changes. Additionally,
image-processing software that can provide this information
should be preferably inexpensive and easily accessible to all stroke
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centers, both primary and comprehensive, around the world. CT is
the most commonly used and practical imaging technique for
assessing patients with acute stroke, but sensitivity and reliability
are only modest, even in the hands of stroke specialists. Software
systems, including perfusion analysis, to identify ischemic tissue
using advanced imaging paradigms are now recommended by the
American Stroke Association and have been used successfully in
several clinical trials, including selection of patients for EVT up to
24 hours after stroke.*®
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Infarct core volume measurement using CTP at patient admis-
sion is the mainstay for stroke-treatment decision-making.*®” CTP
improves the detection of ischemia, contributing to the improved
accuracy for stroke diagnosis.® Also, there are several potential
downfalls with cine CTP technology, which include increased radia-
tion dose to the patient; an extra bolus of CT contrast agent, which
could cause renal complications; the additional time to acquire and
process the perfusion data; the requirement of expensive software
and licenses; the lack of standardization across vendor platforms;
and limited craniocaudal coverage, to name a few. Therefore, there
is a pressing need to improve the accessibility and practicality of
brain perfusion imaging while maintaining the diagnostic and prog-
nostic accuracy for radiologic outcome (final infarct volume).

The simple perfusion reconstruction algorithm (SPIRAL)
described in this article is a method for analyzing low-temporal-re-
solution, contrast-enhanced, spiral/helical CT brain scans to obtain
perfusion parameter maps of the brain, providing perfusion maps
comparable with a cine CTP acquisition for predicting infarct core.
Using a group of patients undergoing endovascular treatment with
successful reperfusion, we sought to determine the accuracy of
SPIRAL perfusion and CT perfusion images for follow-up of infarc-
tion confirmed on 24- to 48-hour diffusion-weighted MR imaging.

MATERIALS AND METHODS

Patients

A post hoc analysis was performed using data from the Measuring
Collaterals With Multi-phase CT Angiography in Patients With
Ischemic Stroke (PRove-IT) and Endovascular Treatment for Small
Core and Proximal Occlusion Ischemic Stroke (ESCAPE) studies
from the Calgary Stroke Program."® Patients with acute ischemic
stroke were included in the study if they presented within 12 hours
from last seen healthy. Inclusion criteria for the present study were
as follows: 1) older than 18 years of age; 2) known symptom-onset
time; 3) any occlusion of the anterior circulation, which could be
targeted for EVT; 4) successful reperfusion assessed by digital sub-
traction angiography at end of the EVT; and 5) next-day follow-up
DWI between 2 and 48 hours of admission. A modified TICI score
of 2b or 3 was considered successful reperfusion."” Demographic
and clinical characteristics, medical history, and any relevant work-
flow time intervals were collected prospectively. The study was
approved by the local ethics board of The University of Calgary.

Image Acquisition

At admission, all patients had a standard NCCT scan (5-mm sec-
tion thickness), a head/neck multiphase CTA (mCTA), and cine
CTP with a craniocaudal coverage of 8 cm. The mCTA acquisition
has been described previously.” Briefly, 80 mL of an iodinated con-
trast agent was injected at a rate of 5 mL/s followed by a saline flush
of 50 mL at 6 mL/s. For the first phase (7 seconds), the aortic arch-
to-vertex helical scan was timed to be in the peak arterial phase by
triggering the scan with contrast bolus tracking. The second phase
was acquired after a delay of 4 seconds, allowing the table to reposi-
tion to the skull base. Scan duration for the next 2 additional phases
was 3.4 seconds. Images were reconstructed into 0.625-mm section
thickness. For the cine CTP protocol, 45 mL of CT contrast agent
(ioversol, Optiray 320; Mallinckrodt) was power-injected at 4.5 mL/
s followed by a saline chase of 40 mL at 6 mL/s. Sections of 8-cm

thickness were acquired at 5-mm section thickness. Scanning began
after a delay of 5seconds from contrast injection in up to 2 phases
(scanning intervals): the first phase every 2.8 seconds for 60 seconds
and an additional second phase every 15seconds for 90 seconds
(total scan time = 150 seconds).

Between 24 and 48 hours of treatment, a clinical DWI scan
was acquired using 3T MR imaging (Signa VH/i; GE Healthcare)
(flip angle = 90°, single-shot echo-planar sequence, b = 0
s/mm 2 and isotropic b = 1000 s/mm 2, TR = 9000 ms, TE =
minimum [80-90 ms], FOV = 240 mm, section thickness =
5.0 mm with a 0- or 2-mm gap).

Image Processing

SPIRAL Perfusion Functional Map Processing. To generate SPIRAL
functional images, we registered each phase of the mCTA to the
NCCT using a rigid registration. The NCCT was used to determine
the baseline Hounsfield unit for each region of the brain in a respec-
tive patient. The dynamic series generated from the NCCT and
mCTA was postprocessed with the following steps: 1) The skull and
ventricles were removed using per-patient Hounsfield unit thresh-
olds on the NCCT (ventricles= 0-12 HU, skull > 60 HU). Time-
attenuation curves were created for each voxel after subtraction of
the baseline NCCT Hounsfield unit values, a normalization tech-
nique common in perfusion processing.” Deconvolution and non-
deconvolution approaches were used to generate functional maps
of TTP or TO (time to peak of impulse residue function), CBF,
MTT, and CBV.”'® Singular-value decomposition deconvolution
was performed for each tissue voxel after selection of an arterial
input function from the internal carotid artery.” For the nondecon-
volution approach, we created 5 hemodynamic functional maps: 1)
TTP = the mCTA phase with the highest magnitude Hounsfield
unit; 2) phase 1 blood flow = the slope of the first and second
Hounsfield unit magnitudes from the mCTA; 3) phase 2 blood
flow = the slope of the second and third Hounsfield unit magni-
tudes from the mCTA; 4) flow average = the average of 2 and 3; 5)
blood volume = integral of the of time-attenuation curves. For all
deconvolution and nondeconvolution functional maps, collinearity
was determined with a variance inflation factor; any metric with a
variance inflation factor of >4 was removed from the analysis. A
backward stepwise logistic regression model was trained using the
remaining functional maps to create the SPIRAL functional map.
The logistic regression coefficients were varied inside an exponen-
tial function to iteratively evaluate the discriminatory ability of the
model to distinguish infarction and noninfarction at a voxel-level.
The equation that is fit to the data is shown below:

1

pP= 1+ e (A + BX + CY + DZ + EW) '

where P is the probability of a binomial outcome (between 0 and
1), A is a scaling constant, X and B are the TTP map and the cor-
responding coefficient, Y and C are the CBF map and the corre-
sponding coefficient, Z and D are the MTT map and the
corresponding coefficient, and E and W are the deconvoluted T0O
map and associated coefficient.

Perfusion Functional Map Processing. In a subset of 40 patients,
CTP functional maps were processed by an expert (C.D.d.E.)
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using commercially available deconvolution software (CT Perfusion
4D; GE Healthcare). For each study, the arterial input function was
manually selected from the basilar artery or contralateral ICA using
a 2 voxel x 2 voxel (in-section) ROL For all arterial input functions,
baseline-to-peak height Hounsfield unit differences matched those
from the respective sagittal sinus. Absolute maps of cerebral blood
flow [mL X min~' - (100 g)_l] x MTT (seconds) start time of the
impulse residue function (e, delay of the tissue time-density curve
with respect to the arterial input function) (T0; second) and time-to-
maximum (Tmax) = T, + 0.5 x MTT (seconds) were calculated by
deconvolution of tissue time-density curves and the arterial input
function using a delay-insensitive algorithm (CT Perfusion 4D).
Average maps were created by averaging the serial (dynamic) CTP
images over the duration of the first pass of contrast; these average
maps have suitable anatomic detail for gray/white matter segmenta-
tion and as the source image for registration with follow-up imaging.
In-plane patient motion was corrected in the x-/y-axis using auto-
mated software (CT Perfusion 4D), and in cases with extreme
motion, time points were manually removed as needed.”

Perfusion Parameter Map Registration. All perfusion parameter
maps generated from the mCTA and CT perfusion studies,
respectively, were registered to the follow-up DWI dataset.
Therefore, the optimal rigid transformation was computed
between the follow-up DWTI and average CTP or NCCT dataset,
respectively, using the mutual-information image-similarity met-
ric within a multiresolution approach.'"'* The resulting transfor-
mations were then used to transform the perfusion parameter
maps to the follow-up DWI dataset using linear interpolation.

Infarct Segmentation and Perfusion Data Extraction. Delineation
of the follow-up infarct volume (ROI-1) was performed on the
follow-up DWI by applying a single standardized intensity."> A
noninfarct ROI (ROI-2) encompassed any brain tissue outside
ROI-1, including voxels from the contralateral hemisphere.
Subcortical structures (ie, basal ganglia, including the caudate,
lentiform, and internal capsule) were manually segmented and
analyzed separately from cortical gray/white matter.

Histograms were generated for all ROI-1 and ROI-2 segmen-
tations, respectively, from the SPIRAL perfusion image and CTP
Tmax and CBF maps because these maps have been previously
shown by the authors to have the highest accuracy for final in-
farction.” Patient-level histograms from ROI-1 and -2 were amal-
gamated to create a single “all patient” ROI-1 and ROI-2 to
perform a cohort-level analysis.

An additional analysis was undertaken to evaluate the effect of
lesion size on the SPIRAL lesion-detection method described. Lesions
at different size intervals were chosen, while larger or smaller lesions
were eliminated from the analysis. This interval mean was shifted
from 0.015 to 1000 mL, with the upper and lower bounds on the
interval being 10% of the mean (ie, 100 -mL mean, 90- to 110-mL
interval). This analysis was completed to determine whether smaller
petechial lesions were not identified by the SPIRAL algorithm.

Statistical Analysis
Clinical data were summarized using standard descriptive statis-
tics. We performed a patient-level analysis and cohort-level
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analysis using receiver operating characteristic (ROC) curve anal-
ysis. At the patient level, the area under the ROC curve was deter-
mined (area under the curve [AUC]) for each patient. At the
cohort level, an AUC-ROC was determined for all infarct voxels
and noninfarct voxels from all patients in an amalgamated histo-
gram. The Youden method was used to determine these optimal
thresholds most associated with follow-up MR imaging infarct
volume along with respective sensitivities and specificities for
each threshold.'* AUC values were compared between SPIRAL
and CTP-CBF and Tmax maps. Bland-Altman plots were created
to compare SPIRAL, CTP Tmax, and follow-up DWI lesion vol-
umes using the model/thresholds derived in the cohort-level
analysis of 40 patients with both mCTA and CTP acquisitions.
Tmax thresholds were 15.2 and 13.7 seconds for GM/WM and
the basal ganglia, respectively. Agreement between the SPIRAL
and Tmax infarct volume and follow-up DWT infarct volume was
tested by calculating the systematic error (bias) and the 95% lim-
its of agreement, defined as the bias = 1.96 SDs of the individual
differences."

We also performed a 10-fold cross-validation for the SPIRAL
map (derived from our logistic regression). The analysis was per-
formed on the cohort-level histograms using a 10-fold cross-vali-
dation to assess the performance and consistency of the SPIRAL
map. Each training set formed 90%, with replacement, of the total
population and trained the ROC analysis to determine an optimal
threshold. That threshold was then applied to the remaining 10%
of the total population to assess sensitivity, specificity, AUC, and
the optimal threshold. This process was completed 10 times to
determine a mean and SD in each of the above metrics.

A 2-sided P value < .05 was considered as statistically signifi-
cant for all statistical tests. All analyses were performed using R
(Version 3.2.1; http://www.r-project.org/), STATA (Versionl3,
StataCorp), and Matlab (R2015a, Version 8.5, MathWorks) statis-
tical packages.

RESULTS

Of a total of 80 patients satisfying study inclusion/exclusion crite-
ria, 72 were included in the study. Some patients (n = 8) had inad-
equate registration results due to severe motion in one of the
NCCT or mCTA series. Clinical demographics are summarized
in Table 1. Median DWI volume was 12 mL (interquartile range,
2.2-41.8 mL). The optimal SPIRAL functional map derived from
the logistic regression was generated from the deconvolution T0O
and nondeconvolution TTP, CBF, and MTT. This SPIRAL func-
tional map was used in the patient- and cohort-level analyses as
well the cross-validation analysis.

If we compared the ROC-AUC in patients with early and late
reperfusion for cortical gray matter + white matter infarction,
there was no significant difference at the patient-level (0.83 versus
0.84, respectively), cohort-level (0.82 versus 0.81, respectively), or
the cross-validation (0.77 versus 0.74, respectively) (Table 2).
When we compared the ROC-AUC in patients with early and
late reperfusion for basal ganglia infarction, there was no signifi-
cant difference at the patient-level (0.82 versus 0.84, respectively),
cohort-level (0.81 versus 0.80, respectively), or the cross-valida-
tion (0.82 versus 0.78, respectively) (Table 3).



Table 1: Admission demographics, site of occlusion, and workflow metrics

Variables

Total (n =72 Patients)

Age (median) (minimum-maximum) (yr)
Men (No.) (%)
Stroke on awakening (No.) (%)
Site of occlusion (No.) (%)
MCA
ACA
ICA
Tandem
Affected hemisphere (No.) (%)
Right
Left
Coronary artery disease (No.) (%)
Congestive heart failure (No.) (%)
Valvular disease (No.) (%)
Hypertension (No.) (%)
Dyslipidemia (No.) (%)
Diabetes (No.) (%)
Smoking (No.) (%)
Statin (No.) (%)
EVT treatment (No.) (%)
tPA (alteplase) treatment (No.) (%)
Reperfusion (TICI 2b/3) (No.) (%)
Blood glucose (median) (minimum-maximum) (mmol)
NIHSS baseline (median) (minimum-maximum)
NIHSS 24 hours (median) (minimum-maximum)
MR spectroscopy baseline (median) (minimum-maximum)
MR spectroscopy (median) (minimum-maximum) (90 days)
CT to reperfusion time (median) (minimum-maximum) (hh:mm)

68 (32-89)
37 (514)
27 (46.6)

29 (40.3)
3 (4.0)
16 (22.2)
5(6.9)

30 (417)

39 (54.2)

12 (167)
6 (83)
2(34)

38 (52.8)

24 (333)
1(14)

20 (27.8)

22 (37.9)

72 (100)

55 (76)

72 (100)
6 (4.4-20.0)
17 (1-29)
6 (0-24)
0(0-3)
2 (0-6)

128 (0:27-3:06)

Note:—hh:mm indicates hours: minutes; ACA, anterior cerebral artery.

In the patient-level ROC analysis,
the SPIRAL map had a slightly higher,
though nonsignificant (P < .05), aver-
age ROC-AUC (cortical GM/WM =
0.83; basal ganglia = 0.79, respectively)
than both the CTP Tmax (cortical GM/
WM = 0.82; basal ganglia = 0.78,
respectively) and CTP-CBF (cortical
GM/white matter = 0.74; basal gang-
lia = 0.78, respectively) parameter
maps. The same relationship was
observed at the cohort level (Table 4).

Bland-Altman plots display the
mean difference from zero and limits
of agreement (2 SDs) to compare the
SPIRAL and CTP Tmax infarct vol-
ume and follow-up DWTI infarct vol-
ume (Fig 1). The Bland-Altman plots
for SPIRAL and CTP Tmax infarct
core volume show that the bias of
agreement was similar when compar-
ing the 2 techniques. Similar agree-
ment was observed for the SPIRAL
and GE-CTP Tmax infarct core vol-
ume with 24-hour DWI infarct vol-
ume: The SPIRAL and Tmax map
(cortical GM/WM) infarct core

Table 2: ROC curve AUC for SPIRAL map, stratified by CT-to-reperfusion time for cortical gray and white matter tissue

AUC, Patient AUC, Cohort Cross-Validation Cross-Validation Cross-Validation
Statistic Level Level Sensitivity Specificity Accuracy
Early reperfusion, <90
minutes
(n =48 patients)
Mean 0.83 0.82 0.82 0.72 0.77
SD 0.14 NA 0.06 0.03 0.06
Late reperfusion, >90
minutes
(n =24 patients)
Mean 0.84 0.81 0.79 0.70 0.74
SD on NA 0.08 0.06 0.07

Note:—NA indicates not applicable.

Table 3: ROC curve AUC for SPIRAL map, stratified by CT-to-reperfusion time for basal ganglia regions

AUC, Patient  AUC, Cohort Cross-Validation Cross-Validation Cross-Validation
Statistic Level Level Sensitivity Specificity Accuracy
Early reperfusion, >90 minutes
(21 patients)

Mean 0.82 0.81 0.82 0.81 0.82

SD 01 NA 0.05 0.06 0.06
Late reperfusion, <90 minutes

(7 patients)
Mean 0.84 0.80 0.86 0.71 0.78
SD 0.1 NA 0.08 0.09 0.09

Note:—NA indicates not applicable.
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Table 4: ROC curve AUC for SPIRAL map comparison with cine CTP maps for a
40-patient subcohort

Cortical GM and White

Statistic Matter (WM) Basal Ganglia
SPIRAL map
AUC, patient level (mean) (SD) 0.83 (0.14) 0.79 (0.08)
AUC, cohort level (mean) 0.82 0.80
CTP T-max map
AUC, patient level 0.82 (0.13) 0.78 (0.m)

AUC, cohort level 0.81 0.74
CTP blood flow map

AUC, patient level 0.74 (0.14) 0.78 (0.09)

AUC, cohort level 0.72 0.77

FIG 1. Bland-Altman plots for SPIRAL infarct volume (milliliters) (A) and Tmax infarct volume
(milliliters) in cortical gray matter/white matter (i) and basal ganglia (ii). SPIRAL infarct volume
(milliliters) (B) and follow-up DWI infarct volume (milliliters) in the cortical gray matter/white mat-
ter (i) and basal ganglia (ii). C, Tmax infarct volume and follow-up DWI infarct volume in cortical
gray matter/white matter (i) and basal ganglia (ii).

volume mean difference was —3.7 cm® (1.96 SDs: —44—37 cm’);
the SPIRAL and Tmax (basal ganglia) infarct core volume mean
difference was 9.6cm’ (1.96 SDs: —19—38 cm?). Finally, the
SPIRAL infarct core volume (cortical GM/WM) and 24-hour
DWI volume mean difference was 2.1cm® (1.96 SDs: —36-
40 cm’) ; the SPIRAL infarct core volume (basal ganglia) and 24-
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hour DWI volume mean difference
was 13 cm?® (1.96 SDs: —34—60 cm®).

The SPIRAL map was less accurate
in detecting smaller lesions (1—10 mL)
while equally as accurate in identifying
larger lesions (>100 mL) compared
with CTP (Fig 2).

DISCUSSION

Perfusion from low temporally sampled
contrast-enhanced imaging has been
previously shown in a seminal article by
Heinz et al,'® in 1979. Similarly, we
have shown that perfusion parameter
maps can be successfully generated
from a temporally sampled helical
CTA, potentially obviating the need for
an additional cine CTP scan in the
future. The accuracy, sensitivity, and
specificity for follow-up infarct volume
is similar to reported values from the
CTP literature and the current CTP
paradigm available at the authors’ insti-
tution.” Bland-Altman plots showed
good agreement between SPIRAL and
CTP infarct core volume and for
SPIRAL and CTP comparisons with
24-hour DWI follow-up for cortical
gray/white matter. The limits of agree-
ment for SPIRAL and CTP Tmax
infarct volume were greater for the ba-
sal ganglia threshold. In support of our
conclusions from this study, we have
recently shown that perfusion measured
on mCTA source images can better
predict follow-up infarction (quantified
by the ASPECTS) and clinical outcomes
compared with NCCT and mCTA-
rLMC (regional leptomeningeal collat-
eral) (pial collateral scoring), the cur-
rent paradigm used by the Calgary
Stroke Prograrn.”’18 Furthermore, the
NCCT and CTA collateral score for
stroke decision-making requires expert
interpretation, contributing diagnostic
uncertainty among nonexperts.'”** We
now provide an objective, easy-to-inter-
pret, inexpensive, and time-sensitive
imaging paradigm to characterize the
ischemic lesion at admission with

SPIRAL. Figure 3 provides 3 case study examples of SPIRAL versus
CTP Tmax functional maps.

Critical to improving patient outcome in patients with acute
stroke is fast treatment, high diagnostic accuracy, and confi-
dence among nonexpert physicians because outcomes of
patients with stroke are heavily dependent on these factors.



FIG 2. Sensitivity for final infarction on 24-h our MR imaging versus
lesion size for SPIRAL and the CTP Tmax map.

FIG 3. Admission SPIRAL map and CTP Tmax map for 3 patients who
underwent EVT for M1 occlusions who had quality/fast reperfusion.
The final infarct volume is outlined on the 24-hour DWI.

Brain imaging plays a key role in decision-making that has
required expert interpretation,g’ﬂ’28 but among nonstroke
experts, it is a major cause for treatment delays.'™* CTA is
required to identify large-vessel occlusion that may be amenable
to removal via EVT. Canadian guidelines strongly recommend
the use of CTP to select patients with acute ischemic stroke for
EVT in the late time window (6-24hours after symptom

onset).>°

CTP also has the advantage of improving diagnostic
accuracy for the identification of ischemic stroke.*! Although,
CTP is a required technique for all Comprehensive Stroke
Centers, CTP has significant limitations: It requires separate
image acquisition and postprocessing (delaying treatment),
another contrast injection (increasing risk of acute nephropa-

thy), and additional exposure to ionizing radiation. Finally,

CTP has not been widely adopted in rural stroke centers.”** In

this study, we have shown that SPIRAL functional maps can
accurately identify infarct core. In its current state, SPIRAL
could be used clinically as part of the “perfusion-derived infarct
core/clinical penumbra” paradigm for recanalization decision-
making, as was shown useful in the Clinical Mismatch in the
Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention With Trevo (DAWN) trial.* A prospective
study to determine whether SPIRAL is a faster, less expensive,
and safer technique for obtaining brain blood flow perfusion
maps from a time-resolved helical CT angiogram is warranted.

A few important limitations must be acknowledged. This
study has a relatively small sample size of highly selected
patients with moderate-to-severe stroke symptoms who were
treated with EVT and achieved very good and fast reperfusion.
The purpose of these selection criteria was to achieve an opera-
tional definition of “infarct core,” but we do not know how pre-
dictive the SPIRAL map would be in patients with variable
reperfusion status and with occlusions in vascular territories
other than the anterior circulation. We also had to remove sev-
eral patients due to the inability to register the images (motion
correction to obtain the time-attenuation curve). Nevertheless,
the number of patients removed due to this error is consistent
with other studies.” We also did not separate our gray and white
matter tissue compartments to determine respective accuracies;
compared with CTP in which an “average map” provides
adequate gray/white differentiation, a low temporally resolved
CTA cannot provide this. In the future, mCTA perfusion will
need to be assessed in a more heterogeneous stroke cohort to
determine the relationship between SPIRAL and other commer-
cialized software. We propose that standardized SPIRAL auto-
mation will maintain the diagnostic accuracy of cine CTP-
based paradigms, thus providing the potential for supporting
significant improvements in stroke triage, both in comprehen-
sive and primary stroke centers.

CONCLUSIONS

We have shown that CT perfusion maps can be generated from a
temporally sampled helical CTA, potentially replacing a cine CTP
scan for triage of patients with ischemic stroke. SPIRAL has the
potential for reducing the time for image acquisition and radio-
logic interpretation compared with NCCT, CTA collateral scores,
and cine CT perfusion techniques.
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ORIGINAL RESEARCH
ADULT BRAIN

Comparison of Dynamic Contrast-Enhancement Parameters
between Gadobutrol and Gadoterate Meglumine in
Posttreatment Glioma: A Prospective Intraindividual Study

W.H. Shim
O=

J.E. Park, ““J.Y. Kim, ““'H.S. Kim, and

ABSTRACT

BACKGROUND AND PURPOSE: Differences in molecular properties between one-molar and half-molar gadolinium-based contrast
agents are thought to affect parameters obtained from dynamic contrast-enhanced imaging. The aim of our study was to investi-
gate differences in dynamic contrast-enhanced parameters between one-molar nonionic gadobutrol and half-molar ionic gadoter-
ate meglumine in patients with posttreatment glioma.

MATERIALS AND METHODS: This prospective study enrolled 32 patients who underwent 2 20-minute dynamic contrast-enhanced
examinations, one with gadobutrol and one with gadoterate meglumine. The model-free parameter of area under the signal inten-
sity curve from 30 to 1100 seconds and the Tofts model-based pharmacokinetic parameters were calculated and compared intrain-
dividually using paired t tests. Patients were further divided into progression (n=12) and stable (n=20) groups, which were
compared using Student t tests.

RESULTS: Gadobutrol and gadoterate meglumine did not show any significant differences in the area under the signal intensity
curve or pharmacokinetic parameters of K™, V,, V,, or K, (all P>.05). Gadobutrol showed a significantly higher mean wash-in
rate (0.83 £ 0.64 versus 0.29 *= 0.63, P=.013) and a significantly lower mean washout rate (0.001 = 0.0001 versus 0.002 *= 0.002,
P =.02) than gadoterate meglumine. Trends toward higher area under the curve, K™, V,, V,, wash-in, and washout rates and lower
Kep Were observed in the progression group in comparison with the treatment-related-change group, regardless of the contrast
agent used.

CONCLUSIONS: Model-free and pharmacokinetic parameters did not show any significant differences between the 2 gadolinium-
based contrast agents, except for a higher wash-in rate with gadobutrol and a higher washout rate with gadoterate meglumine,
supporting the interchangeable use of gadolinium-based contrast agents for dynamic contrast-enhanced imaging in patients with
posttreatment glioma.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; CE = contrast-enhanced; GBCA = gadolinium-based contrast agent; IAUC = initial area under the
time-to-signal intensity curve; Ko, = rate transfer constant; K™" = volume transfer constant; V. = extravascular-extracellular space per unit volume of tissue;
Vp = blood plasma volume per unit volume of tissue; WHO = World Health Organization

I n the evaluation of brain tumors on MR imaging, the interpre-
tation of vascular permeability is important because an insuffi-
cient blood supply may be related to resistance to chemotherapy
or immunotherapy owing to poor and heterogeneous uptake of
the therapeutic agents."””> Dynamic contrast-enhanced (DCE) T1-
weighted perfusion MR imaging, which involves the acquisition
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of serial images after the administration of a gadolinium-based
contrast agent (GBCA), has demonstrated considerable utility for
assessing tumor perfusion, vessel permeability, and the volume of
the extravascular-extracellular space.”> DCE imaging is widely
used for brain tumor imaging and is a useful noninvasive method
for monitoring treatment response.*®

The relationship between the MR signal intensity of a voxel
on DCE-MR imaging and the actual concentration of GBCA is
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complex, with the measured tissue relaxivity depending on the flip
angle, TR, proton density, and precontrast tissue relaxivity.7 To
date, both half-molar and one-molar GBCAs have been inter-
changeably used as DCE imaging agents.® "> The GBCA-induced
signal enhancement depends on 3 factors:">"® 1) the T1 relativity of
GBCA, 2) the concentration of GBCA in the ROI, and 3) certain tis-
sue-specific characteristics such as tissue perfusion and extracellular
blood volume. Regarding T1 relaxivity, gadobutrol (gadolinium-
DO3A-butrol; Gadovist 1.0; Bayer Schering Pharma) is a 1.0 mmol/
mL gadolinium chelate agent with approximately 14%-27% higher
T1 relaxivity than half-molar GBCAs on 3T MR imaging.'”'® The
concentration of GBCA in the ROI is determined by the interac-
tions between the contrast agent molecules and tissues, and the non-
ionic property of gadobutrol is thought to affect tissue interactions
and accumulation rates in a manner different from those of ionic
GBCAs."!* Glioma is rich in negatively-charged glycosaminogly-

19-21
cans,"’

and differences in ionic properties between gadobutrol
and gadoterate meglumine (Dotarem; Guerbet), may affect model-
free or quantitative pharmacokinetic DCE parameters; however,
there is a lack of studies comparing the 2 types of GBCA in DCE
imaging, with the 2 types having been used interchangeably to date.
Thus, the aim of our study was to investigate differences in
DCE parameters between one-molar nonionic gadobutrol and
half-molar ionic gadoterate meglumine in patients with posttreat-
ment glioma, evaluating both model-free and pharmacokinetic
quantifications. On a theoretic basis, the higher T1 relaxivity of
gadobutrol may provide excellent wash-in characteristics, and its
nonionic nature may enable longer retention of the contrast
media in tissue with a high negatively-charged content, resulting
in higher contrast-related signal in delayed phases of contrast-
enhanced imaging in comparison with ionic half-molar agents.
We, therefore, used a prolonged DCE acquisition of 20 minutes
to ensure sufficient observation of wash-in and washout patterns.

MATERIALS AND METHODS

Study Patients

This prospective study was designed as an intraindividual com-
parison within a clinical cohort of patients with posttreatment gli-
oma recruited between March 2017 and March 2019 and was
approved by the institutional review board of our tertiary hospital
(Asan Medical Center, Seoul, South Korea; institutional review
board approval No: 2017-0003). Written informed consent was
obtained from each patient. A flow diagram of the recruitment of
study participants is shown in Fig 1. Patients with brain gliomas
who were allocated for contrast-enhanced (CE) T1-weighted imag-
ing and DCE imaging were potentially eligible. The detailed inclu-
sion criteria for the current study were as follows: 1) histopathologic
diagnosis of glioma according to the 2016 World Health
Organization (WHO) criteria; 22 9) received standard treatment of
radiation and chemotherapy (e, for glioblastoma, concurrent che-
moradiotherapy with temozolomide and 6 cycles of adjuvant temo-
zolomide administered after surgical resection or biopsy); 3) a
measurable contrast-enhancing lesion of more than 1 x 1cm on
CE-T1WT; 4) no corticosteroid administration within 1 week before
DCE imaging; and 5) an image acquisition deemed to be of
adequate quality without motion artifacts. The rationale for avoiding
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FIG 1. Flow diagram of the participant inclusion process.

a certain period of corticosteroid administration was to avoid the
possibility of corticosteroid-induced regression of the tumor.”

Patients were excluded when there was no pathologic diagnosis
(n = 9), pre-treatment gliomas (1 = 6), no visible measurable
measurable contrast-enhancing lesion on CE-TIWI (n = 6), or
when the image quality was deemed inadequate (n = 2). Patients
who received corticosteroid treatment (n = 5) were further
excluded. A total of 32 patients (median age, 58 years; age range,
21-76years; 19 [59.3%] male patients) with posttreatment gliomas
were finally included in the study. The clinical characteristics of the
patients, including sex, age, extent of surgical treatment for the tu-
mor (gross total resection, partial resection, or biopsy), and patho-
logic confirmation, were collected from medical records.

MR Imaging Protocol
All MR imaging studies were performed on a 3T unit (Achieva;
Philips Healthcare) using an 8-channel head coil. Two DCE imag-
ing examinations were acquired from each patient, with an interval
of at least 12 hours between each session. The order of gadobutrol
and gadoterate meglumine administration was randomly chosen
for each patient. The first session involved acquisition of our dedi-
cated MR imaging protocol for brain tumors, which consisted of
T2WI, FLAIR, T1WI, diffusion-weighted imaging, CE-T1WI, and
DCE imaging.

DCE imaging was performed using a 3D gradient-echo
sequence with 21 slices, with imaging volumes being obtained



after administration of a standard dose of GBCA. Because the
one-molar nonionic agent gadobutrol (Gadovist 1.0) is provided
at twice the gadolinium concentration of the half-molar ionic
gadoterate meglumine (Dotarem), 0.05mmol (0.1 mL)/kg of
body weight (average total volume, 5.8 mL; range, 4-7mL) of
gadobutrol was delivered at a rate of 2 mL/s using an MR imag-
ing-compatible power injector (Spectris; MedRad), whereas
0.1mmol (0.2mL)/kg of body weight (average total volume,
13.7 mL; range, 12-15 mL) of gadoterate meglumine was delivered
at a rate of 4 mL/s. The temporal resolution was 3.22 seconds, and
the contrast material was administered after 10 baseline dynamics.
The parameters for the DCE perfusion imaging included section
thickness, 4 mm with no gap; TR/TE, 6.4/3.1ms; flip angle, 15°%
FOV, 24 x 24cm; and matrix, 184 x 186. The total acquisition
time for DCE imaging was 18 minutes 40 seconds.

After DCE imaging, CE-T1WI was performed for anatomic
reference using a 3D gradient-echo T1-weighted sequence with
the following parameters: TR/TE, 9.9/4.6 ms; flip angle, 8°; FOV,
22.4 x 22.4 cm; matrix, 224 x 224; and section thickness, 1 mm
with no gap.

Image Registration and Processing

All imaging data were transferred from the MR imaging scanner
to an independent computer for quantitative perfusion analysis.
For quantitative analysis, contrast-enhancing lesion volumes
were segmented on the CE-TIWI using a semiautomated adapt-
ive thresholding technique to select all pixels above a determined
threshold value. The resulting segmentation of the entire enhanc-
ing tumor was verified by an experienced neuroradiologist
(J.E.P., with 7years of experience in neuro-oncology imaging),
who was blinded to the clinical information.

For the DCE imaging, motion correction was performed
using rigid-body registration to realign each time point of the
time-series. The CE-T1WI was coregistered to the DCE images
using an affine transformation with 6 df and fourth-degree B-
spline interpolation performed using SPM12 (http://www.fil.ion.
uclac.uk/spm/software/spm12).

The model-free parameters were obtained using Matlab 2019b
(MathWorks). The signal intensity was normalized into its per-
centage change compared with the baseline signal intensity value,
and then the initial area under the signal intensity time curve
(TAUC) at 30, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, and
1100 seconds was calculated for each patient using trapezoidal inte-
gration of the normalized signal intensity after the contrast agent
arrived in the voxel of interest. Outlier values were automatically
removed from the output maps because these can occur due to
unstable curve-fitting conditions with a noisy input signal.

The pharmacokinetic parameters were obtained using a dedi-
cated software package (nordicICE; NordicNeuroLab) based on
the 2-compartment model proposed by Tofts and Kermode.** The
parameters included volume transfer constant (K™*"), rate transfer
constant (Kp), blood plasma volume per unit volume of tissue
(V}), and extravascular-extracellular space per unit volume of tis-
sue (V). The wash-in rate was calculated as the maximum slope
between the time of onset of contrast inflow and the time of peak
enhancement on the time-intensity curve. The washout rate was
calculated as the negative slope of the late part of the exponential

curve. Each parameter was calculated using a fixed T1 of 1000 ms,
because this can contribute to more reliable results and protect the
dynamic data from patient movement or inaccurate scaling factors
occurring during the DCE imaging acquisition.”>*

The arterial input function was selected by a neuroradiologist
(J.Y.K., with 2years of experience in neuro-oncology imaging),
who was blinded to the clinical information of the study subject,
using an ROI confined to the vertical portion of the superior sag-
ittal sinus, which avoided problems of feeding veins causing
mixed artifacts in the same image section.

Reference Standard for Tumor Progression and
Treatment-Related Change

A final diagnosis of tumor progression or treatment-related change
was confirmed pathologically in second-look operations when clini-
cally indicated. When second-look operations were not performed,
tumor progression on MR imaging was assessed according to the
Response Assessment in Neuro-Oncology criteria,”” using serial
measures of the product of the 2 largest cross-sectional diameters.
The consecutive clinicoradiologic diagnoses were made by consen-
sus between a neuro-oncologist (J.H.K, with 26 years of experience
in neuro-oncology practice) and a neuroradiologist (H.S.K., with
21 years of experience in neuro-oncologic imaging) after complete
imaging and medical chart review.*”

Statistical Analysis

Sample Size. The sample size of our study was determined
according to power analysis for paired-means analysis, which was
performed using Power Analysis Software (PASS, Version 15.0.7;
https://www.ncss.com/download/pass/updates/pass15/). We used
data on the distribution of the IAUC30 parameter from a previ-
ous s'[udy,28 which showed mean values of 15.73 * 2.76 in recur-
rent glioblastoma and 7.31 = 3.59 in radiation necrosis, with a
meaningful difference between the 2 contrast agents being indi-
cated by a difference of >8.0. The null hypothesis was that there
was no difference in the mean of the paired differences of
TAUC30 between the 2 contrast agents. A sample size of 32 would
achieve 100% power to detect a mean paired difference of 8.0
with an estimated SD of differences of 7.0 with a significance level
(@) of .05 using a 2-sided paired ¢ test. This represents signifi-
cance in a 2-sided Z-test (P <.05). Thus, the sample size of 32
was sufficient to detect meaningful differences in the 2 contrast
agents that would affect the clinical diagnosis of recurrent glio-
blastoma or radiation necrosis.

DCE parameters were initially assessed for normality using
the Shapiro-Wilk test. The DCE parameters were found to be
normal and were then expressed as mean = SD. Paired ¢ tests
were used to assess intraindividual differences in the DCE param-
eters between the 2 GBCAs.

The Student ¢ test and y* test were used for comparisons of
clinical and demographic characteristics between tumor progres-
sion and treatment-related change. Differences in DCE parame-
ters between tumor progression and treatment-related-change
groups were assessed using the Student ¢ test.

All statistical analyses were performed using SPSS, Version 21
(IBM) and MedCalc, Version 18.2.1 (MedCalc Software). A P
value < .05 was considered statistically significant.
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RESULTS

Patient Demographics

Of the 32 study patients, 19 were pathologically confirmed
with glioblastoma (WHO grade IV); and 13, with lower-grade
astrocytomas (5 with WHO grade II and 8 with grade IIT;
Table 1). There were no differences in age, sex, extent of sur-
gery, and postoperative adjuvant chemotherapy status between
the 2 groups.

Comparison of DCE Parameters between Gadobutrol and

Gadoterate Meglumine

Table 2 summarizes the comparisons of model-free and pharma-
cokinetic parameters. When the model-free DCE parameters
were compared, gadobutrol showed a trend for a higher rate of
relative contrast enhancement compared with gadoterate meglu-
mine, but there was no significant difference in the IAUC 30,

Table 1: Clinical information of the enrolled patients with glioma®

100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, and 1100 sec-
onds (paired t test, all P> .05).

The pharmacokinetic parameters of K™, V., Vp, and K,
also showed no significant differences between the 2 contrast
agents (paired f test, all P> .05). However, gadobutrol showed a
significantly higher mean wash-in rate (0.825 = 0.644 versus
0.289 £ 0.634, P=.013) and a significantly lower mean washout
rate (0.001 = 0.0001 versus 0.002 %= 0.002, P=.02) than gadoter-
ate meglumine. Figures 2 and 3 show representative cases in
patients with tumor progression and treatment-related change,
exhibiting differences in wash-in and washout rates.

Subgroup Analysis between Tumor Progression and
Treatment-Related Change in DCE Parameters

Table 3 summarizes the comparisons of DCE parameters between
the tumor-progression and treatment-related-change groups. The
higher wash-in and lower washout rates
with gadobutrol compared with gado-

Patients (n = 32)

terate meglumine were maintained in

Treatment-Related Tumor Progression P the tumor-progression and treatment-
6-Month Follow-Up Change (n = 20) (n =12) Value related-change subgroups, with the
WHO grade 7 higher mean wash-in rate with gadobu-
Grade Il 3 2 trol being especially notable in the treat-
Grade Il 6 2 ment-related-change group (0.813 =+
Grade IV 1 8 8 +gr p (U =
No. of male patients 12 (60%) 6 (50%) 59 0521 versus 0220 * 0590, P=.002).
Age (yr) 615 (36-70) 59.5 (21-69) 71 The progression group showed trends
Surgical extent (%) 46 toward higher areas under the curve,
Bio tial ti 14 7 ans .
P57 B PR L el K™, V,, V,, wash-in and washout
Gross total resection 6 5 " dl . . ith
Postoperative standard 19 n .55 rates, and lower Ke, in comparison wi

radiation therapy or
concurrent chemoradiation
therapy

the treatment-related-change group,
regardless of the GBCA type, though
the differences did not reach statistical

?Data are expressed as the median and range for continuous variables. The y? test was used to test for differences

in categoric variables between the 6-month stable and tumor-progression groups.

Table 2: Intraindividual comparison of model-free and pharmacokinetic parameters
between gadobutrol and gadoterate meglumine dynamic contrast-enhanced MR

significance.

DISCUSSION
We compared gadobutrol with gado-
terate meglumine on an intraindividual

imaging®
Eng - basis to investigate whether model-free
DCE Parameter Gadobutrol Gadoterate Meglumine P Value L
and pharmacokinetic parameters from
Model-free method . . .
IAUC30 391 + 238 427 +2.02 517 DCE imaging were affected by differen-
IAUCI00 2150 + 12.82 2341+ 17128 530 ces between one-molar nonionic gado-
IAUC200 39.08 * 23.30 42,53 = 20.57 533 butrol and half-molar ionic gadoterate
IAUC300 56.68 = 3377 6168 + 29.88 533 meglumine. Gadobutrol had a signifi-
IAUC400 74.25 *= 4424 80.79 £ 39.17 534 cantly higher wash-in rate and a lower
IAUC500 91.84 = 54.71 99.91 = 48.46 534 Y g .
IAUC600 109.44 + 6519 119.06 = 57.76 534 washout rate compared with gadoter-
IAUC700 127.04 = 75.66 13821 = 67.07 535 ate meglumine. However, neither the
IAUC800 144.66 = 86.13 157.37 + 76.37 535 model-free parameters obtained from
IAUC900 166.69 = 9874 179.04 + 8313 656 relative signal change nor the pharma-
IAUC1000 184.76 *£109.43 198.43 + 9213 656 cokinetic parameters of K™ V. V.. or
IAUCTI00 202.85 + 120.13 217.84 + 10113 657 p PO o Ye tp
Elrrmneelinsite meied K., showed any significant difference
Kt (min™) 0.016 + 0.009 0.017 = 0.008 592 between the 2 GBCAs. Both GBCAs
Kep (min™ 0127 £ 0.042 0132 = 0.041 594 showed the same trends of higher leak-
Ve (%) 17.797 +10.057 17271 + 7.436 813 age parameter values, except for the
Ve 1168 * 0.674 1263 £ 0.600 .559 . f K., betw the t
Wash-in rate 0.825 + 0.644 0289 * 0.634 on comparison ot Bep between the fumor
Washout rate 0.0010 + 0.0008 0.0021 + 0.0025 024 progression group and the treatment-

?Data area means. P values are from paired tests when the variables satisfied normality according to the Shapiro-
Wilk test or from Wilcoxon-signed rank tests otherwise.
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related-change group, though the 2
GBCAs showed no significant difference



FIG 2. A 62-year-old female patient with posttreatment glioblastoma at 15 weeks after concurrent chemoradiotherapy exhibits a contrast-enhanc-

ing mass on DCE imaging with gadobutrol (A, upper row) and gadoterate meglumine (B, lower row). The K™, IAUC 30, K

ep Ver Vp, and dynamic

curve show similar patterns and values. Wash-in and washout maps show differences between the 2 gadolinium-based contrast agents. The patient
was diagnosed with tumor progression. C, The time-to-signal intensity curves (left: gadobutrol and right: gadoterate meglumine) are shown for

both contrast agents. Sl indicates signal intensity.

between the 2 groups. Our results support the current notion that
one-molar nonionic gadobutrol and half-molar ionic gadoterate
meglumine can be used interchangeably for DCE imaging in
patients with posttreatment gliomas.

Using pharmacokinetic parameters, previous studies found
that treatment-related change demonstrated lower K™, V,,
and V, than tumor progression, especially in glioblastoma.***
The diagnostic utility of the model-free parameters of IAUC at
30 and 60 seconds was also previously demonstrated.”®?!
Recently, standardization of the DCE image-processing method
has been pursued,'? with a method involving 2-compartment
pharmacokinetic modeling with patient-specific baseline T1
maps and a vascular input function taken from the superior sag-
ittal sinus. Nonetheless, GBCA use has not been standardized,
and there are only limited reports comparing DCE patterns
between one-molar and half-molar gadolinium-based contrast

16,35-40
agents.

Whereas some authors reported that gadobutrol resulted in an
increase in diagnostic accuracy for detecting prostate cancer in
comparison with half-molar GBCAs,*' other studies'®**** per-
formed on different organs did not show significant diagnostic ben-
efits with gadobutrol. A recent in vitro study comparing gadobutrol
and other half-molar GBCAs in various body regions showed signif-
icant differences in signal enhancement among body regions.'” The
highest amplitude of signal enhancement was observed in the blood,
followed by well-perfused organs such as the spleen, liver, tongue,
and prostate, whereas much lower signal intensity was observed in
extremity muscle and only minor signal changes were detected in
brain tissue, probably attributable to the blood-brain barrier.'> Our
results indicate that it is unlikely that there would be any significant
difference between one-molar nonionic gadobutrol and half-molar
ionic gadoterate meglumine when they are used to establish clinical
diagnoses or management plans in patients with posttreatment gli-
oma. Our study has value in that it performed a direct head-to-head
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FIG 3. A 55-year-old female patient with posttreatment glioblastoma at 15 weeks after concurrent chemoradiotherapy exhibits a contrast-

enhancing mass on DCE imaging with gadobutrol (4, upper row) and gadoterate meglumine (B, lower row). The K™, IAUC 30, K

epr Ve Vp, and

dynamic curve show similar patterns and values. Wash-in and washout maps show differences between the 2 gadolinium-based contrast agents.
The patient was diagnosed with treatment-related change. C, The time-to-signal intensity curves (left: gadobutrol and right: gadoterate meglu-

mine) are shown for both contrast agents. Sl indicates signal intensity.

comparison between one- and half-molar GBCA, and our results
imply that the 2 GBCA types can be used interchangeably for most
of the DCE parameters, thereby supporting the standardization of
DCE imaging in patients with posttreatment glioma.

Both gadobutrol and gadoterate meglumine are macrocyclic
gadolinium agents and are known to be safer than linear gadolin-
ium agents because of their higher kinetic stability."”*>* Many
studies have shown that contrast agents with higher T1 relaxivity
result in stronger contrast enhancement than those with lower T1
relaxivity.'®*>*** The combined properties of higher gadolinium
concentration and T1 relaxivity obtained with gadobutrol could
have resulted in a significantly higher wash-in rate calculated by the
pharmacokinetic method in comparison with gadoterate meglu-
mine; however, the model-free method with calculation of the
TAUC is a robust and simple indicator of tumor vascular character-
istics,” and the TAUCs did not show any significant difference
between the 2 GBCAs. We, therefore, suggest that the results can be
interpreted without having to consider the molarity of the GBCA.

2046 Park  Nov 2020 www.ajnr.org

Our finding of a difference in the washout rate is in accord
with previous studies in the breast, which demonstrated slower
washout of gadobutrol than gadoterate meglumine.'®*® The dif-
ference might be attributable to the difference in ionic properties
between the 2 contrast agents, with the higher washout rate of
gadoterate meglumine reflecting its lower accumulation in the
extravascular extracellular space compared with gadobutrol. A pre-
vious DCE study of cartilage'* showed that a nonionic neutral agent
revealed diffuse contrast enhancement independent of glycosamino-
glycan concentration, while a negatively charged ionic agent showed
a negative correlation between signal enhancement and the concen-
tration of glycosaminoglycan. This effect was explained by electro-
static repulsion between the ionic contrast agent and the negatively
charged glycosaminoglycan-rich extravascular-extracellular space.™*
The extravascular-extracellular space of gliomas is glycosaminogly-

19-21
>

can-rich which may have contributed to the faster washout of

the ionic contrast agent compared with the nonionic agent.



Table 3: Intraindividual comparisons of model-free and pharmacokinetic parameters between stable and progression posttreatment

glioma groups®

Treatment-Related Change Group

Progression Group

Gadoterate P Gadoterate P P P

DCE Parameters Gadobutrol Meglumine Value  Gadobutrol Meglumine Value Value*® Value+®
Model-free method
IAUC30 343 £ 159 3.90 £ 184 399 4.69 £ 324 4.88 £ 2.25 .870 15 34
IAUCI00 15.82 = 7.88 17.91 = 9.21 446 20.55 *= 13.69 21.20 £ 9.51 .895 22 34
IAUC200 15.80 *= 7.87 17.89 = 9.20 446 20.54 *= 13.67 2118 = 9.49 .896 22 34
IAUC300 15.82 £ 7.88 17.91 = 9.20 445 20.56 * 13.67 21.21 £ 9.50 .894 22 34
IAUC400 15.79 = 7.87 17.88 *= 9.18 445 20.54 = 13.66 2117 £ 9.49 .897 22 34
IAUC500 15.81 = 7.87 17.90 = 9.19 445 20.55 £ 13.66 2118 = 9.50 .898 22 34
IAUC600 15.82 £ 7.87 17.91 = 9.20 445 20.57 £ 13.66 21.20 = 9.50 .897 22 34
IAUC700 15.83 = 7.87 17.92 = 9.20 445 20.57 = 13.67 21.21 = 9.51 .896 22 34
IAUC800 15.83 = 7.87 17.92 £ 9.20 445 20.58 * 13.67 21.21 = 9.51 .896 22 34
IAUC900 16.64 = 8.11 18.29 = 945 651 19.78 = 13.43 20.69 £ 8.71 .859 .51 .54
IAUC1000 16.65 * 8.1 18.30 * 9.46 .651 19.79 = 1343 20.70 = 8.72 .858 .51 .54
IAUCTI00 16.66 = 8.11 18.31 £ 9.46 .651 19.79 = 13.44 20.72 £ 873 .857 .51 .54
Pharmacokinetic

method
Ktrans (min_1) 0.015 = 0.007 0.016 = 0.008 531 0.017 = 0.01 0.018 = 0.007 921 45 .66
Kep (minfl 0.130 = 0.041 0.132 = 0.041 .878 0.121 = 0.044 0.133 = 0.044 .528 .58 .95
Ve (%) 16.374 = 9.615 16.220 * 6.271 952 20.169 = 10.750 19.023 * 9.085 780 31 3l
Vo 1.045 = 0.508 1177 = 0.591 454 1374 = 0.916 1408 = 0.611 915 .20 29
Wash-in rate 0.813 = 0.521 0.220 = 0.590 .002  0.845 * 0.859 0.404 = 0.738 191 .86 44
Washout rate 0.0009 = 0.0004 0.0015 *= 0.0016 107 0.0013 = 0.0012  0.0031 = 0.0033 .091 17 .08

?Data are means. P values are from paired t-tests.

® p* values and P+- values are from Student t tests between the treatment-related-change and tumor-progression groups for gadobutrol and gadoterate meglumine, respectively.

Several limitations to this study should be noted. First, because
of the small sample size of the prospective cohort, the statistical
power of our data, especially in the tumor-progression group,
might be limited. Second, although our study result does not sug-
gest any recommendations for altering clinical practice or patient
management, it may still be important to standardize the MR
imaging contrast agent to ensure accurate comparisons in patients
with posttreatment glioma undergoing monitoring with serial fol-
low-up MR imaging, especially considering the different T1 relax-
ivities and ionic properties of the 2 types of GBCA.

CONCLUSIONS

Both one-molar nonionic gadobutrol and half-molar ionic
gadoterate meglumine showed the same trends in model-free
and pharmacokinetic parameters, except for a higher wash-in
rate with gadobutrol and a higher washout rate with gadoterate
meglumine. Therefore, our findings support the current inter-
changeable use of these 2 GBCAs for DCE imaging in patients
with posttreatment glioma.
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ABSTRACT

BACKGROUND AND PURPOSE: Differentiating between treatment-related lesions and tumor progression remains one of the great-
est dilemmas in neuro-oncology. Diffusion MR imaging characteristics may provide useful information to help make this distinction.
The aim of the study was to assess the diagnostic accuracy of the centrally reduced diffusion sign for differentiation of treat-
ment-related lesions and true tumor progression in patients with suspected glioma recurrence.

MATERIALS AND METHODS: The images of 231 patients who underwent an operation for suspected glioma recurrence were
reviewed. Patients with susceptibility artifacts or without central necrosis were excluded. The final diagnosis was established
according to histopathology reports. Two neuroradiologists classified the diffusion patterns on preoperative MR imaging as the fol-
lowing: 1) reduced diffusion in the solid component only, 2) reduced diffusion mainly in the solid component, 3) no reduced diffu-
sion, 4) reduced diffusion mainly in the central necrosis, and 5) reduced diffusion in the central necrosis only. Diagnostic accuracy
metrics and the area under the receiver operating characteristic curve were estimated for the diffusion patterns.

RESULTS: One hundred three patients were included (22 with treatment-related lesions and 81 with tumor progression). The diag-
nostic accuracy results for the centrally reduced diffusion pattern as a predictor of treatment-related lesions (“mainly central” and
“exclusively central” patterns versus all other patterns) were as follows: 64% sensitivity (95% Cl, 41%-83%), 84% specificity (95% Cl,
74%-91%), 52% positive predictive value (95% Cl, 37%—66%), and 89% negative predictive value (95% Cl, 83%—94%).

CONCLUSIONS: The centrally reduced diffusion sign is associated with the presence of treatment effect. The probability of a his-
tologic diagnosis of a treatment-related lesion is low (11%) in the absence of centrally reduced diffusion.

ABBREVIATION: ROC = receiver operating characteristic

he current standard-of-care treatment for newly diagnosed

malignant gliomas is maximal safe resection followed by
radiation with concurrent and adjuvant chemotherapy with
temozolomide." These therapies often result in inflammation that
can mimic tumor progression due to an increase in contrast
enhancement on T1 postcontrast MR imaging. Recognizing treat-
ment-related lesions is key for the adequate management of
patients with glioma. Multiple advanced MR imaging techniques
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including diffusion, perfusion, and MR spectroscopic imaging
have been applied to solve this diagnostic challenge.”®

Diffusion MR imaging is a technique that provides indirect in-
formation on the tissue microstructure through the quantification of
the Brownian motion of water. The ADC is a measure of the magni-
tude of diffusion of water within tissue. Many studies have investi-
gated the diagnostic value of the ADC for distinguishing recurrent
glioma from treatment-related changes, but the findings have been
incongruent, and ADC has been found to have moderate diagnostic
performance.” Both recurrent tumors and treatment-related lesions
may have a heterogeneous appearance, with solid-enhancing and
nonenhancing components as well as necrotic areas. Most studies
have focused on the diffusion characteristics of the enhancing com-
ponent, disregarding the necrotic areas because they were thought
to contain no valuable information. However, a recent article by
Zakhari et al'® describes the presence of centrally reduced diffusion
in treatment-related necrosis in a small sample of patients.
Quantification of ADC in the different lesion components provides
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objective measurements, but this approach is often not feasible
because tumor segmentation remains time-consuming. In clinical
practice, radiologists assess diffusion imaging patterns without ADC
quantification. Therefore, a study focusing on imaging pattern more
realistically estimates the practical diagnostic accuracy of the cen-
trally reduced diffusion sign.

Our aim was to evaluate the diagnostic accuracy of the cen-
trally reduced diffusion sign for differentiation between treat-
ment-related lesions and true tumor progression in patients with
suspected glioma recurrence.

MATERIALS AND METHODS

Subjects

Institutional review board approval was obtained for this single-
center retrospective study at the University of California San
Francisco. We included patients with an initial pathologically con-
firmed diagnosis of World Health Organization grade II, III, or IV
diffuse glioma treated with chemoradiation and a new or worsening
enhancing lesion, undergoing surgery for suspected recurrence.
Between October 2007 and November 2018, a total of 231 patients
provided written informed consent to participate in a prospective
radiologic-pathologic correlative study. A retrospective analysis was
performed in this cohort. All patients underwent MR imaging
between 1 and 3 days before surgical resection. Patients without
macroscopic areas of necrosis were excluded. We considered necro-
sis a nonenhancing region with fluid signal intensity surrounded by
contrast enhancement and showing a sum of biperpendicular diam-
eters of >10 mm. We also excluded patients with susceptibility arti-
facts in the areas of necrosis to avoid the confounding effect of
blood products on the diffusion evaluation.'!

MR Imaging Acquisition

MR imaging examinations were performed on a 3T scanner
(Discovery 750, GE Healthcare, Waukesha, W1, USA) using an 8-
channel phased array head coil. For evaluation of contrast
enhancement and central necrosis, we used a volumetric T1-
weighted inversion recovery spoiled gradient-echo sequence (TR/
TE = 8.86/2.50ms, matrix = 256 x 256, section thickness =
1.5mm, FOV = 24 x 24 cm, TT = 400 ms, flip angle = 15°) before
and after a 5-mL/s bolus injection of 0.1 mmol/kg body weight of
gadopentetate dimeglumine (Magnevist; Bayer HealthCare
Pharmaceuticals). For assessment of diffusion lesion character-
istics, we used DWI with 6-directional axial diffusion EPI
sequences (TR/TE = 7000-12,425/76-89 ms, matrix= 256 X
256 x 120, section thickness = 1.5mm, FOV= 24 x 24 x
18cm, b =1000 s/mm? number of excitations= 4) or DWI
with 3-directional axial EPI sequences (TR/TE = 13,800/
80.2ms, matrix = 110 X 116, section thickness= 2.5mm,
FOV =25 x 22.5 cm, b=1000 s/mm?, number of excitations =
4). ADC maps were generated from diffusion images. The
presence of susceptibility artifacts was assessed on the T2*-
weighted angiography sequence (TE = 26 ms, TR = 50 ms,
FOV = 256 x 256 cm, matrix size=300 x 300, resolution =
0.9375 x 0.9375mm). In the absence of a T2*-weighted angi-
ography sequence, a T2*-weighted EPI sequence was used
(TE/flip angle = 25-45ms/35°, matrix = 256 X 256, section
thickness = 5 mm).
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Image Interpretation

Screening of patients for inclusion in the study was performed by a
neuroradiologist with 9 years of experience (P.A.-L). Patients lack-
ing presurgical DWI, lacking an area of necrosis, or presenting
with susceptibility artifacts due to blood products were excluded.
Twenty percent of the potentially eligible patients (1 =49) were also
assessed by a different neuroradiologist (J.E.V.-M.) for the assess-
ment of interobserver agreement. Disagreements were resolved by
consensus. Two neuroradiologists (P.A.-L. and J.E.V.-M.), inde-
pendently and blinded to the pathology report, evaluated the diffu-
sion images of all patients included in the study. Disagreements
were resolved by consensus. We evaluated diffusion characteristics
of 2 distinct components of new or worsening lesions, the solid por-
tion, comprising enhancing and nonenhancing signal abnormality,
and the central necrotic portion. Diffusion images including
b=1000 trace images and ADC maps were interpreted in conjunc-
tion with postcontrast T1 images to classify the lesions according to
5 diffusion patterns. We considered areas of reduced diffusion those
regions showing hyperintensity on b=1000 trace images with corre-
sponding ADC values lower or equal to those of normal-appearing
white matter. On the basis of the results of prior studies,'®'? the dif-
fusion patterns were assigned an ordinal scale with a higher score
representing a higher probability of a treatment-related lesion and a
lower probability of a recurrent tumor. Diffusion patterns were
categorized as follows: 1, reduced diffusion in the solid component
only; 2, reduced diffusion mainly in the solid component; 3, no
reduced diffusion; 4, reduced diffusion mainly in the central necro-
sis; and 5, reduced diffusion in the central necrosis only.

Histopathology Interpretation

The final diagnosis of a treatment-related lesion or recurrent tu-
mor was assigned on the basis of the pathology report extracted
from the electronic medical records. At our institution, pathology
in each glioma case is reviewed by an experienced neuropathologist.
Cases were assigned to the treatment-related lesion category when
treatment-related changes were present and <25% of viable tumor
was identified. Cases with =25% viable tumor were classified as
recurrent tumor regardless of the presence of treatment effect. This
threshold was used in a prior study'® and is commonly used in clin-
ical decision-making at our institution. When described on the pa-
thology report, percentages of treatment effect and viable tumor
were recorded. The histology of cases classified as tumor (>25% of
viable tumor) with available slides was re-reviewed by an expert
neuropathologist (T.T.) to investigate the impact of mixed lesions
in the diagnostic accuracy of the centrally reduced diffusion sign.

Statistical Analysis
The Cohen «'* was calculated to identify the interobserver agree-
ment for the presence of central necrosis and blood. The linearly
weighted Cohen k' was calculated to identify the interobserver
agreement for the presence of the different diffusion patterns. A
k value of =0.2 indicates slight agreement; 0.21-0.4, fair agree-
ment; 0.41-0.6 moderate agreement; 0.61-0.80, substantial agree-
ment, and 0.81-1.00, almost perfect agreement.16

Predictive performance of the diffusion patterns was assessed
by estimating negative and positive predictive values, sensitivity and
specificity, and the area under the receiver operating characteristic



(ROC) curve, with corresponding 95% confidence intervals. We
also compared the diagnostic accuracy of the traditional diffusion
approach that only considers the diffusion values in the solid
regions and the diffusion assessment using the centrally reduced
diffusion sign. The McNemar test was used for diagnostic accuracy
comparison.

We also investigated the presence of mixed lesions as a cause
of false-positive results of the centrally reduced diffusion sign.
Within the tumor group (>25% of recurrent tumor), we com-
pared the percentages of treatment effect between patients with
predominant centrally reduced diffusion and patients with other
diffusion patterns using the Mann-Whitney U test. Statistical
analyses were performed using GraphPad Prism software,
Version 8.2.1 (GraphPad Software).

RESULTS

Baseline Characteristics

A total of 231 patients with glioma with a new-or-worsening
enhancing lesion undergoing an operation at our institution were
enrolled between October 2007 and November 2018. Patients

FIG 1. Standards for the Reporting of Diagnostic Accuracy Studies
flow diagram. The thickness of the arrows is proportional to the
number of subjects.

without areas of visible necrosis (n =70), with susceptibility arti-
facts (n=>52), or without available images (n =6) were excluded.
A total of 103 eligible patients (44 women and 59 men) were
included for analysis, 81 (79%) with recurrent tumor and 22
(21%) with treatment-related lesions. The mean age at surgery
for suspected recurrence was 53 years (range, 25-84 years). The
Standards for the Reporting of Diagnostic Accuracy Studies
(https://bmjopen.bmj.com/content/6/11/€012799) flow diagram
is shown in Fig 1. Stereotactic biopsy was performed in 1 patient;
gross total resection, in 42 patients; and subtotal resection, in 60
patients. The original tumor histology was oligodendroglioma
grade II in 3 cases, oligodendroglioma grade III in 2 cases, oli-
goastrocytoma grade II in 1 case, oligoastrocytoma grade IIT in 2
cases, astrocytoma grade II in 1 case, astrocytoma grade III in 13
cases, and glioblastoma/gliosarcoma in 81 cases. Most cases were
diagnosed before 2016; therefore, a mix of the World Health
Organization classifications of 2007 and 2016 was used. The date
of the end of radiation treatment was available in 75/103 patients.
The median time from the end of radiation treatment to the pre-
operative MR imaging was 7.8 months for the treatment-effect
group (95% CI, 3.8-14 months) and 17 months for the recurrent-
tumor group (95% CI, 9.4-29 months).

Interobserver Agreement

The k value was 0.7 (95% CI, 0.5-0.9) for the presence of central
necrosis and 0.8 (95% CI, 0.7-1) for the presence of blood prod-
ucts. The linearly weighted « value for the diffusion patterns was
0.7 (95% CI, 0.6-0.8).

Predictive Value of the Diffusion Patterns

The number of patients showing each diffusion pattern in the
recurrent tumor group and in the treatment-related lesions group is
shown in the Table and displayed graphically in Fig 2. Figure 3
shows typical diffusion patterns of treatment-related lesions and
recurrent tumor.

The diagnostic-accuracy results for the centrally reduced dif-
fusion pattern as a predictor of treatment-related lesions (mainly
central and exclusively central patterns versus all other patterns)
were as follows: 80% accuracy (95% CI, 71%-87%), 64% sensitiv-
ity (95% CI, 41%-83%), 84% specificity (95% CI, 74%-91%),
52% positive predictive value (95% CI, 37%-66%), and 89% nega-
tive predictive value (95% CI, 83%-94%). The diagnostic accu-
racy results for the traditional approach that considers only the
presence of reduced diffusion in the solid lesion component as a

Distribution of the different diffusion patterns in the treatment-related lesion and recurrent-tumor groups

Treatment- Percentage of Total Cases of Recurrent  Percentage of Total Cases of
Diffusion Pattern Related Lesions Treatment-Related Lesions Tumor Recurrent Tumor
Reduced diffusion in the solid 3 13.64% 41 50.62%
region
Reduced diffusion mainly in the 2 9.1% 5 6.17%
solid region
No reduced diffusion 3 13.64% 22 27.16%
Reduced diffusion mainly in the 3 13.64% 3 3.70%
necrotic region
Reduced diffusion in the 1l 50% 10 12.35%
necrotic region
All 22 100% 81 100%
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FIG 2. Distribution of the different diffusion patterns in the treat-
ment-related lesion and recurrent-tumor groups.

FIG 3. Preoperative MR imaging of 6 patients with suspected glioma recurrence. In 3 cases (1, 2,
and 3), histopathology revealed treatment-related lesions, and in the other 3 cases (4, 5, and 6),
recurrent tumor. Tl-weighted postcontrast (A) and DWI (B) are shown in each case. Treatment-
related lesions (1, 2, and 3) show reduced diffusion predominantly in the central necrotic region.
Lesions corresponding to progressive tumor (4, 5, and 6), on the other side, show reduced diffu-

sion mainly in the solid-lesion components.
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marker of recurrent tumor (mainly solid and exclusively solid dif-
fusion patterns versus all other patterns) were as follows: 61% ac-
curacy (95% CI, 51%-71%), 57% sensitivity (95% CI, 45%-68%),
77% specificity (95% CI, 55%-92%), 90% positive predictive
value (95% CI, 81%-95%), and 33% negative predictive value
(95% CI, 26%-40%). The diagnostic accuracy of the centrally
reduced diffusion sign was significantly higher than that of the
traditional diffusion-assessment approach that considers only the
reduced diffusion of the solid lesion components (P < 0.001).

ROC Analysis of Diffusion Patterns

The ROC curve for the diffusion patterns as a predictor of treat-
ment-related lesions (positive state) or recurrent tumor (negative
state) is shown in Fig 4. The area under the ROC curve was 0.77
(95% CI, 0.7-0.9). The best cutoff point for predicting the treat-
ment effect was =4. In the ordinal scale assigned to the diffusion
patterns, 4 corresponded to reduced diffusion located, mainly but
not exclusively, in the necrotic region, whereas 5 corresponded to
reduced diffusion present exclusively in the necrotic region.

Subgroup Analysis of False-Positive Cases

Among the patients with recurrent tumor (n = 81), the percent-
age of treatment effect in tissue samples was obtained by pathol-
ogy re-evaluation for 33 patients with available and sufficient
slides. Of the 48 patients without available or sufficient slides, we
were able to find the percentage of
treatment effect in the clinical pathol-
ogy report for 7 additional patients.
Percentages of treatment effect were
available in a total of 40 patients classi-
fied as having recurrent tumor (>25%
of viable tumor), combining the re-
evaluation of slides and the clinical pa-
thology report. Eleven cases showed
a predominant pattern of centrally
reduced diffusion, and 29 showed other
patterns. In 2 cases, pathologic re-
review described >75% of the treat-
ment effect in cases originally classified
as recurrent tumor according to initial
clinical pathology. In these 2 cases, we
decided to keep the clinical diagnosis of
recurrent tumor because we cannot
confirm that all original slides were
available for re-evaluation. The median
of the percentage of concurrent treat-
ment effect in patients with tumor re-
currence was 30% (95% CI, 20%—-45%)
in patients with a pattern of centrally
reduced diffusion and 40% (95% CI,
30%-75%) in patients with other diffu-
sion patterns. The differences were not
statistically significant (Mann-Whitney
U test, P value = .076). Figure 5 shows
the distribution of the percentages of
concurrent treatment effect by diffusion
pattern.



FIG 4. ROC curve for diffusion patterns. AUC indicates area under
the curve.

FIG 5. The box-and-whisker plot shows the distribution of the percen-
tages of concurrent treatment effect in patients with recurrent tumor
by diffusion pattern. The whiskers mark the maximum and minimum
values, and the box edges indicate the first and third quartiles. The hor-
izontal line inside the box corresponds to the median. The median per-
centage of treatment effect was higher in the group with centrally
reduced diffusion than in the group with the other diffusion patterns,
but differences were not statistically significant (P =.076).

DISCUSSION

The present study found an overall diagnostic accuracy of 80% for
the centrally reduced diffusion sign in the differentiation between
treatment effect and glioma recurrence. The negative predictive
value for a predominantly central reduced diffusion pattern was 89%.
The absence of a predominant pattern of centrally reduced diffusion
in a ring-enhancing lesion suspicious for glioma recurrence implies
only around an 11% chance that the lesion corresponds to treatment
effect. When a predominant pattern of centrally reduced diffusion
was present, the probability of a lesion being a treatment effect was
51% (positive predictive value). We believe the low positive predictive
value of the centrally reduced diffusion sign is likely related to the
presence of mixed lesions. In the present study, mixed lesions were
more likely to be histologically classified as recurrent tumor because
a mixed lesion had to show only >25% of viable tumor tissue to be
classified as recurrent tumor. We hypothesized that a number of

mixed lesions with extensive treatment effect and centrally reduced
diffusion were classified as recurrent tumor and therefore deemed
false-positives. To evaluate this hypothesis, we compared the percen-
tages of concurrent treatment effect in cases classified as recurrent tu-
mor with and without a predominant pattern of centrally reduced
diffusion. Unfortunately, the percentage of treatment effect was only
available in 40 cases of recurrent tumor, and though the median of
the percentages of treatment effect was higher in the patients with
recurrent tumor with centrally reduced diffusion than without it
(40% versus 30%), the differences were not statistically significant.
The diagnostic accuracy of the centrally reduced diffusion sign was
significantly higher than that of the traditional diffusion assessment
that considers only the solid lesion components. Our results suggest
that diffusion restriction in the solid component is a marker of recur-
rent tumor, whereas the reduced diffusion in the necrotic region is
associated with treatment effect. Given the high prevalence of mixed
lesions in the context of suspected glioma recurrence, we find the
complementary information provided by the diffusion in the solid
and necrotic lesion components extremely valuable.

Both the imaging exclusion criteria (lack of necrotic areas and
presence of susceptibility) and the diagnostic test (diffusion pat-
terns) showed substantial interobserver reliability (k = 0.7-0.8).
In the prior study'® describing the centrally reduced diffusion
sign, a single neuroradiologist assessed the images; therefore,
interobserver reliability was not evaluated. For a diagnostic sign to
be valuable, it must be shown to be reliable when used by different
practitioners. Our work not only validates the findings of the prior
study but also adds the interobserver reliability assessment.

Diffusion MR imaging has been widely studied for differentiation
of recurrent tumor and treatment-related lesions, but prior studies

. . 617
show inconsistent results.

One of the reasons for the inconsistency
may be methodologic because prior studies differ in the location and
method of diffusion measurements. To account for lesion heterogene-
ity, some studies selected portions of the ADC histogram, either with
formal histogram analysis or by manually selecting ROIs with the low-
est or highest ADC values. In some studies, the smallest ADC values
within the enhancing lesion were the most useful,” whereas others
assigned the best discriminative power to the maximum ADC values.®
Most studies focused on the evaluation of the enhancing lesion com-
ponent exclusively,> whereas other studies evaluated the whole
lesion.” Inconsistent and even contradictory results of prior studies
are not surprising because they do not account for the fact that the
central coagulative necrosis in treatment-related lesions can restrict
water motion as much as tumor cellularity can.'®

A study using a delayed radiation necrosis model in rats showed
significantly lower ADC in the necrotic central zone than in the pe-
ripheral zone. Histologic analysis revealed parenchymal coagulative
necrosis in the central zone and damaged vessels and reactive astro-
gliosis in the peripheral zone.'® Zakhari et al'® described the pres-
ence of centrally reduced diffusion in treatment-related necrosis
and the diagnostic accuracy of the central/peripheral ADC ratio for
differentiation of radiation necrosis and recurrent glioma. They
evaluated a sample of 17 patients including 9 cases of recurrent tu-
mor and 8 cases of radiation necrosis. We believe the proportion of
radiation necrosis found in this study was very high, despite it being
a prospective study with consecutive patient enrollment; this feature
should capture the real prevalence of radiation necrosis and
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recurrent tumor. The prevalence of treatment-related lesions in our
cohort was 21%. The reason for this mismatch may be the small
sample of the prior study and the fact that they excluded patients
with equal amounts of treatment effect and recurrent tumor. Using
our criteria, those patients would have been classified as having
recurrent tumor. The present study evaluates not only a larger but
also a more representative sample of patients undergoing an opera-
tion for suspected glioma recurrence, which allows positive and
negative predictive value estimation. Our results consolidate the
presence of centrally reduced diffusion as highly specific for detec-
tion of treatment-related lesions in the context of a new or worsen-
ing ring-enhancing lesion suspicious for glioma recurrence.

Limitations

The study has some limitations. First, the presence of a concurrent
treatment effect was not available in a large portion of patients, pre-
cluding a meaningful subanalysis of the false-positive cases. Second,
we performed only qualitative evaluation of the diffusion patterns,
and we made no distinction among different fractions of reduced
diffusion in the solid and necrotic components. We think this is a
more broadly applicable approach that better recreates the inter-
preting physician’s clinical practice at the expense of less objective
information. Third, the prevalence of treatment-related lesions and,
therefore, the predictive values were estimated in a cohort of
patients undergoing an operation for suspected glioma recurrence.
This assumption may carry an institutional bias because surgical
practice patterns in this setting may differ across institutions.
Fourth, a few patients with an original diagnosis of low-grade gli-
oma were included in the study together with a majority of patients
with higher-grade gliomas. Recurrence in high and low grades may
manifest differently, but the low number of patients with low grade
gliomas precluded subgroup analysis. Fifth, the radiation dose was
not available in all patients; this feature may influence the pretest
probability of radionecrosis. Sixth, information on whether treat-
ment effect or tumor recurrence was suspected in each case before
the operation was not available for all patients.

CONCLUSIONS

The centrally reduced diffusion sign is highly specific for detect-
ing treatment-related lesions in the context of suspected glioma
recurrence. Our findings contradict the traditional assumption
that central necrosis contains no valuable information for differ-
entiation of treatment effect and recurrent tumor. Further studies
intending to use diffusion or other imaging techniques for differ-
entiating treatment effect and recurrent tumor should also take
into account the information extracted from the necrotic portions
of the lesions.
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Monro-Kellie Hypothesis: Increase of Ventricular CSF
Volume after Surgical Closure of a Spinal Dural Leak in
Patients with Spontaneous Intracranial Hypotension

T. Dobrocky, ““’M. Rebsamen, ““’C. Rummel, “*'L. Hani, “*’P. Mordasini, “*’A. Raabe, ““’C.T. Ulrich,
). Gralla, ““E.I. Piechowiak, and “'). Beck
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ABSTRACT

BACKGROUND AND PURPOSE: CSF loss in spontaneous intracranial hypotension disrupts a well-regulated equilibrium. We aimed to
evaluate the volume shift between intracranial compartments in patients with spontaneous intracranial hypotension before and af-
ter surgical closure of the underlying spinal dural breach.

MATERIALS AND METHODS: In total, 19 patients with spontaneous intracranial hypotension with a proved spinal CSF leak investi-
gated at our institution between July 2014 and March 2017 (mean age, 41.8 years; 13 women) were included. Brain MR imaging—based
volumetry at baseline and after surgery was performed with FreeSurfer. In addition, the spontaneous intracranial hypotension score,
ranging from 0 to 9, with 0 indicating very low and 9 very high probability of spinal CSF loss, was calculated.

RESULTS: Total mean ventricular CSF volume significantly increased from baseline (153 mL) to posttreatment MR imaging (18.0 mL), result-
ing in a mean absolute and relative difference, +2.7mL and +18.8% (95% Cl, +12 to +3.9mL, P <.001). The change was apparent in the
early follow-up (mean, 4 days). No significant change in mean total brain volume was observed (1136.9 versus 1133.1mL, P = .58). The
mean spontaneous intracranial hypotension score decreased from 6.9 =+ 15 at baseline to 2.9 * 15 postoperatively.

CONCLUSIONS: Our study demonstrated a substantial increase in ventricular CSF volume in the early follow-up after surgical clo-
sure of the underlying spinal dural breach and may provide a causal link between spinal CSF loss and spontaneous intracranial hy-
potension. The concomitant decrease in the spontaneous intracranial hypotension score postoperatively implies the restoration of
an equilibrium within the CSF compartment.

ABBREVIATIONS: CSFVF = CSF venous fistula; MDEFT = modified driven equilibrium Fourier transform; SIH = spontaneous intracranial hypotension

pontaneous intracranial hypotension (SIH) is an increasingly

recognized disorder classically presenting with disabling ortho-
static headache, which manifests within minutes after assuming the
upright position and subsides after lying down."* SIH is widely
believed to be triggered by CSF leakage from the intrathecal into the
epidural compartment, which is usually due to an osteogenic micro-
spur (calcified disc protrusion or spondylophyte) penetrating the
dura or a leaky spinal nerve root diverticulum.>* Alternatively, a
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CSF venous fistula (CSFVF) may be the underlying cause and has
been reported in 23% of patients with SIH by Farb et al.>”

Physiologically, CSF is sealed and circulates within the confines
of the dura while a precise balance between production and resorp-
tion is maintained. When a dural breach or a CSFVF occurs, per-
turbation of the system ensues, resulting in a disturbance of the
equilibrium. According to the Monro-Kellie hypothesis, the total
volume within the confines of the skull is constant and is the sum
of the volumes in 3 main compartments: blood, brain parenchyma,
and CSE.*® Volume loss in one compartment is compensated by a
reciprocal volume increase in the other compartments. In patients
with SIH, the loss of CSF leads to a compensatory volume increase
in the other compartments, which may be appreciated on brain
imaging and includes meningeal enhancement, venous engorge-
ment, and subdural hygroma.'®'! Although the sequelae of CSF
loss in patients with SIH are widely recognized, volumetric analysis
of the compartments has not yet been reported.

The goal of our study was to evaluate the volume of different
intracranial compartments in SIH patients with a confirmed CSF
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FIG 1. Flow chart of the included patients in our evaluation.

leak based on brain MR imaging before and after surgical closure
of the leak.

MATERIALS AND METHODS
Institutional review board approval was obtained, and owing to the
retrospective nature of the study, the need for informed consent was
waived (Ethikkommission Bern). All consecutive patients with STH
diagnosed according to the International Classification of Headache
Disorders,'? referred to our institution between July 2014 and
March 2017, were screened. Subgroups of patients have previously
been included in other studies, which have investigated different
outcome measures including optic nerve sheath ultrasonography,
surgical details of dural closure, CSF dynamics, spinal imaging, and
brain MR imaging, but did not report on brain volumetry.'"'>"'¢

Inclusion criteria were the following: 1) positive spinal imaging
demonstrating an epidural CSF collection on MR imaging and post-
myelography CT; 2) conventional dynamic myelography or dynamic
CT myelography demonstrating the level of spinal CSF leakage; 3)
surgical exploration and closure of the dural leak; 4) pretreatment
brain MR imaging with isotropic, unenhanced T1-weighted sequen-
ces performed <7 days before surgery; 5) posttreatment brain MR
imaging with isotropic, unenhanced T1-weighted sequences per-
formed <7 days after surgery. Patients with post-lumbar puncture
headache, poor-quality MR imaging, or absence of an isotropic T1-
weighted sequence were excluded (Fig 1, study flow chart).

The brain and spine imaging of all subjects was assessed by 1
board-certified neuroradiologist (T.D.) with 9 years of experience.

Brain MR Imaging

MR imaging before and after surgical closure of the dural defect
was performed on a 1.5T or 3T scanner (Magnetom Avanto and
Magnetom Verio; Siemens) with a standard circularly polarized
12-channel phased array head coil.

2056 Dobrocky Nov 2020 www.ajnr.org

Routine MRI pulse sequences included precontrast transverse
T1-weighted (TR/TE 600/14 ms) spin-echo (SE), transverse T2-
weighted (4100/100 ms) turbo SE images: slice thickness 5 mm; field
of view (FOV) 192 x 220, and a 294 x 448 matrix size, coronal
FLAIR images (8500/89/2440 ms [TR/TE/TI]; slice thickness: 4
mm; FOV 192 X 220 mm; acquisition time 1 minute 51 seconds;
358 x 512 matrix size). Postcontrast sagittal T1-weighted MPRAGE
and coronal FLAIR fat-saturated images were acquired.

All patients received gadobutrol, 0.1 mL/kg body weight (1.0
mol/L, Gadovist; Bayer Schering Pharma) with a flow rate of
5mlL/s, followed by 20 mL of sodium chloride with the same flow
rate. All patients underwent cranial MR imaging for clinical rea-
sons, and because it was not part of a dedicated study protocol,
the acquired sequences were not identical.

Images acquired using an unenhanced T1-weighted 3D modi-
fied driven equilibrium Fourier transform (MDEFT) sequence
(TR/TE = 7.92/2.48 ms, section thickness = 1 mm, number of
averages = 1, FOV = 256 x 256 mm, FOV phase = 50%, flip
angle = 16°, acquisition time = 13 minutes and 45 seconds, ma-
trix size = 256 x 256) were used for volumetry.

Brain SIH Score

This 9-point scoring system helps to predict the likelihood of a CSF
leak in patients with suspected STH."" The score is based on the 6
most relevant imaging findings: 3 major (2 points each), pachyme-
ningeal enhancement, engorgement of the venous sinus, and efface-
ment of the suprasellar cistern (=4.0 mm); and 3 minor findings (1
point each), subdural fluid collection, effacement of the prepontine
cistern (=5.0 mm), and mamillopontine distance (= 6.5mm). The
SIH score was calculated before and after surgical closure of the
dural defect. The total score was used to classify the patient’s proba-
bility of having a spinal CSF leak: = 2 =low, 3-4 = intermediate,
and =5 = high.

Brain Volumetry

Brain volumetry was performed in patients with an, unenhanced
T1-weighted MDEFT sequence acquired before and after surgical
closure of the spinal dural breach. The images were run through the
recon-all pipeline of the freely available software package FreeSurfer
(https://surfer.nmr.mgh.harvard.edu/; Version 6.0.0). Briefly, the
main processing steps of the FreeSurfer pipeline comprise intensity
normalization, affine registration to a template (Talairach), bias field
correction, skull-stripping, and nonlinear alignment to the Montreal
Neurological Institute 305 atlas followed by a segmentation of tissue
classes and subcortical structures using intensity and neighbor con-
straints. Besides tesselating the cortical surface and estimating mor-
phometric parameters like cortical thickness and surface area,'”
FreeSurfer also segments substructures of the entire brain volume
(ventricles, basal ganglia, mesiotemporal structures, brain stem).lg’19
The following intracranial compartments were segmented and pro-
vided in milliliters: ventricular CSF, considering the volume of each
ventricle separately (lateral ventricles, third and fourth ventricles);
GM and WM; and brain stem. (Fig 2). The choroid plexus was
segmented as a separate structure and was not included to the
ventricular volume. Each individual case was loaded in free-
view in FreeSurfer (https://andysbrainbook.readthedocs.io/
en/latest/FreeSurfer/FS_ShortCourse/FS_06_Freeview.html)



FIG 2. MDEFT sagittal image of a male patient after surgery (A) with the corresponding
FreeSurfer segmentation of gray matter (red), white matter (white), brain stem (light blue), and

ventricular CSF (purple) (B).

together with the corresponding segmentation for a manual
review by M.R., experienced in brain volumetry, to ensure
that ventricles were correctly identified and no outliers were
erroneously included in the segmentation volume.

Spine Imaging

Our diagnostic technique has previously been described in
detail.'>* Briefly, unenhanced and intrathecal gadolinium-
enhanced spine MR imaging was performed first. The images were
scrutinized for a spinal longitudinal extradural CSF collection or
epidural contrast leakage indicative of a spinal CSF leak. Dynamic
conventional myelography was then performed with the patient in
the prone position when an osteogenic microspur was suspected
or in a lateral decubitus position when a spinal nerve root divertic-
ulum was the presumed source of leakage. The level at which the
contrast agent exited the intrathecal compartment and started spill-
ing into the epidural space was considered the level of the dural
breach. Postmyelography CT was performed immediately there-
after to identify any underlying pathology, eg, a calcified micro-
spur. None of our patients presented with a CSFVF.

Surgical Closure of Dural Breach

This technique has been previously described.>* In short, after
interlaminar fenestration or hemilaminotomy, the ligamentum
flavum was removed. In the case of a ventral dural leak. a dorsal
durotomy and a spinal cord release maneuver were performed to
gain access to the anterior dura. The ventral osseous microspur
penetrating the dura was removed, the dura was sutured, and
small intra- and epidural patches were placed for augmentation.
If a tear was found in the nerve root sleeve, access to the divertic-
ulum was gained via foraminotomy. The diverticulum was
reduced and clipped or the dura was sutured before being
wrapped with an external dura graft, such as DuraGen (Integra).

Statistics

The statistical analysis was performed using R with the stats package
(Version 3.6.2; http://www.r-project.org/). Descriptive analysis was
performed using frequencies and percentages for categoric variables
and mean (= SD) or median (interquartile range) for continuous

variables. Differences between pretreat-
ment and follow-up measurements were
assessed with paired, 2-sided ¢ tests, with
a significance threshold of P < .05. The
relative change of volume was calculated
as 100 x (post—pre) /pre%. The differ-
ences between baseline and postsurgery
volumetry were visualized with Tukey
boxplots.

RESULTS

The final study population consisted of
19 patients (mean age, 41.8 * 129
years; range, 25-70 years; 13 women, 6
men). The duration of clinical symp-
toms varied from a few days to several
months. As shown on imaging and
verified intraoperatively, the underlying
pathology was a ventral microspur originating from an interverte-
bral disc or an endplate osteophyte in 14/19 cases (74%) and a tear
in the nerve root sleeve diverticulum in 5/19 cases (26%). The me-
dian time (interquartile range) from baseline MR imaging to treat-
ment and from treatment to follow-up MR imaging was 1 [*1]
day and 4 [*2] days, respectively. The mean brain SIH score in
our patients with a confirmed spinal CSF leak was 6.9 * 1.5 pre-
operatively, and it decreased to 2.9 * 1.5 after surgical closure of
the dural breach (Fig 3). After surgery, 17 patients demonstrated
clinical improvement, 1 patient remained unchanged, and 1 patient
was lost to follow-up. The severity of pain was evaluated using the
numeric rating scale ranging from 0 to 10. The mean numeric rat-
ing scale decreased from 9.5 = 1.4 before surgery to 2.5 = 2.3 post-
interventionally (P < 0.001).

The total mean ventricular CSF volume significantly increased
from baseline (15.3mL) to posttreatment MR imaging (18.0 mL),
resulting in a mean absolute and relative difference of 4-2.7 mL and
18.8% (95% CI, +1.2 to +3.9mL; P = .001) (Fig 4). A decrease in
total ventricular CSF volume after the surgery was observed in 1
patient (—0.5%), whereas the remaining 18 patients demonstrated
volume increase between 5.9% and 65.4%. The increase in ventricu-
lar CSF volume was statistically significant for all comp-artments:
lateral ventricles (+18.7%, P = .001), third ventricle (425.5%, P =
.001), and fourth ventricle (+20.9%, P = .008) (Table and Fig 5).
No significant change in mean total brain volume was observed
(1136.9 versus 1133.1 mL, mean absolute and relative difference,
—3.8mL and —0.3% [95% CI, 0 to —7.6mL] P = .58); either for
GM (652.0 versus 644.8mlL; P = .18) or WM (458.7 versus
4624 mL; P = 27).

DISCUSSION

Our data clearly demonstrate a substantial increase in ventricular
CSF volume (+18.8%, P = .001) after surgical closure of the
underlying spinal dural breach and thus may provide a causal link
between spinal CSF loss and STH. While alterations in CSF volume
are minuscule and may hardly be appreciated by 2D measure-
ments, volumetric analysis reliably demonstrates the change. The
increase in ventricular CSF volume may be demonstrated in the
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FIG 3. Female patient with a myleographically proved spinal CSF leak (not shown). Upper row, MR imaging performed before spinal surgery
demonstrates typical findings of intracranial hypotension—SIH score = 8: pachymeningeal enhancement (2 points), engorgement of venous
sinus (2 points), effacement of the suprasellar cistern (=4.0 mm, 2 points), no subdural fluid collection (0 points), effacement of the prepontine
cistern (=5.0mm, 1 point), and mamillopontine distance (<6.5mm, 1 point). Lower row, MR imaging performed after surgery demonstrates
almost complete resolution of all findings: SIH score 2, due to residual dural enhancement. Note also the decrease in pituitary size (arrow).

early postoperative stage (mean, 4 days) and is paralleled by a
decrease in the SIH score, which implies the restoration of an equi-
librium within the CSF compartment. CSF opening pressure, on
the other hand, is an insufficient diagnostic criterion because most
patients with a spinal CSF leak present a normal pressure. As
reported by Kranz et al,”* only 34% of patients with confirmed STH
had an opening pressure of <6 cm H,O.

Although volumetric analysis is time-demanding and usually
not available in clinical routine, it may be a helpful tool in selected
cases. For instance, in rebound intracranial hypertension, a phe-
nomenon described in SIH patients after surgical closure of the leak,
in whom the symptoms may resemble those of intracranial hypo-
tension and make clinical discrimination challenging, however
essential, because therapy is contrarious. In these cases, volumetric
analysis may help to differentiate both and guide further treatment.

According to the Monro-Kellie doctrine, the sum of the vol-
umes of brain parenchyma, CSF, blood, extracellular fluid, and
meninges is constant within the rigid confines of the skull.* Thus,
CSF loss is compensated by a reciprocal increase of volume in the
other compartments to maintain the equilibrium. However, each
compartment may not deserve the equal weighting implied by this
static concept.9
2058
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When CSF loss occurs, the CSF production rate is insufficient to
maintain an equilibrium within the compartment. Although there is
1 report that speculates that increased CSF production in the early
phase of SIH may occur, this mechanism may not be adequate.**
Second, the intracranial blood volume, which averages ~100-
130 mL (~15% arterial, ~40% venous, and ~45% in the microcir-
culation), may increase.” The venous structures usually become
enlarged and more conspicuous on imaging, leading to sinus disten-
sion, pachymeningeal enhancement, or pituitary hyperemia.*>*®
Third, extra-axial fluid collections to compensate for the volume
loss may be observed.?”

To depict the change in the blood volume and extraventricu-
lar CSF, the SIH score summarizing venous engorgement, dural
enhancement, subdural collections, and effacement of the extra-
ventricular CSF compartment (suprasellar, prepontine efface-
ment; decrease in mamillopontine distance) was used in our
study. The SIH score ranges from 0 to 9, with 0 indicating very
low and 9 indicating a very high probability of spinal CSF loss.
We believe that applying the score more appropriate than com-
paring each imaging sign separately. Furthermore, only imaging
signs with high interrater agreement are considered for its calcu-
lation, while other imaging signs with low interrater agreement



FIG 4. Mean absolute and relative change in volume between baseline and after surgical closure of the dural breach in patients with spontane-
ous intracranial hypotension: ventricular CSF (left, mean relative change, +18.8%, P = .001), total gray matter (middle, mean relative change,
—0.9%, P = .18), and total white matter (right, mean relative change, +-0.8%, P = .27).

Volumetry results for different intracranial compartments®

Before After Surgical Closure of Spinal  Difference: Absolute P Measurement

Surgery Dural Tear and Relative Value Uncertainty
SIH score 69 =22 29 *17 <.001
Ventricular CSF (mL) 153 * 6.3 18.0 x74 +2.7 (+18.8%) <.001 0.2
Lateral ventricle (mL) 129 =59 152 £ 69 +23 (+18.7%) <.001 0.2
Third ventricle (mL) 0.8 * 04 10 +03 402 (+25.5%) <.001 0.02
Fourth ventricle (mL) 15+ 04 18 = 04 +0.3 (+20.9%) 008 0.05
Total brain parenchyma (mL)  1136.9 = 116.6 11331 £ 111.0 —3.8(—0.3%) .58 7.6
Gray matter (mL) 652.0 =737 644.8 = 643 —7.2 (—0.9%) 18 73
White matter (mL) 458.7 = 53.0 4624 = 549 +37 (+0.8%) 27 10.8
Brain stem 229 £36 227 =35 —0.2 (—0.9%) 34 0.2

@ Measurements show the mean volume in milliliters; the only exception is the SIH score in the first line.

proposed in the literature are not included."' The mean SIH score
was 6.9 = 1.5 at baseline and decreased to 2.9 = 1.5 after surgical
closure. This outcome translates into less conspicuous venous
structures and meningeal enhancement and normalization of the
extraventricular CSF compartment postoperatively.

Minor variations of ventricular volume may reflect variations
in hydration status. As reported by Dickson et al,*® in a single
normally hydrated subject, the mean ventricular volume meas-
ured during 4 days showed a variation of 1.63%. Furthermore, in
repeated volumetric analysis, an error inherent to the technique
itself should be considered. To estimate this error, we refer to

Rummel et al,?’

who have performed repeat MRIs in healthy sub-
jects within <2 years (31 subjects with a total of brain 87 MRIs)
to derive the measurement uncertainty and have reported volume
uncertainties of 0.2 mL for the ventricular CSF.

However, the change in intracranial CSF volume presented in
our study population clearly outweighs the level of error that
could be expected. The ventricular CSF volume after surgery is in

line with values reported in healthy individuals.*

Our study did not demonstrate any significant change in the
total volume of brain parenchyma after surgical closure of a dural
breach. Brain tissue volume is generally considered invariable,
and short-term changes are not expected.

Similar results for spinal CSF were reported in a threshold-
based spine MR volumetry study in patients with SIH. Chen at
al’’ demonstrated a significant increase in intraspinal CSF
between baseline and recovery (72.31 versus 93mL, P < .001).
The authors concluded that an increase in intraspinal CSF vol-
ume was related to disease recovery.

Limitations of the present study include the low number of
patients with SIH with an available MDEFT sequence appropri-
ate for volumetry. Second, only patients with a dural breach
were included, not considering those with other etiologies like
CSFVF. Third, extraventricular CSF and the intracranial blood
volume compartments were not included in our volumetric
analysis because they are not provided in FreeSurfer. In the
authors’ experience, other methods like the FMRIB Automa-
ted Segmentation Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fast),
AJNR Am ) Neuroradiol 41:2055—61
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FIG 5. Mean absolute and relative changes in ventricular CSF volume between baseline and after surgical closure of the dural breach in patients
with spontaneous intracranial hypotension for each ventricle separately: lateral ventricles (left, mean relative change, +18.7%, P=.001), third ven-
tricle (mean relative change, +25.5%, P =.001), and fourth ventricle (mean relative change, +20.9%, P =.008).

which includes extraventricular CSF, are not reliable due to er-
roneous outer delineations of the subarachnoid space and varia-
tions in skull-stripping.**

On the other hand, we provide results obtained in a very
well-defined cohort of SIH patients STH with myleographically-
proved spinal CSF leak. In addition, the spinal dural breach was
verified intraoperatively before being sealed with a suture and
an additional patch.

In summary, the continuing research on SIH has increased our
understanding of the underlying causes. Our results are in line with
the proposed mechanism of CSF depletion leading to compensatory
processes. Finally, an increase in total ventricular CSF volume after
surgical closure of the spinal breach indicates a restoration of an
equilibrium within the CSF compartment that has been perturbed.

CONCLUSIONS

A substantial increase in ventricular CSF volume after surgical clo-
sure of the underlying dural breach in patients with STH may be
observed in the early postoperative stage. It may be a valuable indi-
cator of recovery, providing a causal link between the spinal CSF
loss and SIH. The concomitant decrease in the STH score postoper-
atively implies the restoration of an equilibrium within the CSF
compartment and is in line with the Monro-Kellie hypothesis.

Disclosures: Michael Rebsamen—RELATED: Grant: Swiss National Science Foundation,
Comments: This work was supported by the Swiss National Science Foundation
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Grants Pending: Swiss National Science Foundation, Comments: stroke MRI study.*
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Sensitive Detection of Infratentorial and Upper Cervical
Cord Lesions in Multiple Sclerosis with Combined 3D FLAIR
and T2-Weighted (FLAIR3) Imaging

R.E. Gabr, “7J.A. Lincoln, “A. Kamali, ““’O. Arevalo, ““'X. Zhang, ““'X. Sun, ““"K.M. Hasan, and ““'P.A. Narayana
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ABSTRACT

BACKGROUND AND PURPOSE: Infratentorial and spinal cord lesions are important for diagnosing and monitoring multiple sclerosis,
but they are difficult to detect on conventional MR imaging. We sought to improve the detection of infratentorial and upper cer-
vical cord lesions using composite FLAIR3 images.

MATERIALS AND METHODS: 3D T2-weighted FLAIR and 3D T2-weighted images were acquired in 30 patients with MS and com-
bined using the FLAIR3 formula. FLAIR3 was assessed against 3D T2-FLAIR by comparing the number of infratentorial and upper cer-
vical cord lesions per subject using the Wilcoxon signed rank test. Intrarater and interrater reliability was evaluated using the
intraclass correlation coefficient. The number of patients with and without =1 visible infratentorial/spinal cord lesion on 3D T2-
FLAIR versus FLAIR3 was calculated to assess the potential impact on the revised MS diagnostic criteria.

RESULTS: Compared with 3D T2-FLAIR, FLAIR3 detected significantly more infratentorial (mean, 4.6 * 3.6 versus 2.0 * 1.8, P <.001)
and cervical cord (mean, 158 £ 0.94 versus 0.46 * 0.45, P <<.001) lesions per subject. FLAIR3 demonstrated significantly improved
interrater reliability (intraclass correlation coefficient = 0.77 [95% Cl, 0.63-0.87] versus 0.60 [95% Cl, 0.40-0.76] with 3D T2-FLAIR,
P = .019) and a tendency toward a higher intrarater reliability (0.86 [95% Cl, 0.73-0.93] versus 0.79 [95% Cl, 0.61-0.89], P = .23). In
our cohort, 20%-30% (47%—67%) of the subjects with MS had =1 infratentorial (cervical cord) lesion visible only on FLAIR3.

CONCLUSIONS: FLAIR3 provides higher sensitivity than T2-FLAIR for the detection of MS lesions in infratentorial brain parenchyma

and the upper cervical cord.

ABBREVIATION: CNR = contrast-to-noise ratio

I nfratentorial brain lesions are commonly present in MS, an
inflammatory and demyelinating disease of the CNS that affects
2.5 million individuals worldwide." The current McDonald crite-
ria for diagnosing MS require demonstration of the dissemina-
tion of CNS lesions in time and space.” Dissemination in space is
established through detection of =1 T2-hyperintense lesion char-
acteristic of MS in =2 areas in the CNS: infratentorial (including
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the brain stem and cerebellum), periventricular, and juxtacortical
brain regions and the spinal cord.?

MR imaging is the primary technique in MS, used for diagno-
sis, detecting pathology, monitoring the disease course, and
patient management. T2-FLAIR MR imaging is currently the
most commonly used imaging sequence for identifying brain T2-
hyperintense lesions. However, the contrast of infratentorial
lesions on T2-FLAIR is suboptimal due to partial T1-weighting
and different tissue relaxation properties between supratentorial
and infratentorial regions.>”

3D T2-FLAIR imaging has shown promise in improving the
detection of infratentorial lesions,®” especially with opti-
mized scan parameters.® Combining T2-weighted and proton
density-weighted images has also shown improved contrast.”
A previous study has shown that an algebraic combination of
T2-FLAIR and T2-weighted images,10 referred to as FLAIR3,
can yield substantial improvement in lesion contrast, but the
performance for infratentorial lesion detection was not spe-
cifically addressed in that publication.



Table 1: Characteristics of the study participants

Characteristics
No. of subjects 30

Female/male 24:6
Age (mean) (yr) 43 =12
Phenotype
Relapsing-remitting MS 25
Secondary-progressive MS 5
Disease duration (median) (range) (yr) 6.5 (0.3-43.9)
EDSS (median) (range) 1.75 (0-6.5)

Note:—EDSS indicates Expanded Disability Status Scale.

The primary aim of this prospective study was to test whether
the lesion contrast and detectability of MS infratentorial lesions
are improved with FLAIR3 imaging compared with 3D T2-
FLAIR alone. With the extended FOV offered by 3D acquisitions,
we also assessed the performance of these two methods for
detecting upper cervical cord lesions.

MATERIALS AND METHODS

Study Subjects

This was a single-center, prospective study that included 30
patients with definite MS. The demographics and clinical charac-
teristics of the study participants are listed in Table 1. The study
was approved by our institutional review board, and all volun-
teers gave written informed consent.

MR Imaging Experiments

All brain MR imaging scans were performed on a 3T Ingenia MR
imaging scanner (Philips Healthcare; software version R5.1.7) using
a 15-channel head coil. 3D T2-FLAIR and 3D T2-weighted images
were acquired in the sagittal plane (frequency-encoding in the foot-
head direction with oversampling to reduce aliasing; phase-encod-
ing along the left-right and anterior-posterior directions) with a TSE
sequence with refocusing control (volume isotropic turbo spin-echo
acquisition). The scan parameters were the following: 3D T2-FLAIR
(TR/TI/TE = 4800/1650/300 ms; T2-preparation time= 125ms;
echo-train length = 167; scan time= 5:31 minutes) and 3D T2-
weighted (TR/TE= 2500/252ms; echo-train length = 133; scan
time = 4:33 minutes). Both images were acquired with matching
spatial coverage and resolution (FOV = 256 x 256 x 180 mm?;
voxel size=1 x 1 x 1 mm?>).

FLAIR3 Reconstruction

After acquisition, the 3D T2-FLAIR and 3D T2-weighted images
were coregistered with a rigid-body transformation using the
Advanced Normalization Tools (ANTS) software'" (http://stnava.
github.io/ANTs/) and algebraically combined to produce the
FLAIR3 image using the following formula: FLAIR3 = FLAIR'*’
X T2-weighted"*. This formula was proposed as a balance
between lesion contrast and CSF suppression.'” To improve the
dynamic range of the reconstructed FLAIR3 image, we performed
intensity nonuniformity correction using multiplicative intrinsic
component optimization, an energy-minimization method for
joint bias field estimation and segmentation.'*

Image Analysis

A board-certified neuroradiologist with 6 years of experience (A.K,,
rater 1) and an MS neurologist with 15 years of experience in neu-
roimaging of MS (J.A.L, rater 2) identified all infratentorial and
upper cervical lesions seen on 3D T2-FLAIR and FLAIR3 images.
Due to the large difference in image contrast between T2-FLAIR
and FLAIR3, blind evaluation was not feasible. The 3D T2-FLAIR
and FLAIR3 images were reviewed in several sessions during 7
weeks (rater 1) and 8.5 weeks (rater 2), with the raters first analyzing
all 3D T2-FLAIR images before starting on FLAIR3 images. There
was no specified order for reviewing images in each set. Thus, we
did not expect a substantial recall bias. In addition, a neuroradiol-
ogy fellow (O.A., rater 3) who was not familiar with the imaging
protocol or the study objective independently evaluated all images
to identify infratentorial and cervical cord lesions. For rater 3, 3D
T2-FLAIR and FLAIR3 images from all subjects were pooled and
randomized for review. Image evaluation was performed during 1-
2 days. Interrater reliability was evaluated using image evaluations
by raters 1 and 2, together with the first image evaluation by rater 3.
Rater 3 repeated the analysis (with a different randomization) after
3 weeks to assess intrarater reliability.

Lesions were identified as regions with hyperintense signal
compared with the background tissue, visible on all 3 planes. ROIs
were manually drawn on the identified lesions on an axial section
showing the largest extent of the lesion using MRIcron software
(https://www.nitrc.org/projects/mricron/)."> The ROIs were care-
fully placed to minimize partial volume effects from surrounding
tissue that could affect contrast computations. Control ROIs were
placed in adjacent normal-appearing white matter, and the lesion
conspicuity was assessed by the contrast-to-noise ratio (CNR), cal-
culated as CNR = (S;-Sp)/SDy;, where S; and Sg are the average
signal intensities in the lesion and background ROIs, respectively,
and SDy is the estimated SD of the image noise, obtained from his-
togram analysis of local image variance.*

To investigate the potential impact of FLAIR3 on the diagnos-
tic criterion in MS, we calculated the number of lesions detected
on either or both image sets. We also computed the number of
subjects with (1= 1) and without (n=0) infratentorial or cord
lesions on each image.

Statistical Analysis

We constructed histograms to examine distributions of continuous
variables. Normality was not satisfied for the difference in the num-
ber of lesions. Hence, the number of lesions per subject between 3D
T2-FLAIR and FLAIR3 was compared using the Wilcoxon signed
rank test. Lesion CNR between T2-FLAIR and FLAIR3 was
assessed at the lesion level using the van Elteren test to account for
patient clustering. Based on histograms, normality approximately
held for the total number (infratentorial + cervical) of lesions only.
For the total number of lesions, we fitted the 2-way random-effects
models to individual measurements and calculated the intraclass
correlation coefficients to measure interrater variability and intra-
rater reliability. We generated 2000 bootstrap samples to compare
the intraclass correlation coefficients for 3D T2-FLAIR and
FLAIR3. Pearson correlation analysis and linear regression were
performed to visualize the correspondence among the 3 raters for
the total number of lesions per subject. A P value <.05 was
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FIG 1. Acquired T2-weighted (left) and FLAIR (right) images and the reconstructed FLAIR3 images
(middle) from 2 patients with MS (rows). Note the improved contrast of the infratentorial lesions

(arrows) on FLAIR3.

FIG 2. Three-plane view showing the improved contrast of infratentorial lesions (red and yellow

arrows) on FLAIR3 compared with FLAIR.

considered statistically significant for all tests. Statistical analysis
was performed using the SAS software (Version 9.4; SAS Institute).

RESULTS

Figure 1 shows representative sections from 3D T2-FLAIR, T2-
weighted, and reconstructed FLAIR3 images from 2 patients with
MS. Note the improved visual lesion contrast in the infratentorial
region on FLAIR3. Corresponding 3D T2-FLAIR and FLAIR3
images are shown in subsequent figures, demonstrating the
improved lesion contrast with FLAIR3 in infratentorial (Fig 2)
and upper cervical cord (Fig 3) lesions.
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The number of all lesions per sub-
ject by each rater is summarized in
Table 2. A larger number of lesions
were found using FLAIR3 for both
types of lesion by all raters, with a rater
average (= SD) of 6.2 = 4.2 total
lesions on FLAIR3 versus 2.5 = 2.0
lesions on 3D T2-FLAIR (P<.001).
On average, 4.6 * 3.6 infratentorial
lesions and 1.58 = 0.94 cervical cord
lesions were detected on FLAIR3 com-
pared with 2.0 = 1.8 infratentorial
lesions (P < .01) and 0.46 * 0.45 cervi-
cal cord lesions (P<.001) on 3D T2-
FLAIR. Lesions on FLAIR3 showed sig-
nificantly higher average lesion CNR
compared with T2-FLAIR (Table 3).

Good reliability  was
observed in this study, with a signifi-

interrater

cantly higher intraclass correlation coef-
ficient of 0.77 (95% CI, 0.63-0.87) for
all lesions detected on FLAIR3 com-
pared with 3D T2-FLAIR, 0.60 (95%
CI, 0.40-0.76) (P=.019). Intrarater reli-
ability was also higher for FLAIR3 with
the intraclass correlation coefficient of
0.86 (95% CI, 0.73-0.93) compared
with 0.79 (95% CI, 0.61-0.89) for 3D
T2-FLAIR, but the difference was not
statistically significant (P = .23). Figure
4 shows the pair-wise Pearson correla-
tion among the 3 raters for the average
total number of lesions. The better
agreement among the raters using
FLAIR3 is evident by the higher corre-
lation coefficients.

The number of infratentorial or
upper cervical cord lesions detected on
3D T2-FLAIR alone, FLAIR3 alone,
and both 3D T2-FLAIR and FLAIR3 is
summarized in Table 4. Table 4 also
reports the number of subjects with
MS with (n=1) and without (n=0)
infratentorial or cord lesions detected
on either or both images. FLAIR3 iden-
tified infratentorial lesions in 20%-30% of the subjects and cervical
cord lesions in 47%-67% of the subjects who had normal findings
on T2-FLAIR.

DISCUSSION

In this study, on FLAIR3, we detected approximately 2.3 and 3.4
times the number of infratentorial and cervical cord lesions, respec-
tively, compared with 3D T2-FLAIR, with lesion-white matter CNR
showing approximately 4- to 5-fold improvement. In addition,
higher intra- and interrater agreement was obtained with FLAIR3,
suggesting a higher degree of confidence for lesion identification.
Most interesting, rater 3, who was blinded to the type of sequence



FIG 3. Sagittal (upper row) and axial (lower row) sections showing improved contrast of cervical cord lesions on FLAIR3 compared with FLAIR in
3 patients with MS. The lesions were detected on both FLAIR and FLAIR3 in case A, but only on FLAIR3 in cases in B and C.

Table 2: Number of lesions per subject detected on 3D T2-FLAIR and FLAIR3

No. of Lesions per Subject (Mean)

Rater 1 Rater 2 Rater 3
T2-FLAIR FLAIR3 T2-FLAIR FLAIR3 T2-FLAIR FLAIR3
All lesions 23+22 69 = 47° 25+22 55 * 3.6% 27 £ 25 61+51P°
Infratentorial lesions 2019 54 * 417 20 *+20 3.9 +33° 21+ 24 45 + 44°
Cervical cord lesions 0.27 + 0.58 157 +114% 0.50 + 0.68 1.60 + 0.81° 0.60 + 0.72 157 = 1172
@ P <.001 compared with T2-FLAIR.
®p < .01 compared with T2-FLAIR.
€P <.05 compared with T2-FLAIR.
Table 3: CNR of lesions detected on 3D T2-FLAIR and FLAIR3?
Rater 1 Rater 2
T2-FLAIR FLAIR3 T2-FLAIR FLAIR3
No. CNR (No. of Lesions) No. CNR No. CNR No. CNR
Infratentorial lesions 61 483 + 233 161 233 +19.9° 59 58 £28 n7 27.9 + 203
Cervical cord lesions 8 13.8 =91 47 482 + 30.6° 15 97 6.2 48 419 + 23.9°

?Data are means or No.
®p < .001 compared with T2-FLAIR.

and the goal of the study, had a similar number of lesions compared
with those obtained with the raters familiar with the imaging proto-
col. This finding supports the superiority of FLAIR3 in objectively
detecting the lesions over 3D T2-FLAIR.

The improved detection of infratentorial and cord lesions can
increase the confidence in diagnosing and monitoring patients
with MS. In addition to its role in diagnosing MS, a previous study
found that the volume of infratentorial lesions correlated with the
sensory functional system score.'® Infratentorial lesions were also
found to be predictive of long-term prognosis in patients with ini-
tial findings suggestive of MS,'® and the volume of infratentorial
T1-hypointense lesions correlated with the Expanded Disability
Status Scale score in patients with MS with chronic cerebellar

ataxia.'” The high sensitivity of FLAIR3 can, thus, be useful in
studies assessing the prognostic value of these lesions.

Our study first focused on imaging infratentorial lesions, but
with the extended coverage in the foot-head direction offered by
the 3D sagittal TSE protocols, we were able to additionally assess
upper cervical cord lesions. Currently, sagittal sequences including
conventional T2-weighted, proton density—weighted,18 STIR," and
phase-sensitive inversion recovery® are recommended for assessing
spinal cord lesions.*" A comparative study of FLAIR3 with those
sequences will be necessary for evaluating the role it can play in spi-
nal cord imaging.

A limitation of FLAIR3, similar to other image-combining
methods, is its susceptibility to image registration errors. Executing
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FIG 4. Scatterplot and linear regression with the 95% confidence interval (shaded) between the raters for the average total number of lesions

for 3D T2-FLAIR (upper row, A—C) and FLAIR3 (lower row, D—F).

Table 4: Number of lesions detected on 3D T2-FLAIR and/or FLAIR3 images

Rater 1 Rater 2 Rater 3
FLAIR and FLAIR FLAIR3 FLAIR and FLAIR FLAIR3 FLAIR and FLAIR FLAIR3
FLAIR3 Only Only FLAIR3 Only Only FLAIR3 Only Only

No. of lesions

Infratentorial 46 15 15 45 4 72 49 16 89

Cervical cord 7 1 40 13 2 35 14 4 35
No. of subjects with MS

with =1 lesion
Infratentorial 19 1 9 19 1 7 19 0 6
Cervical cord 6 0 20 13 0 16 14 1 14

the T2-FLAIR and T2-weighted sequences in succession with mini-
mal delay can help minimize these errors. Interleaving the T2-
FLAIR and T2-weighted acquisitions in a single pulse sequence, sim-
ilar to interleaved FLAIR/T2*-weighted imaging,”* can eliminate the
need for coregistration and simplify the FLAIR3 reconstruction.
However, the longer scan time of the interleaved scan may increase
susceptibility to motion. Another limitation of FLAIR3 is the
reduced image dynamic range, which results from intensity modula-
tion during reconstruction. This was addressed by applying a non-
uniformity correction technique after FLAIR3 reconstruction. In
this study, we found visually better results with a joint segmentation
and bias field correction method'* compared with the N4 bias field
correction.”” A FLAIR3-specific nonuniformity correction could
theoretically help improve the image quality and will be investigated
in future work.

We have thus far evaluated FLAIR3 images reconstructed from
3D FLAIR and 3D T2-weighted images, but generation of FLAIR3 is
equally applicable to 2D scans. Volumetric (3D) acquisitions provide
2066
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higher spatial resolution, facilitate identification of small lesions, and
reduce registration errors. However, motion and aliasing are poten-
tial problems in 3D imaging. Our cohort of relatively young subjects
with MS appears to have tolerated the 3D scans well, and no sub-
stantial motion or aliasing artifacts were observed in this study.

Our study was also limited by the relatively small number of
subjects. However, the large gains in lesion contrast and number of
lesions detected with FLAIR3 are evident even in this small-sized
study. The confidence in the results also reflects the observed high
contrast of supratentorial lesions, in concordance with a previous
study,'® which was visually confirmed in this study. Quantitative
assessment for supratentorial lesions was not attempted because
these lesions are less challenging to identify compared with infraten-
torial and cord lesions. Another limitation of this work is the lack of
correlation of the identified lesion with clinical measures. Further
qualitative and quantitative assessment in a larger cohort will be
conducted to assess the potential of FLAIR3 in the clinical evalua-
tion of MS.



CONCLUSIONS

FLAIR3 yields substantial gain in lesion contrast and allows
detection of more lesions in the infratentorial brain region and in
the upper cervical cord. With its simple acquisition and recon-
struction protocol, FLAIR3 may provide a sensitive tool for rou-
tine clinical application in the diagnosis and follow-up of patients
with MS.
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MR Imaging Features of Middle Cranial Fossa Encephaloceles
and Their Associations with Epilepsy

D.R. Pettersson, ““’K.S. Hagen, ““'N.C. Sathe, B.D. Clark, and “*'D.C. Spencer

ABSTRACT

BACKGROUND AND PURPOSE: Middle cranial fossa encephaloceles are an increasingly recognized cause of epilepsy; however, they are
also often encountered on neuroimaging in patients with no history of seizure. We characterized the MR imaging features of middle cra-
nial fossa encephaloceles in seizure and nonseizure groups with the hope of uncovering features predictive of epileptogenicity.

MATERIALS AND METHODS: Seventy-seven patients with middle cranial fossa encephaloceles were prospectively identified during
routine clinical practice of neuroradiology at a tertiary care hospital during an 18-month period. Thirty-five of 77 (45%) had a his-
tory of seizure, 20/77 (26%) had temporal lobe epilepsy, and 42/77 (55%) had no history of seizures. Middle cranial fossa encepha-
locele features on MR imaging were characterized, including depth, area, number, location, presence of adjacent encephalomalacia,
and degree of associated parenchymal morphologic distortion. MR imaging features were compared between the seizure and non-
seizure groups.

RESULTS: No significant difference in MR imaging features of middle cranial fossa encephaloceles was seen when comparing the
seizure and nonseizure groups. Comparison of just those patients with temporal lobe epilepsy (n = 20) with those with no history
of seizure (n = 42) also found no significant difference in MR imaging features.

CONCLUSIONS: Anatomic MR imaging features of middle cranial fossa encephaloceles such as size, number, adjacent encephalomalacia,
and the degree of adjacent parenchymal morphologic distortion may not be useful in predicting likelihood of epileptogenicity.

ABBREVIATIONS: MCF = middle cranial fossa; MCFE = middle cranial fossa encephalocele; TLE = temporal lobe epilepsy

uring the past decade, awareness of aberrant arachnoid gran-  attention of epileptologists when they present with seizures.”
ulations and encephaloceles occurring in the middle cranial ~ However, recent work in the radiology literature by Benson et al’
fossa (MCF) has grown substantially. As of 2010, only 12 cases of  has established that MCFEs and arachnoid pits are common

middle cranial fossa encephaloceles (MCFEs) had been reported asymptomatic incidental findings on neuroimaging using high-
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do not cause seizures), and can be the cause of seizures in some
patients with epilepsy. These observations can pose a diagnostic
dilemma when an MCFE is identified on MR imaging when eval-
uating a patient with drug-resistant epilepsy for possible surgery.
In that scenario, it may be unclear whether the MCFE is the etiol-
ogy of the epilepsy. While scalp electrographic and semiologic
features may help to clarify the relevance of a given MCEFE, it
remains unclear whether there are specific anatomic MR imaging
features of MCFEs associated with epileptogenicity. In the work
presented here, we sought to address that knowledge gap by com-
paring the MR imaging features of MCFEs between 2 groups of
patients: those with a history of seizure and those without.

MATERIALS AND METHODS

Patient Selection

Institutional review board approval was obtained for this study. A
neuroradiologist with a Certificate of Additional Qualification in
the subspecialty of Neuroradiology from the American Board of
Radiology, working at a tertiary care teaching hospital, made note
of every case of MCFE prospectively encountered during routine
clinical neuroradiology practice during an 18-month period. A mi-
nority of cases were encountered while reviewing imaging for a
fortnightly adult epilepsy multidisciplinary conference. Patients
were not excluded on the basis of age, clinical history, type of MR
imaging examination, or other findings seen on imaging. Cases
were included only if the MCF defect definitively contained brain
parenchyma; defects containing only CSF (ie, arachnoid pits,
meningoceles) and no brain parenchyma were not included.
MCEFEs involving the mastoid or petrous portions of the temporal
bone or tegmen tympani were also excluded.

Imaging Review
After all cases were collected, the PACS account for each patient
was accessed. All available brain MR imaging for each patient was
reviewed by the certificated neuroradiologist with the intent of
identifying the MR imaging examination and sequences best
depicting the MCFE to use for additional imaging review. The type
and section thickness of the most informative sequence for each
patient were recorded. Additional sequences were used to help
with MCEFE localization and measurement, typically in planes or-
thogonal to the primary sequence used for the image review.
Length measurements were made on images from those sequen-
ces using the tools embedded in the PACS. A single neuroradiolo-
gist with 5years of post-neuroradiology fellowship experience
reviewed each case, making note of MCFE laterality (right, left,
bilateral) and number (1, 2, 3, 4, 5, and >5). For each patient, addi-
tional measurements were made of the largest single encephalocele
present on the scan. These measurements included the 3D size of
the osseous defect (3 orthogonal dimensions by caliper measure-
ment, aligned to the plane of the inner table of the calvaria), volume
(using the formula for a hemi-ellipsoid, approximating the scal-
loped morphology of the defects), location (sextant divisions of
each MCEF, anterior to the mastoid and petrous portions of the tem-
poral bone), degree of brain parenchymal morphologic distortion
in or adjacent to the MCEFE (subjective 4-point Likert scale of mini-
mal, mild, moderate, and severe distortion; and caliper measure-
ment of the longest single dimension of definitively distorted brain

parenchyma), the presence of encephalomalacia (increased T2 sig-
nal and volume loss) of the brain parenchyma in or immediately
adjacent to the MCFE, and the presence of punctate or linear CSF-
intensity T2 signal within the brain parenchyma in the MCFE. The
presence or absence of a subjective asymmetric increase of the in-
tracranial subarachnoid space volume adjacent to the encephalocele
was also noted. MCF sextant boundaries (On-line Figure) were
approximated by dividing the transverse dimension into equal-
length thirds (medial, mid, lateral) and dividing the anterior-poste-
rior dimension into equal halves (polar/anterior, floor/posterior),
excluding the petrous and mastoid portions of the temporal bone.
The radiologist was not blinded to patient history during the imag-
ing review.

Of the 77 patients included in the study, the primary MR imag-
ing sequences used for the imaging review were 2D STIR (n = 37),
2D T2 TSE (n = 14), 3D T2 gradient-based sequences (n = 15), 3D
T2 FSE (n = 8), 2D FLAIR (n = 2), and 3D FLAIR (n = 1). The
section thicknesses of the primary sequences used for imaging
review were 0.6 -1.2mm (n = 18), 2mm (n = 31), 3mm (n = 15),
4mm (n = 12), and 5mm (1 = 1). The types of MR imaging proto-
cols of the studies used for the image review included epilepsy (n =
27), routine brain (n = 25), ear, nose, and throat (n = 12), internal
auditory canal (n = 9), and stereotactic brain protocols (n = 4).
The magnetic field strength of the scans used for the imaging review
included 3T (n = 49), 1.5T (n = 27),and 1T (n = 1).

Clinical Review

Electronic medical records of all patients were retrospectively
reviewed by a fellowship-trained epileptologist for any history of
seizure or epilepsy, as defined by the International League
Against Epilepsy." For those with a history of seizure or epilepsy,
all available diagnostic and clinical data were reviewed and
patients were categorized by type of epilepsy (TLE, non-TLE,
unknown), predominant laterality of seizures (left hemisphere,
right hemisphere, bilateral, or unknown), presence of drug-resist-
ant epilepsy at the time of most recent clinical note, and presence
of additional seizure risk factors. Of the 35 patients with a diagno-
sis of either seizure or epilepsy, the medical record included clini-
cal notes from an epileptologist (n = 24), clinical notes from a
general neurologist (1 = 4), an epilepsy-monitoring unit admis-
sion (n = 20), scalp electroencephalogram (n = 31), video-elec-
troencephalogram (n = 6), stereotactic electroencephalogram
(n = 2), foramen ovale electrodes (n = 1), brain PET scan (n =
5), brain SPECT (n = 1), or none of the above (n = 3).

Statistical Analysis

The Pearson y test or Fisher exact test was used to examine the
statistical significance of categoric MR imaging characteristics of
MCEFEs between the group of patients with no history of seizures
and the group of patients with a history of seizures. The Wilcoxon
rank sum test, also known as the Mann-Whitney test, was used to
assess whether the difference in the medians of continuous MR
imaging characteristics of MCFEs were statistically significantly dif-
ferent between the seizure and nonseizure groups. Some categoric
imaging characteristics such as the MCF sextants containing the
largest MCFE and the number of bilateral MCFEs were further col-
lapsed to maintain adequate cell sizes. We conducted a sensitivity
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Table 1: MR imaging characteristics of encephaloceles compared between patients with a history of seizure and those with no

history of seizure®

Total History of Seizure No History of
Variable (n=77) (n=135) Seizure (n = 42) P
Location of encephaloceles 91
Left 22 (28.6) 10 (28.6) 12 (28.6)
Right 16 (20.8) 8(22.9) 8 (19.)
Bilateral 39 (50.7) 17 (48.6) 22 (52.4)
Side of largest encephalocele .80
Left 43 (55.8) 19 (54.3) 24 (57)
Right 34 (44.2) 16 (45.7) 18 (42.9)
Total No. of encephaloceles 12
1 26 (33.8) 15 (42.9) 1(26.2)
>1 51(66.2) 20 (57.) 31(73.8)
Median No. of sextants® containing encephaloceles 3(2) 2(2) 3(3) 21
Largest encephalocele
Depth (mm) 5(3) 5(3) 5.5(3) .88
Areal extent (mm?) 17 (142) 19 (144) 17 (154) 93
Volume (mm?) 368 (538) 374 (512) 364 (632) 76
Morphologic distortion of adjacent brain parenchyma .51
Minimal 1(14.3) 4 (n4) 7 (16.7)
Mild 21(27.3) 10 (28.6) 1(26.2)
Moderate 32 (41.6) 17 (48.6) 15 (35.7)
Severe 13 (16.9) 4 (M.4) 9 (214)
Longest single dimension of distorted parenchyma adjacent to largest 13(M) 14 (13) 13(M) .54
encephalocele (mm)
Presence of adjacent encephalomalacia 9 (1.7) 2(5.7) 7 (16.7) 14

?Data are median (interquartile range) or No. (%).
® Middle cranial fossa sextants.

analysis of only those that had TLE and compared MR imaging
characteristics of MCFE in this group with the those in the nonsei-
zure group using the same methods as described above. Finally, we
descriptively examined seizure characteristics among epileptics. All
analyses were performed using STATA, Version 15 (StataCorp,
2017; Stata Statistical Software: Release 15).

RESULTS

MR Imaging Findings

Seventy-seven patients with MCFEs were included in the study
(Table 1 and On-line Table 1). MCFEs were seen bilaterally in
39/77 (51%), only on the left in 22/77 (29%), and only on the
right in 16/77 (21%). Twenty-six of 77 (34%) had only a solitary
MCEFE, 29/77 (38%) had between 2 and 5 MCFEs, and the
remaining 22/77 (29%) had >5 MCFEs. Regarding the largest
MCEE present in each patient, the most common location was
the medial polar/anterior sextant (41/77, 53%) followed by the
mid-polar/anterior sextant (19/77, 25%), with the remainder of
encephaloceles located in the lateral and inferior/floor portions of
the MCEF. The largest MCFE present in each patient had a mean
depth of 5mm (perpendicular to the inner table of calvaria), a
mean area of 117mm? and a mean volume of 368 mm°>. The
degree of brain parenchymal distortion in and adjacent to the
largest MCFE was subjectively categorized as minimal (14%),
mild (27%), moderate (42%), or severe (17%). The mean longest
single dimension of definitively distorted parenchyma within or
adjacent to the largest MCFE was 13 mm. Encephalomalacia
(parenchymal T2 hyperintensity and subjective volume loss) in
or adjacent to the largest MCFE was present in only 12% of
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patients. The intracranial subarachnoid space adjacent to the
largest MCFE was asymmetrically enlarged in 38% of patients.
Last, foci of CSF-intensity T2 signal were seen in the parenchyma
within the largest encephalocele in 53% of patients.

Clinical Findings

The average patient age at the time of medical record review was
53 years, with an absolute range of 9-96 years and an interquartile
range of 33-62years. Forty-nine of 77 (64%) of patients were
female. Of the 77 patients included in the study, 42 (55%) had no
history of seizure and 35 (45%) had a history of seizure or epi-
lepsy. Twenty-six of 35 (74%) patients with a history of seizure
had a risk factor for seizure other than MCFE. TLE was the most
common epilepsy type (20/35, 57%), followed by non-TLE (11/
35, 31%) and unknown epilepsy or seizure type (4/35, 11%). For
patients with a history of seizure, seizure laterality was left hemi-
sphere (16/35, 46%), right hemisphere (7/35, 20%), bilateral
(5/35, 14%), and unknown laterality (7/35, 20%).

Associations

There were no statistically significant differences in the conventional
MR imaging features of MCFEs between those patients with a his-
tory of seizure and those without (Table 1). Encephalomalacia of
the brain parenchyma located within or adjacent to the MCFE was
seen almost 3 times more frequently in the nonseizure group (7/42,
17%) compared with the seizure group (2/35, 6%), though this did
not meet statistical significance (P=.14). The mean volume of the
largest MCFE found in each patient also showed no significant dif-
ference between the seizure (374 mm?) and nonseizure (364 mm?)
groups (P=.76). The subjective degree of brain parenchymal



Table 2: MR imaging characteristics of middle cranial fossa encephaloceles compared in patients with a history of temporal lobe

epilepsy and those with no history of seizure®

Total History of Temporal Lobe No History of
Variable (n=62) Epilepsy (n = 20) Seizure (n = 42) P
Encephalocele side .86
Left 17 (27.4) 5 (25) 12 (28.6)
Right 30 (21.0) 5 (25) 8 (19.)
Bilateral 32 (51.6) 10 (50) 22 (52.4)
Side of largest encephalocele .60
Left 34 (54.8) 10 (50.0) 24 (57)
Right 28 (45.2) 10 (50.0) 18 (42.9)
Total No. of bilateral encephaloceles 14
1 20 (32.3) 9 (45.0) 1(26.2)
>1 42 (67.7) 1 (55.0) 31(73.8)
Median No. of sextants® containing encephaloceles 3(2) 3(2) 3(3) 23
Largest encephalocele
Depth (mm) 5(3) 4(2.5) 5.5 (3) 43
Areal extent (mm?) 17 (142) 149 (225.5) 17 (154) 92
Volume (mm?) 368 (538) 423 (513) 364 (632) 74
Morphologic distortion of adjacent brain parenchyma .83¢
Minimal 9 (14.5) 2(10.0) 7(167)
Mild 17 (27.4) 6 (30.0) 11(26.2)
Moderate 24 (38.7) 9 (45.0) 15 (35.7)
Severe 12 (19.4) 3 (15.0) 9 (214)
Longest single dimension of distorted parenchyma adjacent to 13(M) 15.5 (15) 13(M) .53
largest encephalocele (mm)
Presence of adjacent encephalomalacia 7 (1.3) 0 (0.0) 7(16.7) .09¢

? Data are median (interquartile range) or No. (%).
® Middle cranial fossa sextants.
© Fisher exact test.

morphologic distortion within and adjacent to the MCFE was also
similar between the seizure and nonseizure groups (P=.51).
Among the 13 patients with “severe” brain parenchymal distortion
related to the MCFE, 9 were in the nonseizure group and 4 were in
the seizure group. The mean longest single dimension of definitively
distorted parenchyma within and adjacent to the MCFE was also
similar between the seizure (14mm) and nonseizure (13 mm)
groups (P =.54). Likewise, the sextant location of the largest MCFE,
laterality of the largest MCFE, the total number of MCFEs, the total
number of MCF sextants containing encephaloceles, depth and areal
extent of the largest MCFE, the presence of CSF-intensity foci
within the parenchyma contained in the MCFE, and increased vol-
ume of the intracranial subarachnoid space adjacent to the largest
MCEFE were all similar between the seizure and nonseizure groups.

A separate-though-similar comparison was made between the
subset of patients with TLE (n = 20) and the nonseizure patient
group (n = 42). When all the conventional MR imaging charac-
teristics of MCFEs were compared between the patient group
with TLE and the patient group without seizures, no significant
difference was found (Table 2 and On-line Table 2).

DISCUSSION

This study found no significant difference between the anatomic
MR imaging features of MCFEs found in patients with a history
of no seizure, seizure, and TLE. Specifically, we found that MCFE
size, location, and number were not predictive of epileptogenicity.
Similarly, the presence of encephalomalacia within or adjacent to
an MCFE and the subjective degree and measured length of

distorted brain parenchyma within and adjacent to an MCFE
were not predictive of epileptogenicity. These results suggest that
conventional MR imaging features alone may not be useful in dis-
tinguishing between MCFEs that are associated with seizure and
those that are not associated with seizure.

Recognition of MCFEs has grown during the past decade, rais-
ing questions of their clinical significance. While there is some
clarity of the role that MCFEs can play in CSF leak, meningitis, and
sphenoid sinus encephalocele development,>*!” the precise etiolo-
gic role of MCFEs in epilepsy syndromes has been less clear. For
example, Benson et al® reviewed 203 consecutive internal auditory
canal MR imaging examinations and found arachnoid pits in 22%
of scans and MCFEs in 5% of scans, but none of the patients had a
history of seizure. In contrast, Gasparini et al” looked at the preva-
lence of MCEFE in different groups and found MCFEs in 5/95 (5%)
consecutive patients with TLE of unknown etiology and in 0% of
150 controls. Additionally, 2 of the patients with TLE in their cohort
were seizure-free following resection of their MCFEs. Therefore,
while it is probable that MCFEs are the cause of seizure in some
patients, it is also likely that MCFEs are more commonly an inci-
dental imaging finding, not associated with seizure. The work pre-
sented here attempted to identify conventional MR imaging features
of MCFE:s that are associated with seizure. We found none.

In some patients with epilepsy, MCFEs can be large or
numerous and there may be a great deal of morphologic distor-
tion of the brain parenchyma that extends into the MCFE. In
these instances, it may be tempting to assume that the MCFE
has some etiologic association with the seizures; however, we
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FIG 1. Large left middle cranial fossa encephalocele in a patient with
left temporal lobe epilepsy. Coronal STIR image (A, arrows) depicts a
focally prominent CSF space and distorted temporal lobe paren-
chyma surrounded by the scalloped bone margins of the encephalo-
cele. Axial T2 TSE image (B) shows a distorted, stretched appearance
of a left temporal lobe gyrus (open arrow) extending into the en-
cephalocele (solid arrows) and asymmetric enlargement of the adja-
cent intracranial subarachnoid space (asterisk).

FIG 2. Bilateral middle cranial fossa encephaloceles in a patient with
no history of seizure. Coronal STIR image depicts distortion and thin-
ning of temporal lobe parenchyma (solid arrows), which appears adher-
ent to the floor of the encephalocele, and asymmetric enlargement of
the adjacent intracranial subarachnoid space (asterisk). A small middle
cranial fossa encephalocele is present on the left (open arrow), with
associated mild parenchymal distortion.

found no such association. Figures 1 and 2, for example, both
depict large MCFEs with associated parenchymal morphologic
distortion. Only one of these patients had a history of seizure,
and the other did not.

Similarly, it may be tempting to assume that the presence of
overt brain parenchymal injury (encephalomalacia) seen in or adja-
cent to an MCFE would increase the likelihood of epileptogenicity.
This is an understandable assumption because neocortical injury
due to ischemia is a known risk factor for epilepsy in both pediatric
and adult populations. Additionally, the histology of specimens
resected from MCFEs in patients who experienced improved sei-
zure frequency following surgery found gliosis to be uniformly
present in the MCEFE tissue.”'" In our study, the presence of ence-
phalomalacia on MR imaging within or next to MCFEs was not
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associated with seizure. In fact, encephalomalacia was seen 3 times
more frequently in the nonseizure group than in the seizure group,
but this difference did not meet statistical significance.

Given the proximity of the temporal lobe to the middle cranial
fossa, it is a logical assumption that MCFEs might be more likely
to be causative of seizures in patients with TLE than in patients
without TLE, and this assumption is supported in the literature.*®
Working from this assumption, we performed an additional analy-
sis comparing the MR imaging features of MCFEs in the nonsei-
zure patient group with those in the TLE group, excluding cases
without TLE. In this analysis, we found no significant difference in
the conventional MR imaging appearance of MCFEs between the
nonseizure and TLE groups.

The findings presented here may be useful during the work-
up of patients with drug-resistant epilepsy of unclear etiology
who are found to have an MCFE and are being considered for in-
tracranial diagnostic or therapeutic procedures. Specifically,
assumptions about the likelihood of epileptogenicity of an MCFE
should not be based on MCEFE size or number, the presence or
absence of MCFE-related encephalomalacia, or the degree of
brain parenchymal morphologic distortion within and adjacent
to the encephalocele. In these cases, other methods for localizing
the seizure-onset zone should be used. Toledano et al* described
a typical seizure semiology in patients with left temporal lobe
MCEFE-related seizures: “significant deterioration of semantic
abilities without impairment of the visual perceptual system.” For
patients with epilepsy presenting with bilateral MCFEs, findings
from video-electroencephalography and ['*F] FDG-PET have
been able to reliably distinguish symptomatic from asymptomatic
MCFEs." Perhaps the most accurate means for distinguishing
symptomatic from asymptomatic MCFEs is with intraoperative
electrocorticography. Panov et al’ showed that when intraopera-
tive electrocorticography can localize the seizure-onset zone to
the region of MCFE, most patients will have a good surgical out-
come following resection or detachment of the parenchyma
involved with the MCFE. Future MR imaging studies with larger
cohorts of patients with TLE may help to elucidate the potential
etiologic significance of various anatomic and functional MR
imaging characteristics of MCFEs.

For the radiologist who encounters an MCFE during routine
clinical practice and may have minimal knowledge of the patient’s
medical history, the findings of this study may also be useful.
Specifically, the conventional MR imaging features of MCFE cannot
reliably differentiate symptomatic (seizure-related) from asymp-
tomatic MCFEs. Also, when 1 MCFE is encountered, it may be ad-
visable to search for additional and contralateral encephaloceles. In
our study, 66% of patients with MCFEs had =2 MCFEs, and
MCEFEs were seen bilaterally in 51% of cases. Corroborating the
recent work of Benson et al,” our study shows that MCFEs can be
incidentally discovered findings on MR imaging performed in
patients with no history of seizure.

Although not the subject of the study presented here, MCFEs
and MCF arachnoid pits have known associations with disease
processes other than epilepsy. When an MCEFE is encountered in
clinical practice, radiologists may be able to add diagnostic value
by looking for clues to these other associated diseases. For exam-
ple, CSF leak from MCF defects that involve either the mastoid



portion of the temporal bone or the lateral recess of the sphenoid
sinus can result in fluid opacification of those structures, diffuse
dural thickening/contrast enhancement from low intracranial
pressure, and imaging findings of meningitis. Idiopathic intracra-
nial hypertension also has an association with MCFEs and arach-
noid pits and has associated imaging findings including an
enlarged and empty sella and stenosis of the lateral portions of the
transverse sinuses and protruding optic discs. In our study, there
was a slight female preponderance (64%) of patients with MCFE,
which is of uncertain clinical significance but may support an asso-
ciation between MCFE and intracranial hypertension.

Much is still unknown about the pathophysiology of encepha-
loceles. Some clearly have a congenital origin related to genetic dis-
ease (eg, occipital encephalocele in Meckel-Gruber syndrome)® or
problems with closure of the anterior neural pore (eg, frontonasal
encephalocele).'*** Other encephaloceles are acquired, arising at
the site of skull base fractures or a skull base operation.” However,
in the authors’ experience, most MCFEs encountered in neuroradi-
ology practice are unrelated to congenital, traumatic, or surgical
etiologies and may, instead, fall into the “spontaneous” category.
Spontaneous MCFEs appear to be associated with chronically ele-
vated intracranial pressure in a proportion of cases.>*' The MR
imaging features described here may provide some clues to their
pathophysiology. Some degree of gross parenchymal morphologic
distortion was present in all cases, and a subjective asymmetric
increase of the intracranial subarachnoid space adjacent to the larg-
est MCFE was present in 38% of patients. Larger MCFEs allowed
better depiction of the parenchymal distortion, and a common
finding in those cases was parenchymal thinning as it extended
into the MCF. The distorted parenchyma was closely approxi-
mated with the margins of the MCF defect (Figs 1 and 2).

One possible mechanism to account for these findings is that
the brain is somehow drawn into an aberrant arachnoid granula-
tion in the MCEF, the pia becomes adherent to the margins of the
MCEE, and the displacement of brain parenchyma into the MCFE
gives it a stretched appearance and results in ex vacuo enlargement
of the adjacent intracranial subarachnoid space. Age-related global
cerebral atrophy would accentuate some of these findings in which
the cerebrum retracts away from the inner table of the calvaria as it
shrinks, leading to further thinning of the pedicle of cerebral tissue
extending into the MCFE. Similar imaging findings are seen in
association with aberrant arachnoid granulations in the posterior
fossa bone and transverse sinuses that can entrain and stretch the
cerebellar parenchyma.”” However, there are a few reports of corti-
cal microdysgenesis and laminar disorganization of specimens
resected from MCFEs,'*'>?*?* which confuse the hypothesis that
MCEFEs are an acquired phenomenon.

Encephalomalacia of the brain within or immediately adjacent
to the MCFE was seen in 12% of patients in this study. A few
mechanisms might explain this finding, including local mechani-
cal trauma related to the apparently tethered brain within the
MCEFE, sequela of prior blunt trauma with head injury, or local
gliosis from chronic seizures. Stippled or punctate foci of CSF-in-
tensity T2 signal within the parenchyma located in the MCFE
were observed in 53% of our patients and have been described by
others.”> These had an appearance suggestive of clustered dilated
perivascular spaces or other CSF-filled parenchymal clefts, but

their etiology was unclear. Notably, this finding was distinct from
the confluent regions of T2-hyperintense signal seen with cases of
encephalomalacia.

The prospective accrual of patients with MCFEs during rou-
tine clinical practice of neuroradiology was a strength of this
study in that it formed a patient cohort somewhat representative
of cases that might be encountered by practicing neuroradiolo-
gists. Many cases of MCFE were undoubtedly missed during the
accrual period, however, because clinical practice can be busy,
leading to oversight of these often small, inconspicuous lesions.
Additionally, there was great variation in the MR imaging proto-
cols included in the study. Another shortcoming of this study
was the variability of patient medical histories available for
review, leading to possible erroneous assignment of patients with
an actual history of seizure to the nonseizure group. It is likely
that the MCFEs present in many of the patients in the seizure
group were not at all related to their seizures and were instead an
unrelated coincidental finding. Indeed, 76% (26/35) of patients in
the seizure group were found to have risk factors for seizure other
than MCFEs. A larger, case-control study including only patients
with epilepsy with definitively epileptogenic MCFEs, confirmed
by intracranial monitoring or postsurgical seizure freedom, may
have provided a better chance for uncovering etiologically signifi-
cant MR imaging features of MCFEs. Such a study would be chal-
lenging to build due to the paucity of these cases.

CONCLUSIONS

Anatomic MR imaging features alone may not be useful in distin-
guishing MCFEs associated with seizure from MCFEs not associ-
ated with seizure. MCFEs that are large or numerous, MCFEs
associated with encephalomalacia, and MCFEs associated with
severe morphologic distortion of adjacent brain parenchyma can be
seen with similar frequency between patients with and without a
history of seizures.
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CLINICAL REPORT
ADULT BRAIN

Tumefactive Primary Central Nervous System Vasculitis:
Imaging Findings of a Rare and Underrecognized
Neuroinflammatory Disease

A.G. Osborn
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ABSTRACT

SUMMARY: Primary central nervous system vasculitis (PCNSV) is a poorly understood neuroinflammatory disease of the CNS
affecting the intracranial vasculature. Although PCNSV classically manifests as a multifocal beaded narrowing of the intracranial ves-
sels, some patients may not have angiographic abnormalities. A rare subset of patients with PCNSV present with masslike brain
lesions mimicking a neoplasm. In this article, we retrospectively review 10 biopsy-confirmed cases of tumefactive PCNSV (t-PCNSV).
All cases of t-PCNSV in our series that underwent CTA or MRA were found to have normal large and medium-sized vessels. T-
PCNSV had a variable MR imaging appearance with most cases showing cortical/subcortical enhancing masslike lesion (70%), often
with microhemorrhages (80%). Diffusion restriction was absent in all lesions. In summary, normal vascular imaging does not exclude
the diagnosis of t-PCNSV. Advanced imaging techniques including MR perfusion and MR spectroscopy failed to demonstrate spe-
cific findings for t-PCNSV but assisted in excluding neoplasm in the differential diagnosis. Biopsy remains mandatory for definitive
diagnosis.

ABBREVIATIONS: PCNSV = primary central nervous system vasculitis; t-PCNSV = tumefactive PCNSV; ABRA = amyloid 3 -associated angiitis; CAA-RI = cer-
ebral amyloid angiopathy—related inflammation; ESR = erythrocyte sedimentation rate; MRP = MR perfusion; CRP = C-reactive protein; PCR = polymerase
chain reaction; VWI = vessel wall imaging; PCNSL = primary CNS lymphoma

Primary central nervous system vasculitis (PCNSV) is a poorly
understood neuroinflammatory disease involving intracranial
vessels." > The typical radiologic manifestation of PCNSV is multifo-
cal beading of the large and medium-sized intracranial vessels. An
underrecognized and rarer subset of PCNSV, approximately 5%-
29%, can present with “masslike” or “tumefactive” lesions mimick-
ing a neoplasm.>*%%*

To date, imaging features of tumefactive PCNSV (t-PCNSV)
have not been well described and definitive diagnosis can only be
made confidently on histopathology.”'® In this article, we
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performed a retrospective review of 10 histopathologically proved
cases of t-PCNSV and analyzed pertinent imaging features with
histopathologic correlation.

CASE SERIES

Case Selection

We performed a retrospective pathology data base search by
using the keywords “brain biopsy” and “vasculitis” in histopa-
thology reports from July 2010-December 2018 at a single
institution. Exclusion criteria included patients with histopa-
thology findings of amyloid-beta (A S3)-associated angiitis
(ABRA) or cerebral amyloid angiopathy-related inflammation
(CAA-RI), and infectious CNS vasculitis. Finally, we identified
6 patients who had a final diagnosis of t-PCNSV from this insti-
tution. The other 4 patients with t-PCNSV were collected from
the imaging and histopathology archives of the contributing
authors from 2 other institutions.

All 10 patients presented with masslike brain lesion(s)
with provisional radiologic diagnoses of brain neoplasm on
initial MR imaging studies, and all patients had eventual his-
topathologic confirmation of t-PCNSV. Patient records were
retrospectively reviewed, and demographic features, clinical
presentation, histopathology, laboratory results, and follow-
up studies were noted.
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Table 1: Patient clinical and radiologic demographics

Patient Demographics

Age, median; range (years) 42 (16-68)
Sex, male (%) 7 (70%)
Clinical presentations, n (%)
Headache 4 (40%)
Seizure 3 (30%)
Hemiparesis 3 (30%)
Confusion 2 (20%)
Visual disturbance 2 (20%)
Cognitive impairment 1(10%)
Word-finding difficulty 1(10%)
Location of involvement, n (%)
Cortex/subcortical white matter 7 (70%)
Deep white matter 6 (60%)
Basal ganglia 4 (40%)
Brain stem 1(10%)
Enhancement patterns, n (%)
Patchy enhancement 5 (50%)
Small nodular enhancement 5 (50%)
Ring enhancement 2 (20%)
Linear/perivascular enhancement 1(10%)
Leptomeningeal enhancement 4 (40%)
Subependymal enhancement 3 (30%)
Microhemorrhages, n (%) 8 (80%)
Patients with available CSF analysis, n (%) 5 (50%)
Abnormal CSF protein (>0.5 g/L) 3 (60%)
CSF leukocytosis (>5 cells/mm?) 4 (80%)
Patients with available serum inflammatory marker, n (%) 8 (80%)
High ESR (>20 mL/h) 2 (25%)
High CRP (>5mg/L) 2 (25%)
Surgical procedure
Stereotactic-guided biopsy 5 (50%)
Tumor resection 4 (40%)
Open wedge biopsy 1(10%)
Histopathology
Lymphocytic vasculitis 7 (70%)
Lymphocytic plus necrotizing vasculitis 2 (20%)
Granulomatous vasculitis 1(10%)
Treatment
Steroid alone 5 (50%)
Steroid plus immunosuppressive agents 5 (50%)
Total duration follow-up? median (range), months 18 (4-77)°

? Three patients did not have available clinical follow-up detail.

Imaging Analysis

Two neuroradiologists (S.S. and C.C.-T.H.) reviewed all anony-
mized CT and MR imaging studies in a consensus analysis. Brain
MRIs were performed on either 1.5T or 3T scanners. In all stud-
ies, MR imaging sequences performed included T1-weighted
imaging, T2-weighted imaging, FLAIR, and DWI. Depending on
the scanner used, susceptibility-based sequences, either T2*-
weighted gradient-echo imaging (GRE-T2*) or susceptibility-
weighted imaging, were performed. Gadolinium-enhanced TIWI
was acquired in all patients. Location, configuration, signal char-
acteristics, and enhancement pattern of the lesions were recorded.
When available, vascular imaging studies including CTA and
MRA (9/10) were assessed. In some patients, advanced MR imag-
ing techniques including MR perfusion (MRP) (3/10), MR spec-
troscopy (2/10), and vessel wall imaging (VWI) (3/10) findings
were available.
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RESULTS

Clinical Demographics

The 10 patients ranged in age from 16 to 68 years with a mean
age of 43.5 years (median, 42 years) at the time of initial diagnosis.
There were 7 (70%) males and 3 (30%) females.

Eight patients did not have pre-existing medical conditions.
One patient had known alcoholic cirrhosis and hypertension.
One patient had known hypoglossal nerve injury from a prior
thyroglossal duct cyst resection.

Initial clinical presentations of t-PCNSV were: headaches, 4
(40%); followed by seizures, 3 (30%); hemiparesis, 3 (30%); con-
fusion, 2 (20%); visual disturbance, 2 (20%); cognitive impair-
ment, 1 (10%); and word-finding difficulty 1 (10%).

Five (50%) patients had available CSF analysis. Of these, 4
(80%) had CSF leukocytosis (ranging from 7-47 cells/mm?), and 3
(60%) had abnormal CSF protein (ranging from 0.54-0.71 g/L).
Serum inflammatory markers including erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP) were available in 8 (80%)
patients. Two had elevated ESR: 22 and 45 mm/h. Two had eval-
uated CRP: 10 and 32 mg/L.

All patients had available systemic autoimmune and infec-
tious laboratory work-up, some of which included: HIV antibody,
HSV1-2, HZV polymerase chain reaction (PCR), hepatitis B and
C antibodies, tuberculosis PCR, Venereal Disease Research
Laboratory test, antinuclear antibodies, anti-neutrophil cytoplas-
mic antibodies, C3, C4, and rheumatoid factor; these available
results were within normal limits.

Patient clinical demographics, laboratory findings, and treat-
ment are summarized in Table 1 and detailed in the On-line
Table.

Imaging Findings

Locations and Multiplicity. Eight (80%) patients presented with
a single brain lesion (Figs 1-3). Two (20%) patients presented
with multifocal lesions. Lesion locations in the brain included:
cortex/subcortical white matter in 7 patients (70%), deep and/or
periventricular white matter in 6 patients (60%) (Figs 1 and 2),
basal ganglia in 4 patients (40%) (Fig 3), and brain stem in 1
patient (10%).

Signal Characteristics. All lesions had a hypointense signal on
T1WI and intermediate to hyperintense signal on T2WI. Marked
perilesional T2WT high signal of vasogenic edema was seen in 5
(50%) patients. Five (50%) patients had moderate perilesional
vasogenic edema. Diffusion restriction was absent in all lesions
(Fig 3B).

Eight (80%) patients had intralesional microhemorrhages,
seen as small linear or punctate patterns on either GRE-T2* or
SWI (Fig 1E-H). Two (20%) patients did not have evidence of
intralesional hemorrhages. Microhemorrhages were not encoun-
tered diffusely elsewhere in the brain.

Enhancement Patterns. All 10 patients (100%) demonstrated
enhancing lesions. Five patients (50%) demonstrated patchy paren-
chymal enhancement. Three of them demonstrated “mottled
appearance” characterized by multiple small hypoenhancing areas
within the patchy enhancing masses (Figs 1A-C). Small nodular



FIG 1. Common MR imaging features of t-PCNSV in 4 different patients. A and E: 68-year-old man (case 5), B and F: 16-year-old male adolescent
(case 6), C and G: 42-year-old man (case 8); and D and H: 55-year-old woman (case 7). Axial postcontrast Tl-weighted images (A—D) demonstrate
lobar masses. The masses have patchy heterogeneous enhancement (mottled appearance) on A—C (open arrow) and nodular and linear (perivas-
cular enhancement) on D (open arrowhead). Leptomeningeal enhancement is noted on A, B, and D (black arrows). Subependymal enhancement
is observed on C (white arrow). Axial susceptibility-weighted imaging (E, F, and H) and axial T2*-weighted gradient-echo imaging (G) demonstrate
microhemorrhages. Punctate microhemorrhages are shown in E-H (white arrowheads). Linear microhemorrhages are demonstrated on G and H

(black arrowheads).

enhancement was found in 5 patients (50%) (Figs 1D and 2B).
Two patients (20%) had ring enhancement (Figs 3A and D). Linear
(perivascular) enhancement pattern was found in 1 patient (10%)
(Fig 1D).

Localized leptomeningeal enhancement adjacent to the domi-
nant/largest lesions was found in 4 patients (40%) (Figs 1A, B,
and D). Localized subependymal enhancement adjacent to the
lesions was found in 3 patients (30%) (Figs 1C, 3A, and 3D), who
had lesions extended to the ventricular margin. No patient had
diffuse leptomeningeal enhancement or diffuse subependymal
enhancement.

Vascular Imaging: CTA, MRA, and VWI. Nine (90%) of 10 patients
had available cerebral CTA and/or MRA. All findings (100%) were
normal. None of the patients underwent conventional angiography.

Three patients (30%) had VWI and the imaged proximal
large intracranial arteries had no abnormal wall thickening or
enhancement.

Advanced MR Imaging: MRP and MR Spectroscopy. Three
patients (30%) had available MRP; all demonstrated low relative
cerebral blood volume (Fig 3E). Two patients (20%) underwent
MR spectroscopy, both demonstrated elevated choline peaks com-
pared with the creatine and slightly decreased NAA peak (choline/
creatine ratios were approximately 2.0, and choline/NAA ratios

were approximately 0.9). One patient demonstrated a high lipid-
lactate peak while the other did not have a lipid-lactate peak.

Histopathologic Findings
All patients underwent surgery: 5 patients (50%) had a stereotac-
tic-guided biopsy, 4 patients (40%) underwent gross total resec-
tion, and 1 patient (10%) had an open wedge biopsy.

Histopathologically, t-PCNSV is characterized by transmural
inflammation of small blood vessels in the brain parenchyma
and/or leptomeninges, inducing parenchymal ischemic changes
of varying ages.*®

In 9 patients (90%), the lesions were described as lymphocytic
vasculitis, which is characterized by a vasculocentric lymphocytic
inflammatory infiltrate confirmed on immunohistochemistry
staining: CD20 for B-cell lymphocytes (Fig 2E) and CD3 for T-
cell lymphocytes (Fig 2F). Two of the patients with lymphocytic
PCNSV had necrotizing vasculitis, characterized by extensive
transmural fibrinoid necrosis of the vessel wall confirmed by
Martius Scarlet blue staining.*®

One patient (10%) had granulomatous t-PCNSV (Fig 3) charac-
terized by vasculocentric predominantly mononuclear cell infiltra-
tion accompanied by multinucleated giant cells and fibroblasts.*®

None of these lesions demonstrated features of amyloid depo-
sitions on H&E staining. Confirmatory immunohistochemistry
staining for AB and/or Congo red were available in 7 patients
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FIG 2. MR imaging findings with histopathologic correlation of t-PCNSV. A 42-year-old man (case 1) presented with first episode seizure. Axial
fluid-attenuated inversion recovery (A) shows a hyperintense lesion involving the cortex and subcortical white matter (white arrow). Axial post
gadolinium T1-weighted imaging (B) demonstrates that the lesion has small nodular enhancement (black arrow). The initial imaging diagnosis was
glioma. This patient underwent a gross total resection of the mass. Hematoxylin and eosin-stained (C: 2 mm and D: 200 um magnifications) dem-
onstrated vasculocentric transmural lymphocytic infiltration involving the leptomeningeal artery (C, white arrowhead) and parenchymal cortical
arteries (C and D, black arrowheads). Immunohistochemically, the most infiltrating lymphocytic cell is positive for CD20 marker for B-cell lym-
phocytes (E) and CD3 marker for T-cell lymphocytes (F). The minority of inflammatory cells are macrophages that are positive for CD163 (G).

and were negative. None of these lesions showed nuclear atypia
or polymorphic cells. Also, all lesions had Epstein-Barr encoding
region in situ hybridization for the detection of the Epstein-Barr
virus and were negative.

Medical Treatment and Follow-Up

Five patients received corticosteroid treatment alone and 5
patients had a combination of corticosteroid and immunosup-
pressive agents that included cyclophosphamide and/or azathio-
prine. Seven patients had available clinical and imaging follow-
up, with a median total duration of follow-up interval of
18 months (range: 4-77 months). Six patients had complete
remission on the latest follow-up. One patient had recurrent dis-
ease at 48 months after initial treatment and had a remission after
repeat treatment with corticosteroid and immunosuppressive
therapy (Fig 3).

DISCUSSION

Our study describes and illustrates the spectrum of imaging find-
ings of t-PCNSV, which is a rare disorder manifesting as masslike
brain lesions. T-PCNSV seems to preferentially involve small
parenchymal and leptomeningeal vessels, usually sparing large to
medium-sized intracranial vessels, which may appear unremarkable
on commonly performed imaging studies such as CTA or MRA.
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Radiologic features of t-PCNSV were not well described or
recognized because it is extremely rare entity.* To our knowledge,

1122 . .1 2325
and review articles,

apart from several case reports only a
few small case series have been published in the medical litera-
ture.>®'% Molloy et al” reported 8 cases of masslike PCNSV with
the proved histopathology including both “A-related” PCNSV
and “non-Ap-related” PCNSV from 2 tertiary institutions. In
addition, they included a literature review of 30 cases. Lee et al'’
reported 4 cases of biopsy-proved lymphocytic PCNSV mimicking
brain tumor on MR imaging. de Boysson et al® described 10 mass-
like PCNSV cases in their series. Nine cases had histopathology-
confirmed PCNSV; 1 case had histopathology negative for PCNSV
but had large and medium vessel abnormalities suggestive of
PCNSV on both MRA and DSA. In their series, they did not spec-
ify the absence or presence of AB on histopathology. Recently,
Salvarani et al® have reported a comprehensive analysis of 13 bi-
opsy-proved cases of masslike PCNSV; however, 6 were found to
have A 3 -related PCNSV (or ABRA/CAA-RI), leaving only 7 non-
AB-related PCNSV cases. None of these case series identified de-
finitive radiologic features of t-PCNSV. Furthermore, the inclusion
of A -related PCNSV or ABRA/CAA-RI in their sample size may
preclude their analysis of the radiologic features of non-A 3 -related
PCNSV. In contrast, our study is exclusively focused on neuroi-
maging features of t-PCNSV with histopathologic correlation and



FIG 3. Recurrent granulomatous t-PCNSV. A 30-year-old man presented with headaches (case 4).
A and B: Initial brain MR imaging shows conglomerate ring-enhancing mass centered in the right
basal ganglia (arrow) with subependymal enhancement (arrowhead) on axial post gadolinium T1-
weighted images (Gd-TIWI) (A). This mass does not show diffusion restriction on DWI (B). He
underwent stereotactic-guided biopsy and histopathology showed granulomatous t-PCNSV. He
was treated with corticosteroid and immunosuppressive agents. C: Follow-up MR imaging at
12 months shows the resolution of the disease. D and E: Follow-up MR imaging at 48 months dem-
onstrates recurrent disease in the same region on Gd-TIWI (D). This mass does not show an
increase in relative cerebral blood volume on dynamic susceptibility contrast MR perfusion (E).
He was again treated with corticosteroids and an immunosuppressive agent. F: Follow-up Gd-

TIWI at 77 months confirms the remission of the disease.

we did not incorporate A3 -related PCNSV or ABRA/CAA-RI in
our analysis because these have recognized characteristic imaging
patterns described in prior literature.”” >’

Our t-PCNSV cohort had a male predominance, which was
observed in previous studies.>®®?° In our cohort, the most
common presentations of patients with t-PCNSV were head-
aches, seizures, and focal neurologic deficits, which were similar
to prior studies.*™®*

In our study, even though-PCNSV had a variety of imaging pat-
terns, we could identify several imaging features shared by many of
the patients with t-PCNSV, which may help raise the possible diag-
nosis of this disease. We found that in t-PCNSV, a single lesion was
more common than multiple lesions. The most common location
of t-PCNSV was the supratentorial cortex/subcortical areas, as
shown in previous studies.® Deep gray nuclei involvement can be
seen occasionally. Only 1 patient had brain stem involvement. All
patients with t-PCNSV in our cohort demonstrated enhancement,
which had various patterns. Patchy and nodular enhancement pat-
terns were the most common. Less common were ring and linear/
perivascular enhancement, respectively. Some patients who demon-
strated patchy enhancement had multifocal small hypoenhancing
areas within a background of patchy enhancement, resembling a
“mottled appearance” (Fig 1A-C). We hypothesized that this unique
pattern of enhancement may represent superimposed small infarc-
tions or necrosis within the background of brain parenchymal

inflammatory processes. A minority of
the patients showed subependymal or
leptomeningeal enhancement associated
with the main lesions, thought to repre-
sent inflammatory processes involving
adjacent leptomeningeal vessels and
subependymal vessels, respectively.

Interestingly, in our study, we found
that none of the patients with t-PCNSV
demonstrated diffusion restriction on
DWI (Fig 3B), which several previous
studies have reported,”®'" despite fre-
quent presence of microinfarctions on
histopathology.>® We could hypothesize
that this may reflect the involvement of
very small parenchymal/leptomeningeal
vessels (including arterioles, capillaries,
and/or venules) found in combinat-
ion with extensive brain parenchymal
inflammation, in contrast to medium or
large vessel occlusions causing “bland”
acute infarctions (54%-85%).>°

In our study, we found that most
patients with t-PCNSV demonstrated
microhemorrhages within the lesions,
which can be detected on either GRE-
T2* or SWI (Figs 1E-H). The micro-
hemorrhages can appear either punc-
tate or linear. The pathophysiology of
parenchymal microhemorrhages in t-
PCNSV is not well understood; one
proposed mechanism is the alteration
of vessel wall permeability secondary to the vasculitis process
itself.”

A minority of our patients with t-PCNSV had available
advanced MR imaging. Three patients underwent MRP (Fig 3E).
There was a low rCBV value that could be due to a lack of neoan-
giogenesis unlike malignant brain neoplasms, concurring with pre-
vious case reports on MRP of t-PCNSV.'"*'7* Two patients
underwent MR spectroscopy, which showed a nonspecific pattern
and did not add specific findings helpful in the exclusion of neo-
101314182125 Three patients had normal
vessel wall MR imaging of the large arteries in the circle of Willis.

Our study showed that most t-PCNSV was lymphocytic vasculi-
tis (90%), while only 10% was granulomatous vasculitis. This corre-

plasm from the diagnosis.

sponds to some previous studies.>'®*® However, other previous
studies®” reported that granulomatous vasculitis was more com-
mon in PCNSV with a tumorlike presentation. Those studies®”
included patients with ABRA/CAA-RI, which commonly have
granulomatous vasculitis and A3 deposits in the vessel wall.

In our study, we did not include the patient who was diag-
nosed with ABRA/CAA-RI. Some previous studies™>”?”>° have
classified ABRA/CAA-RI as a specific subgroup of t-PCNSV.
Although ABRA/CAA-RI share similar patterns of angiocentric
inflammatory cell infiltrates of vessel walls, the pathophysiologic
mechanism is different as it involves A3 deposition in the walls
of small-to-medium vessels mostly arteries in the leptomeninges
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and cerebral cortex.>* It is not fully understood whether the depo-
sition of AB in vessel walls incites the inflammatory response or,
conversely, if the inflammation leads to AB deposition. These enti-
ties have characteristic imaging patterns described as lobar subcorti-
cal edema and cortical/subcortical microhemorrhages associated
with predominant leptomeningeal enhancement.””*> ABRA/CAA-
RI rarely show parenchymal enhancement seen in our patients with
t-PCNSV. The pattern of microhemorrhage is also usually more
diffuse in ABRA/CAA-RI as compared with our patients with t-
PCNSV, where it was preferentially confined to the areas of signal
abnormality and enhancement. An additional reason to exclude
ABRA/CAA-RI cases is that ABRA/CAA-RI were commonly seen
in older men and those who have other comorbid illnesses and tend
to have poorer outcomes compared with t-PCNSV. Furthermore,
previous studies in some patients with Alzheimer disease who
received amyloid-modifying therapies were found to have amyloid-
related imaging abnormalities, which resemble ABRA/CAA-RI on

31,32

MR imaging.” " Its potential mechanism is that immunotherapies
cause an increase of clearance of parenchymal plaque AB with a
transient increase in vascular A3, leading to temporary vascular
leakage. This supports the hypothesis that A plays an important
role in the pathomechanism of ABRA/CAA-RIL>"? Therefore, we
postulated that ABRA/CAA-RI, where AB deposits are presumed
to be the causative factor, could represent an entity different from t-
PCNSV, where these deposits are absent.

Differentiation between t-PCNSV and brain neoplasms on
imaging alone can be challenging. Advanced imaging techniques
such as MRP and MR spectroscopy may aid in the diagnosis.
t-PCNSV does not show increased relative CBV, which is a fea-
ture of neoangiogenesis seen in high-grade gliomas. Differential
diagnosis based on imaging findings would often include primary
CNS lymphoma (PCNSL). Intralesional microhemorrhages are
not an uncommon imaging feature of PCNSL.** Furthermore, a
previous study has shown that systemic lymphoma can occur in
about 6% of patients with PCNSV.** These patients may have a
prior history of systemic lymphoma or simultaneous systemic
lymphoma detected on PCNSV work-up.** Radiologically, the
lack of diffusion restriction may be helpful in differentiating t-
PCNSV from PCNSL. In our cohort, none of our patients had
systemic lymphoma, either at the time of the biopsy or on follow-
up. The presence of intralesional microhemorrhages and lack of
specific open ring enhancement or peripheral diffusion restric-
tion assisted in differentiating t-PCNSV from tumefactive demye-
linating lesions.” Other unusual atypical infectious conditions
such as CNS tuberculosis and fungal infections should also be
included in the differential diagnosis of t-PCNSV.

Our study has several limitations; first, as a retrospective study
the imaging protocols applied were heterogeneous and some
patients did not have complete laboratory tests and follow-up.
Second, the extreme rarity of t-PCNSV prevented the undertak-
ing of large-scale studies. We collected cases from different insti-
tutions, which may have caused a selection bias. Third, PCNSV
has a different disease subtype and multifaceted clinical and his-
topathologic appearances resulting in difficulty in the grouping
of imaging appearances for the diagnosis. Furthermore, we did
not have available DSA, which is considered the reference stand-
ard for the preoperative diagnosis of PCNSV, because those
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patients were thought to have tumors preoperatively. Once the his-
topathologic diagnosis of PCNSV has been established, DSA is
usually not deemed necessary especially in the era of CTA and
MRA. It would have been helpful if there were available DSA,
though DSA is often negative if the affected vessel diameter is less
than 200 um in diameter.*® In addition, previous studies have al-

ready shown that most patients in this subgroup have normal DSA
4,68

findings.

CONCLUSIONS

T-PCNSV is a distinct subgroup of small vessel vasculitides that
can closely mimic brain neoplasm. Pertinent differentiating imag-
ing features include a cortical/subcortical enhancing masslike
lesion with intralesional punctate/linear microhemorrhages, lack
of diffusion restriction, and low rCBV. Importantly, absent large-
medium vessel involvement on CTA/MRA should not exclude
t-PCNSV. Open biopsy and histopathologic examination remain
the “gold standard” for definitive diagnosis.
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Detailed Arterial Anatomy and Its Anastomoses of the
Sphenoid Ridge and Olfactory Groove Meningiomas with
Special Reference to the Recurrent Branches

from the Ophthalmic Artery
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ABSTRACT

BACKGROUND AND PURPOSE: Detailed arterial anatomy of the sphenoid ridge and olfactory groove meningiomas is complicated
due to the fine angioarchitecture and anastomoses between each feeder. Herein, we present details of the arterial anatomy and
the relationships of feeders in these lesions.

MATERIALS AND METHODS: This study included 20 patients admitted to our department between April 2015 and March 2020.
Conditions of subjects consisted of 16 sphenoid ridge meningiomas and 4 olfactory groove meningiomas. We mainly analyzed arterial
anatomy using 3D rotational angiography and slab MIP images of these lesions. We also analyzed the anastomoses of each feeder.

RESULTS: We found that 19 (95%), 15 (75%), and 15 (75%) lesions had feeders from the ophthalmic, internal carotid, and external ca-
rotid arteries, respectively. As feeders from the ophthalmic artery, recurrent meningeal arteries were involved in 18 lesions (90%).
Fifteen lesions (75%) had anastomoses between each feeder.

CONCLUSIONS: Most of the meningiomas in the sphenoid ridge and olfactory groove had feeders from the ophthalmic and inter-
nal carotid arteries. There were various anastomoses between each feeder. This is the first report to demonstrate the detailed ar-
terial anatomy and frequency of recurrent branches from the ophthalmic artery and their anastomoses using detailed imaging
techniques.

ABBREVIATIONS: ECA = external carotid artery; EtA = ethmoidal artery; ILT = inferolateral trunk; LSOF = lateral part of the superior orbital fissure;
MHT = meningohypophyseal trunk; MMA = middle meningeal artery; MSOF = medial part of the superior orbital fissure; OC = optic canal; OphA = ophthal-
mic artery; RMA = recurrent meningeal artery; SOF = superior orbital fissure; TOB = transosseous branch; WHO = World Health Organization

he dural arterial anatomy of the sphenoid ridge and anterior

skull base is very complicated because there are many fine
arteries from not only the external carotid artery (ECA) but also the
ICA and ophthalmic artery (OphA).1 Moreover, there are various
anastomoses between each artery.>™ In the setting of hypervascular
diseases related to the dura, such as meningioma or dural arteriove-
nous fistula in these regions, the angioarchitecture can be visualized
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more clearly. In the present study, we investigated the details of the
arterial anatomy of sphenoid ridge and olfactory groove meningio-
mas with special reference to the recurrent branches of the OphA
and anastomoses between each feeder.

MATERIALS AND METHODS

All procedures performed in studies involving human partici-
pants were carried out in accordance with the ethical standards
of Okayama University Graduate School of Medicine, Dentistry
and Pharmaceutical Sciences’s institutional research committee
(1911-023). Written informed consent was obtained from all
patients before DSA and treatment, but written informed con-
sent for this study was not required because of the retrospective
and noninvasive study design. Conditions of subjects consisted
of 16 sphenoid ridge meningiomas and 4 olfactory groove me-
ningiomas between April 2015 and March 2020. In this study
period, we treated 29 patients with meningiomas in these
regions, and we excluded 9 cases without 3D rotational DSA



FIG 1. Schematic illustration of dural arterial anatomy and anastomoses among the ophthalmic,
internal carotid, and external carotid arteries: 1 indicates the ICA; 2, OphA; 3, lacrimal artery; 4,
RMA-OC; 5, RMA-MSOF; 6, RMA-LSOF; 7, ILT; 8, MHT; 9, MMA; 10, sphenoid branch of MMA; T1,
cavernous branch of MMA; 12, accessory meningeal artery; 13, artery of the foramen rotundum;

14, artery of the SOF; 15, marginal tentorial artery.

data because we could not analyze the details of the angioarchi-
tecture in these cases.

We examined the meningioma location, tumor invasion, tu-
mor size, histopathologic diagnosis according to World Health
Organization (WHO) grade, and arterial anatomy of the feeders.
Feeders were divided into branches of the OphA, ICA, and ECA
(Fig 1). Branches of the OphA are the recurrent meningeal arteries
(RMAs) described below, the ethmoidal artery (EtA), and the trans-
osseous branch (TOB). Branches of the ICA are the inferolateral
trunk (ILT) and the meningohypophyseal trunk (MHT). Branches
of the ECA are the middle meningeal artery (MMA), accessory me-
ningeal artery, deep temporal artery, artery of the foramen rotun-
dum, artery of the superior orbital fissure(SOF), and sphenopalatine
artery. We also analyzed the anastomoses of each feeder.

Anatomic Terminology of the Branches of the
Ophthalmic Artery
We defined the RMAs as the posteriorly recurrent branches from
the OphA or lacrimal artery passing through the SOF or optic
canal (OC). We found 2 other types of feeders from the OphA.
One of them was the TOB, which originates at the second or third
portion of the OphA and courses superiorly, passing through the
upper wall of the orbit to reach the dura of the anterior cranial
base. Another one was the anterior or posterior EtA, which courses
medially, passing through the ethmoidal foramina.

On the basis of the course, we divided feeders from the OphA
into 5 types as follows: RMA passing through the OC (RMA-
OC), RMA passing through the lateral part of the SOF (RMA-

LSOF), RMA passing through the
medial part of the SOF (RMA-MSOF),
TOB, and EtA. We distinguished the
RMA-LSOF and RMA-MSOF using
the coronal section of slab MIP images
from rotational angiography data. We
present representative cases of the
RMA-LSOF (Fig 2), RMA-OC (Figs 3
and 4), TOB (Fig 4), and EtA (Fig 4).

Preoperative Examination
Preoperative DSA was performed with
the patient under local anesthesia. After
obtaining 2D-DSA of the ECA and
ICA, which are ipsilateral to the tumor,
3D-DSA with a 5-second protocol was
performed on the branching feeders of
the vessels. For 3D-DSA, a 4F diagnos-
tic catheter was inserted into an ICA,
and a 100% iodine contrast medium
with a 300-mg/mL concentration was
infused using an injector (2.5 mL/s flow
rate, 1.5- to 2.0-second delay, total 16—
18 mL). After obtaining volume-ren-
dered images of 3D-DSA, slab MIP
images were derived from rotational
angiography data using a workstation
to analyze details of the feeder anat-
omy. An Artis zee biplane (Siemens
Healthcare) was used as a flat panel detector, and the syngo X
Workplace (Siemens Healthcare) was used as a workstation.

RESULTS

The lesion characteristics and arterial anatomy of meningiomas
are summarized in the Table, and details of each case are shown
in On-line Table 1. In terms of lesion location, there were 4 sphe-
noid ridge lateral types, 9 sphenoid ridge medial types, 3 sphe-
noid ridge diffuse types spreading to the middle and anterior
cranial base, and 4 olfactory groove lesions. There were 3 lesions
with intraorbital invasion and 1 lesion with invasion to the tem-
poral bone and muscle. The mean maximum diameter was
56mm. In terms of histopathologic diagnosis, there were 19
WHO grade I meningiomas and 1 WHO grade IT meningioma.
The 2 most frequent diagnoses were meningothelial (n=8) and
transitional (n = 8) meningiomas.

We found that 19 (95%), 15 (75%), and 15 (75%) lesions had
feeders from the OphA, ICA, and ECA, respectively. As the
feeders from the OphA, there were 7 RMA-OCs in 7 lesions, 14
RMA-LSOFs in 13 lesions, 2 RMA-MSOFs in 2 lesions, 4 TOBs
in 4 lesions, and 6 EtAs in 6 lesions. Six of 7 RMA-OCs (86%)
originated from the first segment of the OphA. Eleven of 14
RMA-LSOFs (79%) originated from the lacrimal artery. Two
RMA-MSOFs originated from the lacrimal artery and the sec-
ond portion of the OphA. All (4/4) TOBs originated from the sec-
ond or third segment of the OphA. Four of 6 EtAs (67%) origi-
nated from the third segment of the OphA. RMAs from the
OphA were involved in 18 lesions (90%). All (7/7) RMA-OCs
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FIG 2. A, Axial view of the gadolinium-enhanced T1-weighted image shows a medial-type sphenoid ridge meningioma. The lateral view of the
3D-DSA (B) and axial views of slab MIP images (C and D) of the right internal carotid angiogram show the feeder of the RMA passing through lat-
eral part of the SOF (arrow) from the lacrimal artery and ILT (arrowhead). There is an anastomosis between the RMA-LSOF and the ILT. E,
Oblique view of the internal carotid angiogram before embolization shows both feeders. Internal carotid angiogram after coil embolization of

the ILT (F) and RMA-LSOF (G and H). The tumor stain is markedly diminished.

FIG 3. A, The axial view of the gadolinium-enhanced Tl-weighted image shows a medial-type
sphenoid ridge meningioma. B, Anterior-posterior view of the left external carotid angiogram
shows the feeder from the accessory meningeal artery (large gray arrow) and sphenoid branch
(large black arrow) of the MMA. The lateral views of the 2D-DSA (C) and 3D-DSA (D) and sagittal
views of slab MIP images (E and F) of the left internal carotid angiogram show the feeder of the
RMA passing through the OC (arrow) and MHT (arrowhead). The slab MIP images clearly show
that the RMA-OC and OphA (dotted arrow) pass through the OC (E and F).
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appeared in medial-type sphenoid
ridge meningiomas or olfactory groove
meningiomas. RMA-LSOFs appeared
in all types of sphenoid ridge meningi-
omas. All sphenoid ridge meningiomas
with invasion to other locations (cases
1, 2, 8, 15 in the On-line Table) had
multiple feeders from the OphA. One
lesion (case 9 in the On-line Table) that
had no feeder from the OphA was a
psammomatous meningioma (WHO
grade I). There were no other relation-
ships between the arterial anatomy and
invasion or histopathologic diagnosis.
As the feeders from the ICA, the
ILT and MHT were involved in 13 and
9 lesions, respectively. As feeders from
the ECA, the sphenoidal branch of the
MMA, accessory meningeal artery, ar-
tery of the foramen rotundum, and ar-
tery of the SOF were involved in 12, 7,
6, and 3 lesions, respectively. Other
feeders from the ECA were the petrosal
branch of the MMA, deep temporal ar-
tery, and sphenopalatine artery. There
were 4 lesions with olfactory groove
meningiomas. Most of the feeders of



FIG 4. A, Sagittal view of the gadolinium-enhanced Tl-weighted image shows an olfactory
groove meningioma. The lateral views of the 2D-DSA (B) and 3D-DSA (C) and sagittal views of slab
MIP images (D—f) of the right internal carotid angiogram show the feeder from the RMA passing
through the OC (arrow) from the third segment of the OphA, posterior EtA, (arrowhead), and
TOB (dotted arrow). The slab MIP images show the RMA-OC, and the OphA passes through the
OC (E). Feeders from the RMA-OC and EtA configure an arcade shape on the blistering of the pla-

num sphenoidale.

the olfactory groove meningioma were from the OphA, and there
was no involvement of the ICA branches and MMA. As the feeders
from the OphA, the EtAs, RMA-OCs, and TOBs were involved in
4,3, and 1 lesion, respectively.

We found that 15 lesions (75%) had anastomoses between
each feeder. The most frequent anastomosis was between the
OphA and the ICA (eg, RMA-LSOF and ILT). We also found
anastomoses between feeders from the ipsilateral OphA (eg,
RMA-OC and EtA). Five cases had anastomoses between the
OphA or ICA and ECA. Four cases had multiple anastomoses,
such as the RMA-ILT-MMA-artery of the SOF. In 3 cases
of olfactory groove meningiomas, we found anastomosis
between the RMA-OC and the EtA. The mean maximum di-
ameter of the meningiomas that had anastomosis of feeders
was 45 = 13 mm and that of meningiomas without anastomo-
sis was 39 £ 16 mm.

DISCUSSION

Detailed arterial anatomy of the sphenoid ridge and the olfactory
groove meningiomas is little understood due to the fine and com-
plicated nature of arterial anatomy in the skull base. It is difficult to
differentiate these subtle vessels using conventional 2D-DSA, 3D-
CTA, or MR imaging. We demonstrated that the latest imaging
technique and slab MIP image of 3D rotational angiography can
visualize this fine angioarchitecture. In the present study, we found
that 95%, 75%, and 75% of lesions have feeders from the OphA,
ICA, and ECA, respectively. Moreover, we demonstrated that 75%
of lesions have anastomoses between each feeder. Notably, this is
the first report to demonstrate the detailed anatomy and frequency

of recurrent branches from the OphA
and their anastomoses using slab MIP
images.

Anatomy of the Dural Arteries
Martins et al' reported the detailed
microsurgical anatomy of dural arteries
as follows: The supply to the middle
fossa and paracavernous dura derives
laterally from the MMA, accessory me-
ningeal artery, and ascending pharyn-
geal artery and medially from the
intracavernous branches (ILT) of the
ICA. They also described the contribu-
tions to these regions from the recur-
rent branches of the ophthalmic and
lacrimal arteries. There is confusion
about the definition of the recurrent
ophthalmic arteries. Lasjaunias et al®
reported that both the superficial and
deep recurrent ophthalmic arteries pass
backward through the lateral and
medial parts of the SOF, respectively.
Meanwhile, Martins et al* reported that
the superficial recurrent ophthalmic ar-
tery, deep recurrent ophthalmic artery,
and RMA pass through the optic canal,
the medial part of the SOF, and the lateral part of the SOF, respec-
tively. Therefore, descriptions of both authors were competing. In
the present article, we describe the RMA as posteriorly recurrent
branches from the OphA passing through the OC or SOF, includ-
ing the superficial and deep recurrent ophthalmic arteries. Martins
et al' and Hayreh? described the recurrent branch passing through
the OC. However, to the best of our knowledge, no articles have
shown this recurrent artery passing through the OC in imaging or
cadaveric studies.

Yamaki et al” reported details of feeding arteries in parasellar
meningiomas, including 9 sphenoid ridge meningiomas. In this
article, they analyzed 2 lesions (22%) in the sphenoid ridge that
were supplied from the superficial recurrent ophthalmic artery or
recurrent meningeal artery, respectively. The current imaging
technology and slab MIP images provide us with the ability to an-
alyze detailed arterial anatomy. We can demonstrate that RMAs
from the OphA were involved in most of the lesions (90%) in the
present study.

Anastomosis of Each Feeder

Numerous anastomoses between each artery have been reported.*
In the setting of hypervascular lesions related to the dura, such as
meningiomas or dural arteriovenous fistulas, these feeding arteries
can be enlarged and tend to connect.® In the present study, there
were various anastomoses in 75% of cases, and 4 cases had multiple
anastomoses.

According to the embryologic concepts of the OphA, the con-
nection between the OphA and the ILT is the remnant of the dor-
sal ophthalmic artery and the connection between the RMA and
the MMA is the remnant of the supraorbital artery (branch of the
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Lesion characteristics and arterial anatomy of meningiomas

Characteristics/ Anatomy

Total n=20
Mean age (yr) 56 *= 14
Male sex (%) 9 (45%)

Location (%)
Sphenoid ridge (lateral type) 4 (20%)
Sphenoid ridge (medial type) 9 (45%)
Sphenoid ridge (diffuse type) 3 (15%)

Olfactory groove 4 (20%)
Mean maximum diameter (mm) 43+13
Histopathologic diagnosis (%)

Meningothelial meningioma 8 (40%)

Transitional meningioma 8 (40%)

Other WHO grade | meningioma 3 (15%)

WHO grade Il meningioma 1(5%)
Feeders from OphA (%) 19 (95%)

RMA-OC 7 (35%)

RMA-LSOF 13 (65%)

RMA-MSOF 2 (10%)

EtA 6 (30%)

TOB 4 (20%)
Feeders from ICA (%) 15 (75%)

ILT 13 (65%)

MHT 9 (45%)
Feeders from ECA (%) 15 (75%)

MMA 12 (60%)

Accessory meningeal artery 7 (35%)

Artery of the foramen rotundum 6 (30%)

Artery of the SOF 3 (15%)
Anastomosis of each feeder (%) 15 (75%)

OphA-OphA 4 (20%)

OphA-ICA 5 (25%)

OphA-ECA 2 (10%)

OphA-ICA-ECA 2 (10%)

ICA-ICA 1(5%)

ICA-ECA 1(5%)

stapedial artery).”'> De La Torre and Netsky'> reported the per-
sistent primitive maxillary artery in the human fetus. They
reported that this artery arises from the cavernous portion of the
ICA and anastomoses with the lacrimal artery and the anterior
branch of the MMA. We can comprehend the complicated anas-
tomoses among the OphA, ICA, and MMA using these findings.
Therefore, it is certain that there are various anastomoses among
branches of the OphA, ICA, and ECA.

Clinical Implications

Preoperative embolization for meningioma is performed as a
standard treatment. Although its usefulness is widely accepted,
the embolization of target vessels other than the ECA has been
reported as a risk for procedural complications in a nationwide
surveillance in Japan.'* Rosen et al'® reported their treatment
results for preoperative embolization using microparticles to 167
cranial base meningiomas, and 9% of their patients experienced
permanent neurologic deficits. They also showed that emboliza-
tion of the MHT, MMA, and ascending pharyngeal artery
involves the risk of a minor or permanent neurologic injury.
Meanwhile, Waldron et al'® reported their treatment results for
preoperative embolization using microparticles and coils to 119
cranial base meningiomas, with no complications. Some authors
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have reported the usefulness of embolization of the OphA
branches.”'® In limited cases, embolization may be performed
for branches of the OphA, but it is associated with a risk of vis-
ual disturbance due to migration of the embolic material to the
central retinal artery.'” Appropriate knowledge of anatomy, dis-
tal catheterization, and the gentle injection of embolic material
without reflux are necessary for safe embolization of the
OphA."

In our opinion, the RMA-OC is inappropriate as the target
vessel of preoperative embolization due to the difficulty in cathe-
terization because of its small caliber and short distance from the
origin of the OphA with an acute angle. The RMA-LSOF may
have a lower risk because of its origins and anastomoses. The
RMA-LSOF usually originates from a lacrimal artery and is anas-
tomosed with the sphenoid branch of the MMA. However, if the
RMA-LSOF has an anastomosis with the ILT, it involves a risk of
the migration of particulate or liquid materials to the ICA. Thus,
we recommend embolization of both of the RMA and the ILT
using detachable coils in such a case.

Another precaution related to embolization is residual feeding
from anastomotic vessels. If there is an anastomosis between each
feeder, proximal occlusion of the feeder, which can be easily cathe-
terized, can result in increased blood flow to the tumor from the
residual feeder. One should embolize the common trunk of both
feeders or the proximal parts of both feeders (Fig 2).

A detailed understanding of arterial microanatomy is also use-
ful in direct surgery. A large sphenoid ridge meningioma requires
skull base techniques, such as the transzygomatic approach.>*?'
Using a skull base technique and extradural drilling of the sphe-
noid wing to the SOF, we can devascularize the feeder from the
ECA and RMA-LSOF/MSOF.*! After these procedures, we open
the dura mater, and we can debulk the intradural tumor, most of
which is already devascularized, whereas, we may not be able to
find the feeder from the RMA-OC until identification of the optic
nerve. Moreover, coagulation to the RMA-OC involves the risk
of optic nerve injury. If we identify all of the feeders using preop-
erative angiography, we can search for feeders on the basis of the
anatomic landmarks of the bone and devascularize them in a safe
and efficient manner.

Limitations

The current study has some limitations. First, the number of
patients was small. Second, we did not confirm the presented feed-
ing arteries with operative findings. In future studies, we should
examine the accuracy of the presented results using operative find-
ings or cadaveric research.

CONCLUSIONS

Sphenoid ridge and olfactory groove meningiomas have feeders
from the OphA, ICA, and ECA in 95%, 75%, and 75% of lesions,
respectively. Furthermore, 75% of lesions have anastomoses
between each feeder.
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Carotid Stenting and Mechanical Thrombectomy in Patients
with Acute Ischemic Stroke and Tandem Occlusions:
Antithrombotic Treatment and Functional Outcome

V. Da Ros, /). Scaggiante, “*'F. Sallustio, “'S. Lattanzi, ““’M. Bandettini, “*'A. Sgreccia, “*'C. Rolla-Bigliani, ““'E. Lafe,
G. Sanfilippo, ““’M. Diomedi, ““’M. Ruggiero, “*’N. Haznedari, “’M. Giannoni, “’C. Finocchi, and ““'R. Floris

ABSTRACT

BACKGROUND AND PURPOSE: There is no consensus on the optimal antithrombotic medication for patients with acute ischemic
stroke with anterior circulation tandem occlusions treated with emergent carotid stent placement and mechanical thrombectomy.
The identification of factors influencing hemorrhagic risks can assist in creating appropriate therapeutic algorithms for such
patients. This study aimed to investigate the impact of medical therapy on functional and safety outcomes in patients treated
with carotid stent placement and mechanical thrombectomy for tandem occlusions.

MATERIALS AND METHODS: A multicenter retrospective study on prospectively collected data was conducted. Only patients treated
with carotid stent placement and mechanical thrombectomy for tandem occlusions of the anterior circulation were included. Univariate
and multivariate analyses were performed on preprocedural, procedural, and postprocedural variables to assess factors influencing clinical
outcome, symptomatic intracranial hemorrhage, stent patency, and successful intracranial vessel recanalization.

RESULTS: Ninety-five patients with acute ischemic stroke and tandem occlusions were included. Good clinical outcome (mRS = 2)
at 3months was reached by 33 (39.3%) patients and was associated with baseline ASPECTS = 8 (OR = 1.53; 95% Cl, 1.16-2.00), <2
mechanical thrombectomy attempts (OR = 0.71; 95% Cl, 0.55-0.99), and the absence of symptomatic intracranial hemorrhage (OR =
0.13; 95% Cl, 0.03-0.51). Symptomatic intracranial hemorrhage was associated with a higher amount of intraprocedural heparin,
ASPECTS = 7, and =3 mechanical thrombectomy attempts. No relationships among types of acute antiplatelet regimen, intrave-
nous thrombolysis, and symptomatic intracranial hemorrhage were observed. Patients receiving dual-antiplatelet therapy after hem-
orrhagic transformation had been ruled out on 24-hour CT were more likely to achieve functional independence and had a lower
risk of symptomatic intracranial hemorrhage.

CONCLUSIONS: During carotid stent placement and mechanical thrombectomy for tandem occlusion treatment, higher intraproce-
dural heparin dosage (=3000 IU) increased symptomatic intracranial hemorrhage risk when the initial ASPECTS was =7, and me-
chanical thrombectomy needs more than one passage for complete recanalization. Antiplatelets antiplatelets use were safe, and
dual-antiaggregation therapy was related to better functional outcomes.

ABBREVIATIONS: AlS = acute ischemic stroke; ICH = intracranial hemorrhage; MT = mechanical thrombectomy; sICH = symptomatic intracranial hemor-
rhage; TO = tandem occlusion

Tandem occlusions (TOs) occur in up to 16%-20% of patients ~ ICA lesion (complete occlusion or =90% stenosis according to
with acute ischemic stroke of the anterior cerebral circulation ~ the NASCET" criteria) and ipsilateral occlusion of proximal in-
and are defined as a combined extracranial-intracranial cervical ~ tracranial large vessels (ICA, the M1 and/or M2 segment of the
middle cerebral artery).?

Received April 21, 2020; accepted after revision uly 7. Acute ischemic stroke (AIS) caused by TOs is generally associ-
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Although intravenous thrombolysis with tPA remains part of
the criterion standard treatment,® tandem occlusions respond
poorly to intravenous thrombolysis alone,” likely due to the poor
responsiveness of large thrombi to enzymatic digestion. Because
intracranial vessel recanalization is the most powerful predictor
of favorable clinical outcome,® endovascular therapy is the stand-
ard of care for tandem occlusions.” However, the most appropri-
ate interventional strategy to manage the extracranial carotid
disease remains controversial.>” "'

Systematic reviews'> and post hoc analyses' reported similar
clinical outcomes at 3-month follow-up in patients with acute is-
chemic stroke and tandem occlusions treated with carotid stent
placement or angioplasty. Conversely, a recent meta-analysis,'* a
prospective nonrandomized trial,"> and the international multi-
center Thrombectomy in TANdem Occlusion (TITAN) and
Systematic Evaluation of Patients Treated with Stroke Devices for
Acute Ischemic Stroke (STRATIS) Registry'®'® suggested better
outcomes and higher recanalization rates for patients undergoing
carotid stent placement.

The best antiplatelet/anticoagulant management to reduce the
risk of postinterventional symptomatic intracranial hemorrhage
(sICH) and prevent stent re-occlusion in these patients remains a
matter of ongoing debate. Because emergent carotid stent placement
during acute ischemic stroke requires antithrombotic agents, this
strategy may be less appealing due to the intracranial hemorrhage
(ICH) risk, especially for patients already receiving intravenous
thrombolysis.'” Moreover, as addressed by the TITAN investigators,
the use of intraprocedural heparin in tandem occlusions failed to
demonstrate better functional, angiographic, or safety outcomes.*®
So far, little evidence exists to guide the medical therapy of tandem
occlusions treated with carotid stent placement,®" and high-quality
analyses and randomized controlled trials are needed.*>

This study aimed to investigate the impact of medical ther-
apy on functional and safety outcomes in patients treated with
carotid stent placement and mechanical thrombectomy for tan-
dem occlusions.

MATERIALS AND METHODS

Study Design

We retrospectively evaluated all consecutive patients admitted
with acute ischemic stroke between January 2018 and December
2019 in 5 Italian neurointerventional centers.

We included in this study only patients treated with emergent
carotid stent placement and mechanical thrombectomy for a tan-
dem occlusion, defined as an extracranial ICA lesion (complete
occlusion or =90% stenosis according to the NASCET" criteria)
and an ipsilateral proximal intracranial large-vessel occlusion (in-
tracranial ICA, the M1 and/or M2 segment of the middle cerebral
artery) confirmed at initial cerebral angiography. Eligibility for in-
travenous thrombolysis and endovascular treatment was evaluated
at each center according to the American Heart Association/
American Stroke Association guidelines.

Preprocedural, procedural, 24- to 48-hour postprocedural,
discharge, and 3-month data were prospectively collected. No
ethics committee approval was required for this retrospective
observational study.

We evaluated the following variables: demographic characteris-
tics (ie, age, sex), cardiovascular risk factors (ie, atrial fibrillation, ar-
diabetes
smoking, previous cardio-cerebrovascular accidents), clinical and

terial hypertension, mellitus, hypercholesterolemia,
radiologic assessments (ie, mRS,?* NIHSS score, > imaging charac-
teristics [ie, ASPECTS]),? stroke etiology according to the Trial of
Org 10172 in Acute Stroke Treatment (TOAST) classification,”®
stroke side, hemorrhagic transformation, stent patency, procedural
time, (ie, onset-to-groin time, onset-to-recanalization time), number
of mechanical thrombectomy (MT) attempts, type of stent (single-
or dual-layer), and medical therapy (ie, preprocedural medications,
intra- and postprocedural anticoagulant/antiplatelet protocols).
Good clinical outcome was defined as mRS 0-2 at 3-month
follow-up, and favorable clinical outcome, as mRS 0-3.

Imaging Evaluation
All CT scans were obtained with 64 slices using a helicoid acquisi-
tion (GE LightSpeed VCT 64; GE Healthcare). At each institution, 2
neurointerventional radiologists independently analyzed preproce-
dural CT scans. Any disagreement was resolved by consensus with a
third neuroradiologist (ie, head of the department). The cervical
ICA occlusion was included in the TOAST classification on DSA,
according to clinical and angiographic imaging characteristics.
Successful recanalization was defined as modified TICI 2b-3 on
DSA.Y

CT angiography was used to assess stent patency within
72hours from treatment. Acute in-stent occlusion was defined as
occlusion of the carotid stent within 72 hours after stent placement.

Symptomatic intracranial hemorrhage (sICH) was defined as
parenchymal hematoma type 1 or 2 using the European
Cooperative Acute Stroke Study (ECASS) III grading, according
to imaging at 24 hours, associated with an increase of at least 4
NIHSS points within 24 hours, or resulting in death.*®

Emergent Carotid Stent Placement and MT

There were no technical restrictions to perform cervical ICA stent
placement and intracerebral mechanical thrombectomy. Each cen-
ter independently decided the stent type (ie, single-layer stent or
dual-layer stent) and the mechanical thrombectomy technique (e,
aspiration and/or stent retriever) according to their experience.

Anticoagulation/Antiaggregation

For each patient, we assessed preprocedural, intraprocedural,
and postprocedural medications, independently decided at each
institution.

IV heparin sodium use was administered at the discretion of
each center. The total amount of IV heparin was calculated on
the basis of the speed of infusion, use of a bolus, and time from
first infusion to the end of the procedure.

In patients already receiving antiplatelet medications, a single-
antiplatelet therapy was defined as a regular dosage of aspirin
(Bayer) (ie, up to 300 mg) or clopidogrel 75 mg. In patients with-
out antiplatelet medication, a dose of 500 mg of intravenous ly-
sine acetylsalicylate administered before deployment of carotid
stent placement was considered a regular single dosage. Dual-
antiplatelet therapy was defined as a treatment with combined
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FIGURE. Flow chart of the study population.

Table 1: Overall characteristics of the study population

elimination procedure; a separate ANOVA was conducted for
each dependent variable at an « level of .025. Analyses were per-
formed using SPSS, Version 23.0 (IBM).

RESULTS

Study Population

Between January 2018 and December 2019, one thousand eighty
patients admitted with acute ischemic stroke underwent me-
chanical thrombectomy; 214 patients (19.8%) presented with
of whom 95
patients (44.4%) received emergent carotid stent placement

extracranial/intracranial tandem occlusions,

(flow chart in the Figure). The characteristics of the study popu-
lation are presented in Table 1.

Fifty-six patients (58.9%) presented with a left-hemispheric
stroke. Median baseline ASPECTS was 8, and the NIHSS score was
16.8. Forty-five patients (47.4%) were
treated with mechanical thrombectomy

Characteristics

plus intravenous thrombolysis. The

Patient characteristics
Age (mean) (range)
Male sex (No./No.) (%)
Left-hemisphere stroke (No./No.) (%)

64.6 = 12.6 (29-86)
69/95 (72.6%)
56/95 (58.9%)

mean onset-to-groin time was 284.5 =
156.4 minutes, the mean onset-to-re-
376.7 =*

canalization time was

Baseline NIHSS (mean) (range) 16.8 = 5.5, 2-32 168.3 minutes, and the mean proce-
Baseline ASPECTS (median) (range) 8;2-10 dural time was 90.6 * 58.2 minutes.
Tobacco (No./No.) (%) 35/95 (36.8%)

Diabetes mellitus (No./No.) (%)
Dyslipidemia (No./No.) (%)

Atrial fibrillation at admission (No./No.) (%)
Prestroke antiplatelet therapy (No./No.) (%)

Procedural and postprocedural characteristics
Onset-to-groin time (mean) (range)
Onset-to-recanalization (mean) (range)

Procedural time (mean) (range)

No. of MT attempts (mean) (range)

Successful recanalization mTICl =2b (No./No.) (%)
Intravenous thrombolysis (No./No.) (%)

Single-layer carotid stent (No./No.) (%)

Dual-layer carotid stent (No./No.) (%)

Intraprocedural heparin (No./No.) (%)

Intraprocedural single-antiplatelet therapy (No./No.) (%)
Intraprocedural dual-antiplatelet therapy (No./No.) (%)
Postprocedural single-antiplatelet therapy (No./No.) (%)
Postprocedural dual-antiplatelet therapy (No./No.) (%)
Symptomatic ICH

7/95 (7.4%)
16/95 (16.8%)
10/95 (10.5%)
21/95 (221%)

284.5 * 156.4; 70-980 min

376.7 *+ 168.3; 1101075 min

90.6 = 58.2; 9-315min
2.57 +£17;1-10

58/95 (61.1%)

45/95 (47.4%)

87/95 (91.6%)
8/95 (8.4%)

40/95 (42.1%)

46/79 (58.2%)

10/43 (23.3%)

25/54 (46.3%)

30/60 (50%)

26/94 (27.7%)

Clinical and Angiographic
Outcomes

A successful intracranial recanalization
(modified TICI 2b-3) was achieved in
58 of 95 patients (61.1%): TICI 3 in 31
(32.6%), TICI 2¢ in 5 (5.3%), and TICI
2b in 22 (23.2%). The rate of unsuc-
cessful recanalization was 38.9%: TICI
2a in 28 patients (29.5%), TICI 1 in 3
(3.2%), and TICI 0 in 6.3%.

The rate of postprocedural sICH
was 27.7%. Parenchymal hematoma
type 1 occurred in 12 (12.7%) patients,
and parenchymal hematoma type 2, in
14 (14.9%) patients. Clinical follow-up
at 3 months from stroke was available

Note:—mTICl indicates modified TICI.

medications (eg, aspirin with clopidogrel) or a double regular
dose of a single drug (eg, lysine acetylsalicylate, 1000 mg).

Statistical Analysis

Continuous variables were reported as mean = SD or median
with range, and categoric variables, as number and percentage.
Contingency analyses for categoric variables were performed
using the exact y? test.

Group comparisons were performed with the ANOVA and
univariate logistic regression analyses to identify factors influenc-
ing clinical outcomes, stent patency, successful revascularization,
and sICH. A 2-sided P value < .05 indicated statistical signifi-
cance. The multivariate analysis was performed using a general
linear regression model (MANOVA), with a stepwise backward
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in 84 patients: Thirty-three (39.3%)

were functionally independent (mRS

0-2), and 47 (56%) achieved a favor-
able outcome (mRS 0-3).

Management of Tandem Lesions

Emergent carotid artery stent placement was performed in all
patients. In 87 patients, a single-layer carotid stent was used, and
8 patients were treated with a dual-layer carotid stent.

Factors Influencing Clinical Outcomes: ANOVA,
Univariate, and Multivariate Analyses

The subgroup comparison of patients with functional independ-
ence (mRS 0-2) and dependence at 3-month follow-up is pre-
sented in On-line Table 1. Patients with good clinical outcome
were younger (mean age, 61.4 versus 65.9 years), presented with

shorter onset-to-recanalization time (median, 317.5 versus



360 minutes), had a higher rate of successful intracerebral re-
canalization (modified TICI = 2b: 75.8% versus 52.9%), were
more commonly prescribed postprocedural dual-antiplatelet
therapy (67.9% versus 25.9%), and showed lower rates of
SICH (9.1% versus 42%). All other cofactors were not statisti-
cally different between groups. The univariate logistic regres-
sion analysis is presented in On-line Table 2.

Factors associated with a good clinical outcome were higher
baseline ASPECTS (OR = 1.53; 95% CI, 1.16-2; P = .002), lower
rates of SICH (OR = 0.13; 95% CI, 0.37-0.51; P=.001), and =2
MT attempts (OR = 0.71; 95% CI, 0.55-0.99; P =.04). Moreover,
those patients receiving dual-antiplatelet therapy after hemor-
rhagic transformation had been ruled out on 24-hour CT had
higher chances of functional independence at 3-month follow-up
(OR = 6.03;95% CI, 1.87-19.44; P =.003).

All other intraprocedural or postprocedural anticoagulant/anti-
platelet protocols were not associated with good clinical outcome.

The multivariate general linear analysis (MANOVA) reported
a relevant difference between patients with and without good
clinical outcome when considered jointly on the variables of base-
line ASPECTS, sICH, postprocedural dual-antiplatelet therapy,
and number of MT attempts.

There was a significant difference between patients with and with-
out good clinical outcome on baseline ASPECTS, F (1-53) = 8.57,
P=.001, partial * = 0.14, with functionally independent patients
having higher mean ASPECTS on baseline CT (84 = 0.4; 95% CI,
7.9-9.2) versus dependent patients (6.9 = 0.4; 95% CI, 6-7.7).

The multivariate analysis confirmed the association with sICH
(negative correlation; P=.005) and postprocedural dual-antiplate-
let therapy (positive correlation; P=.003). Moreover, mean me-
chanical thrombectomy attempts of 1.9 = 0.3 (95% CI, 1.3-2.5;
P=.004) were associated with good clinical outcome versus de-
pendent patients undergoing 3.2 = 0.3 (95% CI, 2.6-3.9) attempts
to recanalize the intracerebral occlusion.

Factors Influencing Successful Recanalization and Stent
Patency: ANOVA and Univariate Analysis

The subgroup comparison of patients with successful and unsuc-
cessful intracerebral recanalization is presented in On-line Table 1.

The intracerebral large-vessel occlusion was more often success-
fully recanalized in patients presenting with left-hemispheric stroke
(69% versus 43.2%), higher baseline ASPECTS (median, 8 versus 7),
and faster onset-to-groin time (median, 236 versus 275 minutes).
Moreover, a trend toward successful recanalization (P=.052) was
observed for patients receiving intraprocedural heparin. The univar-
iate logistic regression analysis is presented in On-line Table 2.

The only factors associated with a successful recanalization
were a left-hemispheric stroke (OR = 2.91; 95% CI, 1.23-6.86;
P=.01) and =2 mechanical thrombectomy attempts (OR = 0.69;
95% CI, 0.51-0.93; P=.01).

The comparison of the available data on stent patency within
72 hours reported a higher rate of acute in-stent occlusion for dual-
layer stent compared with single-layer stent (4/5 patients versus 10/
59 patients; 80% versus 16.9%; P<<.001). A similar result was
obtained by univariate logistic regression analysis (On-line Table 2)
for dual-layer stent patency (OR= 0.05 95% CI, 0.005-0.50;
P=.007).

Factors Influencing Symptomatic Intracerebral
Hemorrhage: ANOVA, Univariate, and Multivariate
Analyses

The subgroup comparison of patients with and without sICH is
presented in On-line Table 1. The only factor associated with sSICH
was a lower baseline ASPECTS (median, 6.5 versus 8) confirmed by
univariate logistic regression analysis (On-line Table 2; P=.009).
Moreover, those patients receiving dual-antiplatelet therapy after
hemorrhagic transformation had been ruled out on 24-hour CT
had less chance of sSICH (OR = 2.4; 95% CI, 1-5.8; P=.02).

The multivariate general linear analysis (MANOVA) reported
a significant difference between patients with and without symp-
tomatic ICH when considered jointly on the variables baseline
ASPECTS, intraprocedural heparin, and number of mechanical
thrombectomy attempts, the Wilk A=0.8, F (3.80) = 6.03,
P=.001, partial 5* = 0.18.

There was a significant difference between patients with and
without symptomatic ICH on baseline ASPECTS, F (1-84) = 12.17,
P=.001, partial 7> = 0.13, with patients with sICH having lower
ASPECTS on baseline CT (mean = 6.6 = 0.4; 95% CI, 5.8-7.4)
compared with patients without sICH (8.3 = 0.2; 95% CI, 7.8-8.7).

There was a significant difference between patients with and
without sICH in intraprocedural heparin administration, F
(1-84) = 6.4, P=.01, partial 1]2 = 0.07, with patients with sICH
in patients receiving higher amounts of heparin (mean = 3547 *
588 1U; 95% CI, 2377-4718 1U) compared with patients without
sICH (1817 = 3391U; 95% CI= 1141-2493 IU).

There was a significant difference between patients with and
without symptomatic ICH in the number of mechanical throm-
bectomy attempts, F (1-84) = 32.14, P=.002, partial n2 = 0.1,
with sICH in patients treated with a higher number of passes
(mean, 3.3 £ 0.3; 95% CI, 2.6-4.1) compared with those without
sICH (1.9 = 0.2;95% CI, 1.5-2.4).

DISCUSSION
In this study, we assessed functional outcome and complications
in patients with acute ischemic stroke and tandem occlusions
treated with emergent carotid stent placement and mechanical
thrombectomy. We focused our multicenter retrospective analy-
sis on this specific subgroup of patients with special regard for
medical management to respond to the demanding questions
raised after the recently reported higher successful recanalization
rates and better clinical outcome in tandem occlusions managed
with carotid stent placement."*'®

We found that a large ischemic core at the initial CT scan
(ASPECTS = 7), >2 mechanical thrombectomy attempts, and
=3000 IU of intraprocedural heparin were significant predictors
of sSICH (Table 2). Functional independence was related to a
small ischemic core (ASPECTS = 8) and with the first-passages
effect (ie, successful recanalization obtained with =2 mechanical
thrombectomy attempts) (Table 2). Moreover, both single- and
dual-antiplatelet therapy seem safe in emergent carotid stent
placement, even if patients receive intravenous thrombolysis.
Despite these results differing from those reported by van de
Graaf et al,° they are in accordance with the most recent data
from the TITAN registry.”
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Table 2: Multivariate analysis of factors influencing symptomatic ICH and functional

small group of 8 with dual-layer stents

independence did not allow running a powerful sub-
Factors Mean 95% ClI P Value group analysis comparing single- and
Influencing symptomatic ICH dual-antiplatelet therapy in dual-layer
Intraprocedural heparin =3000 1U 3547 *+ 588 IU 2377-4718 .01 stents
ASPECTS =7 6.6 =04 5.8-7.4 .001 '.all th dical
MT attempts =3 3303 26-41 002 Finally, the medical treatment strat-
Influencing functional independence (mRS =2) egy was left to the interventionist’s dis-
ASPECTS =8 84+ 04 7.9-92 .001 cretion with heterogeneous drug dosages
MT attempts =2 19 +03 1.3-2.5 .004 and administration times.
CONCLUSIONS

Furthermore, patients receiving dual-antiplatelet therapy after
ICH had been ruled out on postprocedural CT had higher chan-
ces of functional independence at 3 months from stroke, confirm-
ing the safety profile of antiplatelet therapy. This finding is in line
with the study by Zhu et al,* which reported a lower 90-day mor-
tality rate in the antiplatelet therapy group.

Regarding anticoagulation, the intraprocedural heparin dosage
influenced the development of sSICH. While we did not observe an
increased risk of ICH (ie, hemorrhagic infarction or parenchyma-
tous hematoma®) within 24 hours from treatment in patients
receiving low-dose intraprocedural heparin (ie, <3000 IU), consist-
ent with previous reports,”**"* low-dose heparin was not related to
higher reperfusion rates.”” On the contrary, a higher dose of intra-
procedural heparin (ie, =3000 IU) was associated with sICH with-
out improvement in the rate of successful recanalization or stent
patency.

Heparin is commonly used to reduce the risk of re-occlusion
and distal embolization during endovascular treatment,”> and post
hoc analyses from the Thrombectomy REvascularization of Large
Vessel Occlusions in Acute Ischemic Stroke (TREVO 2) and
Mechanical Embolus Removal in Cerebral Ischemia (MERCI) trials
showed its utility in obtaining good functional outcome without
increasing the risk of hemorrhagic complications.”"** However, the
most recent results from large multicenter registries did not find dif-
ferences between patients with and without heparin treatment in
terms of good outcome™ or successful revascularization rates.”****°

In our series, the overall sSICH risk seems higher compared
with the TITAN registry.”>*”® The explanation of this discrepancy
may reside in differences among the study populations. In our
analysis, we included only patients who underwent emergent ca-
rotid stent placement. Thus, most of the included patients received
a mixture of antiplatelet therapy, intravenous thrombolysis, and
heterogeneous doses of intraprocedural heparin; in contrast, in the
TITAN registry, the analysis of the effect of anticoagulants was
based only on patients who received a low dose of heparin.

This multicenter analysis has some limitations. First, the observa-
tional and nonrandomized design is subject to methodologic biases
inherent in this form of study. Second, although only experienced
neuroradiologists assessed data at each institution, we did not con-
firm our findings using a core lab assessment of brain imaging.
Third, despite the effort to establish a comprehensive multicenter
registry, there may be a concerning risk of bias due to patients lost to
follow-up and missing data in the retrospective dataset. In our study,
dual-layer stents represented an independent factor related to in-stent
thrombosis, as previously reported by Yilmaz et al;’* however, the
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In the literature, there are few data to
guide management of tandem occlusions in patients with acute
ischemic stroke, and optimal antithrombotic therapy remains to
be assessed for patients treated with emergent carotid artery stent
placement. In our analysis, regular doses of intraprocedural hepa-
rin (=3000 IU) were associated with sICH, antiplatelets were
safe, and dual-antiaggregation therapy was related to better func-
tional outcomes. The current findings may inform clinical prac-
tice and provide support for a prospective randomized controlled
trial aimed at assessing endovascular treatment of patients with
tandem occlusions.
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Use of Cangrelor in Cervical and Intracranial Stenting for the
Treatment of Acute Ischemic Stroke: A “Real Life”
Single-Center Experience

G. Pero

A. Cervo, ““'F. Ferrari, G. Barchetti, ““'L. Quilici, ““ M. Piano, ““'E. Boccardi, and

ABSTRACT

BACKGROUND AND PURPOSE: In cases of large-vessel-occlusion strokes due to an underlying tandem internal carotid artery occlu-
sion or intracranial atherosclerotic disease, concomitant stent placement may be needed. Immediate platelet inhibition is necessary,
but to date, a standardized approach for antiplatelet inhibition in acute settings is still missing. Here we report our single-center
experience about the safety and efficacy of periprocedural administration of cangrelor in patients with acute ischemic stroke due
to intracranial or cervical artery occlusion undergoing stent placement.

MATERIALS AND METHODS: We retrospectively evaluated all cases of acute ischemic stroke that needed acute stent implantation
and were treated with periprocedural administration of cangrelor between January 2019 and April 2020 at our institution. All
patients who needed either extracranial or intracranial artery stent placement (in either the anterior or posterior circulation) were
included.

RESULTS: We evaluated 38 patients in whom cangrelor was administered IV periprocedurally. Their mean age was 64 years (range,
26-85 years), with 25/38 male subjects and 13/38 female patients. In 26 patients (68.4%), a tandem occlusion was present and was
treated with carotid artery stent placement, while 12 patients (31.6%) required an intracranial stent implantation. In 4 subjects
(10.5%), an intracerebral hemorrhage occurred after the procedure. All patients in the series were alive 1week after the procedure.

CONCLUSIONS: Although larger, multicentric randomized studies are strongly warranted, our results support the hypothesis of a
possible role of cangrelor as a valuable therapeutic option in the management of platelet inhibition in acute ischemic stroke proce-
dures after intra- or extracranial stent placement.

ABBREVIATIONS: AIS = acute ischemic stroke; DAPT = dual-antiplatelet therapy; GP = glycoprotein; ICH = intracerebral hemorrhage; PCI = percutaneous
coronary intervention; STEMI = ST-segment elevation myocardial infarction

Endovascular treatment has become the standard care of acute  frequently need concomitant stent placement to maintain vessel

ischemic stroke (AIS) due to large-vessel occlusion, which
results most often from a cardioembolic event (mainly atrial fi-
brillation).! Nevertheless, 15%-20% of large-vessel strokes have
an underlying tandem internal carotid artery occlusion or intra-
cranial atherosclerotic disease®, with the latter showing a higher
incidence in the Asian population.” Patients with AIS due to an
underlying atherosclerotic extracranial or intracranial stenosis
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patency.

Thrombosis is a known and serious complication following
stent implantation. Indeed, both bare metal and drug-eluting
stents can increase the thrombogenicity of atherosclerotic plaque,
inducing platelet adhesion, activation, and thrombus formation
directly on or near the stent.* Thus, dual-antiplatelet therapy
(DAPT) is long considered mandatory in patients undergoing
endovascular stent placement, to reduce the risk of thromboem-
bolic complications.

In emergency settings, when stent placement is required in
patients without preadmission DAPT, the choice of the right
antiplatelet treatment among all those available could be prob-
lematic. Thus, inhibitors of glycoprotein IIb/IIla (GP IIb/IIIa) are
known to be safe and efficient, being widely used in clinical
practice.”

Nevertheless, in patients with AIS, the risk of intracranial hem-
orrhage is considerably higher, especially if intravenous fibrinolytic



therapy has been administered, either if oral P2Y12 receptor inhib-
itors or IV GP TIb/IITa inhibitors are administered or not.® In the
unfortunate case of the occurrence of an intracerebral hemorrhage,
the long half-life of these medications may represent a disadvant-
age in patient management. Nonetheless, this risk is generally out-
weighed by the potentially more severe consequences of vessel
occlusion due to in-stent thrombosis.

Most of the antiplatelet strategies used in neurointerventions
come from experience in interventional cardiology. Indeed, the
use of DAPT in the emergency department has been extensively
investigated in patients with ST-segment elevation myocardial in-
farction (STEMI) and without it. According to current guide-
lines,” in patients with STEMI and in subjects referred to
percutaneous coronary intervention (PCI), pretreatment with a
P2Y12 inhibitor is generally recommended in addition to aspirin
(Bayer). In particular, ticagrelor administration is recommended
on top of aspirin, regardless of the initial treatment strategy and
also in patients already undergoing clopidogrel administration.
According to the same guidelines,” when patients undergoing a
PCI are not pretreated with a P2Y12 inhibitor, cangrelor can be
safely used in the catheterization laboratory and ticagrelor can be
administered any time before, during, or at the end of cangrelor
infusion.

Although characterized by these valuable features, cangrelor use
is still off-label in the setting of neuroendovascular interventions.

Given the relative lack of evidence about cangrelor efficacy in
the setting of acute neuroendovascular interventions, the aim of
this study was to report a single-center experience about the
effects of periprocedural IV administration of this drug in
patients with AIS due to intracranial or cervical artery occlusion,
who needed stent placement.

MATERIALS AND METHODS

Patient Population

This retrospective study was approved by Niguarda Ca Granda
Hospital review board. Informed consent was secured from each
patient, if possible, or from his or her next of kin.

At our institution, standard informed consent for emergency
endovascular procedures includes consent to use antiplatelet
drugs, if needed, even if off-label. Our institution approved the
off-label use of cangrelor for neuroendovascular procedures.

Our single-center prospectively maintained data base was
searched to evaluate all patients with AIS who underwent an
endovascular procedure requiring acute stent implantation and
who were treated with periprocedural administration of cangre-
lor. All patients who needed either extracranial or intracranial
stent placement, both in the anterior and posterior circulations
between January 2019 and April 2020, were included.

Cangrelor Administration Protocol
Our approach in the presence of AIS due to tandem occlusions is
to treat the patient in a “retrograde fashion,” performing intracra-
nial thrombectomy first and stent placement afterward, with the
patient under conscious sedation, if possible.

Imaging protocol for patient selection was achieved by the ac-
quisition of a nonenhanced CT scan followed by multiphasic CTA
and CT perfusion. Choice of an adequate thrombectomy technique

(ie, a direct aspiration first-pass technique, stent-retriever, or a
combination of both) was then made by each neuroradiologist
according to the site of the occlusion. Balloon-guided catheters
were used only in cases of intracranial ICA or cervical ICA occlu-
sions with no concomitant intracranial occlusions.

The choice to implant a stent was made in the neurointerven-
tional suite if no hemorrhagic complications occurred after throm-
bectomy and a good recanalization (TICI 2b-3) was achieved,
according to the decision process shown in the Figure.

The only exclusion criterion for cangrelor administration was
intracranial bleeding, ruled out by a conebeam CT performed in
the angiosuite.

As soon as the operator deemed it necessary to implant a stent,
in patients with no ongoing antiplatelet therapy and not receiving
rtPA administration, a loading dose of 500mg of aspirin was
administered intravenously at the beginning of the procedure.
After stent placement, its patency was monitored for about
30 minutes, with the patient remaining in the angiosuite and
angiograms were obtained every 10 minutes.

If no intrastent thrombosis occurred, cangrelor administra-
tion was avoided. On the other hand, in the case of intrastent
thrombosis a 30-ug/kg bolus of cangrelor was administered, fol-
lowed by a 4.0-ug/kg/min IV infusion, until the transition to the

FIGURE. Stent placement and cangrelor administration decision pro-
cess. CBCT indicates conebeam CT.
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oral P2Y12 inhibitor ticagrelor was deemed possible according to
the treating physician. A loading dose of ticagrelor, 180 mg, was
administered 30 minutes before cangrelor infusion was discontin-
ued. No blood assay was performed to evaluate the effectiveness
of antiaggregation, according to our institutional protocol. The
postprocedural dual-antiplatelet therapy was performed with
ticagrelor, 90 mg twice a day, and aspirin, 100 mg, except for indi-
vidualized modifications.

In patients who were initially treated with rtPA with no ongoing
antiplatelet therapy, after ruling out hemorrhagic complications of
the thrombectomy, cangrelor was administered immediately before
stent placement, as described above. If during cangrelor infusion,
patients showed a clinical deterioration due to hemorrhagic compli-
cations, cangrelor administration was stopped and ticagrelor admin-
istration was avoided.

Follow-Up and Study Outcomes

All patients received close clinical monitoring in a Stroke Unit or in
a Neurologic Intensive Care Unit for at least 24 hours after the pro-
cedure. A nonenhanced brain CT scan was scheduled 24 hours after
the procedure for all patients in the absence of signs of neurologic
deterioration. Cervical carotid artery stent patency was assessed
with a Doppler sonographic examination performed 24 hours after
the procedure, while intracranial stent patency was assessed with an
intracranial CTA. Finally, a brain CT perfusion scan was performed
only in selected cases in which doubts about stent patency and/or
signs of cerebral ischemia occurred.

The primary outcomes were the occurrence of in-stent throm-
bosis and the evidence of intracrerebral hemorrhage (ICH) both
periprocedurally and during the first week after the treatment in
in patients stented acutely.

Statistical Analysis

For this report, only descriptive statistics were performed. As for
demographic data and baseline patient population characteristics,
continuous variables were presented as mean or median, and cat-
egoric values, as absolute values and percentages. Statistical analy-
ses were performed using R, Version 3.6.1 (http://www.r-project.
org/).?

RESULTS
Between January 2019 and April 2020, four hundred thirteen
endovascular procedures for AIS were performed in our center.
Among these, 65 patients, 15.7%, required stent implantation, with
38 subjects (59%) administered IV cangrelor periprocedurally. A
complete list of patient demographics, procedural characteristics,
and posttreatment complications is presented in the On-line Table.
In this series, the average age was 64 *13 years (range, 26-85
years). Five patients received endovascular treatment under gen-
eral anesthesia, while the remaining 33 were treated under con-
scious sedation. Furthermore, 10 patients (26.3%) were treated
with an aspiration technique and 19 subjects (50%) underwent a
combination of aspiration and stent retriever, while in 6 patients
(15.8%), both aspiration and a combined technique were used.
Finally, in the 3 subjects without intracranial occlusions (7.9%),
cervical ICA stent placement was performed.
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Six patients were treated during the coronavirus disease 2019
(COVID-19) pandemic, and 1 tested positive for this condition.
In 11 patients (28.9%), the onset time of the stroke was unknown,
while for the remaining patients, the mean onset-to-groin time
was 305 = 116.8 minutes (range, 120-776 minutes). At the time
of the endovascular treatment, 10 patients (26.3%) were under
single- or dual-antiplatelet therapy for concomitant pathologies,
while only 1 subject (2.6%) was under oral anticoagulation for
atrial fibrillation. Of the 38 subjects, 16 patients (42.1%) received
IV thrombolysis, while 11 subjects (28.9%) also received intrapro-
cedural aspirin in anticipation of stent placement.

Twenty-six patients (68.4%) presented with tandem occlusions
and were treated with cervical or intrapetrous carotid artery stent
placement. In this subgroup, 25 Carotid Wallstents (Boston
Scientific) were implanted, and only 1 PRO-Kinetic Energy cobalt
chromium coronary stent (Biotronik) was implanted for the treat-
ment of a cervical vertebral artery occlusion. The remaining 12
patients (31.6.%) required intracranial stent implantation, due to ei-
ther atherosclerotic disease or dissection of intracranial arteries. In
this group, we implanted 7 PRO-Kinetic Energy cobalt chromium
coronary stents (Biotronik), 4 Solitaire AB stents (Medtronic), and
1 Neuroform Atlas Stent System (Stryker Neurovascular).

With the exception of a single case (2.6%, TICI 2a), in all
patients (97.4%), a good or complete recanalization was achieved
(TICI 2b/3).

At the short-term imaging follow-up, no intraprocedural stent
occlusion occurred, and no postprocedural stent occlusion occurred
within the first 24 hours except for 3 cases (7.9%). Two of these
patients, already under oral antiplatelet therapy with clopidogrel,
were not switched to ticagrelor and experienced occlusion of the
stent when cangrelor infusion was discontinued. One of them
underwent a second endovascular procedure during which tirofiban
administration and subsequent ticagrelor transition were per-
formed, and the stent was proved patent at 1-week follow-up. The
second patient, who was treated with stent placement for an MCA
occlusion with an underlying stenosis, did not undergo a second
endovascular procedure because he was transferred to a spoke hos-
pital after the procedure; and by the time clinical deterioration was
noticed, an ischemic lesion affected the entire MCA territory. The
third patient, who underwent basilar artery stent placement for an
atherosclerotic stenosis, experienced early postprocedural stent
occlusion due to clot progression from the contralateral vertebral ar-
tery despite the correct administration of ticagrelor 30 minutes
before stopping cangrelor infusion.

During the first week after the procedure, only 1 stent occlusion
occurred (2.6%). This patient was under dual-antiplatelet therapy
with ticagrelor and aspirin and was switched to ticlopidine and as-
pirin 24 hours before neurologic symptoms relapsed. The patient
underwent a second endovascular procedure, with subsequent can-
grelor administration and ticagrelor transition, obtaining stent pat-
ency at 1-week follow-up.

In 2 patients (5.2%), a vessel perforation with minimal subse-
quent subarachnoid hemorrhage occurred, but it was stable after
the end of the procedure. In 4 subjects, a small amount of con-
trast media was found in the Sylvian fissure due to stent retriever
traction, without clinical consequences. In such cases, there was
no clinical deterioration and no need to stop cangrelor infusion.



Chemical and pharmacokinetic characteristics of P2Y12 receptor inhibitors®

Compound Clopidogrel Prasugrel Ticagrelor Cangrelor

Marketed name Plavix Effient (US) Brilinta (US) Kengreal (US)
Efient (EU) Brilique or Possia (EV) Kengrexal (EV)

Reversibility Irreversible Irreversible Reversible Reversible
Administration route Oral Oral Oral Intravenous
Frequency of administration Once daily Once daily Twice daily Bolus plus infusion
Onset of effect 2-8 hours 30 min to 4 hours 30 min to 4 hours Immediate
Duration of effect 5-7 days 7-10 days 3-5days 30-60 min
Halflife 6 hours 7 hours 8 hours 3-5min
Apparent volume of distribution 6-72L 44-68 L 88 L 39L
Plasma protein binding 98% 98% 99.7% 97%—98%
Prodrug Yes Yes No No
Influenced by genetic variation Yes No No No

2 Modified from Aguilar-Salinas et al,”" 2019, with permission from BMJ Publishing Group Ltd.

In 4 subjects (10.5%), a basal ganglia reperfusion ICH occurred
after the procedure. None of these patients received intravenous
thrombolysis, with 1 subject (2.6%) requiring surgical evacuation.
The immediate withholding of cangrelor infusion allowed the per-
formance of a safe operation. In the remaining 3 cases, the ICH
induced a clinical deterioration, but no surgical evacuation was
required, with a subsequent nonenhanced CT scan showing no
progression of the ICH after cangrelor discontinuation. All 4
patients were not switched to ticagrelor oral antiplatelet therapy.

All hemorrhagic complications occurred in the ischemic terri-
tory. No new hemorrhagic complications, either systemic or in-
tracranial, occurred in the first postprocedural week.

DISCUSSION

This is one of the few reports regarding the intraprocedural use of
cangrelor in patients with AIS treated with stent implantation.
Although they are being characterized by a descriptive evaluation
of data, obtained without a control group, our results seem to sug-
gest that cangrelor could be an effective drug in preventing stent
thrombosis, not increasing the risk of hemorrhagic transformation,
especially compared with other intraprocedural antiplatelet thera-
pies.>'® Furthermore, the very short half-life of cangrelor could
allow an immediate interruption of the antiplatelet action if its dis-
continuation is needed in case of a hemorrhagic event.

To date, very few studies have been performed to evaluate can-
grelor efficacy during emergency neuroendovascular procedu-
res.""* Indeed, only 27 patients with AIS eligible for stent implanta-
tion and subsequently treated with cangrelor administration have
been described in literature,"" "
our study describes, to date, the largest series of patients with AIS

and to the best of our knowledge,

undergoing acute stent placement and cangrelor administration.
Until the end of 2018, ReoPro (abciximab) has been the main
antiplatelet drug used in our center after stent placement during AIS
endovascular procedures. Shortly thereafter, this treatment option
was withdrawn from the italian drug market, and there was a need
for a new antiplatelet therapy. Although valuable alternatives to abcix-
imab (namely, tirofiban or eptifibatibe, both GP IIb/IIIa inhibitors)
were considered at the time, cangrelor gained particular attention due
to its promising results in endovascular cardiology procedures.
Cangrelor is a reversible inhibitor of the P2Y12 receptor, being
a nonthienopyridine adenosine triphosphate analog. The main
pharmacokinetic features of this drug are summarized in the Table.

In particular, compared with other P2Y12 inhibitors, cangrelor
has a rapid onset of action, a short half-life, and a predictable phar-
macokinetic profile, and it is extensively metabolized by plasma de-
phosphorylation to inactive metabolites."” It has been approved by
the Food and Drug Administration for IV periprocedural use in
patients undergoing PCI not treated with a P2Y12 platelet inhibitor
or glycoprotein IIb/IITa inhibitors. For this indication, cangrelor is
administered as a 30 -pg/kg bolus, followed by a continuous infu-
sion of 4 pig/kg/min for the PCI duration or at least for 2 hours. The
A Clinical Trial Comparing Cangrelor to Clopidogrel Standard of
Care Therapy in Subjects Who Require Percutaneous Coronary
Intervention (CHAMPION-PHOENIX) trial showed that the
occurrence of adverse events at 48 hours (including myocardial in-
farction, ischemia-driven revascularization, stent thrombosis, and,
in some cases, death) is lower in patients treated with cangrelor
compared with those receiving clopidogrel.'®

Given the growing evidence supporting the use of this drug in
patients with STEMI undergoing PCI, some investigators have
started to test its efficacy and safety in neurointerventional proce-
dures."' ™"

Our results are in accordance with those reported by Aguilar-
Salinas et al'' describing, in a small case series, patients undergoing
emergency stent placement for acute ischemic stroke or sympto-
matic intracranial aneurysms treated with periprocedural cangrelor
at half of the standard dose for PCL. Similarly, another study'* also
reported the efficacy of a full dose of this drug in the antiplatelet
management of the acute stroke phase in either stent-assisted coiling
or flow-diverter treatment of intracranial aneurysms. Furthermore,
our results are also in accordance with those reported by 2 other
studies'>"? describing 2 case series of patients with AIS treated with
stent implantation and cangrelor infusion. Finally, and also in line
with previous evidence, the very low rate of symptomatic intracra-
nial hemorrhage we found in our cases is similar to those in other
reported series using cangrelor after stent placement.'*"?

Nevertheless, some degree of heterogeneity exists in the litera-
ture regarding the administered cangrelor dose. In this study, we
have administered the standard cardiologic PCI dose, similar to
what happened in most of the previous case series.'>'> Nevertheless,
another study reported using a half-dose of cangrelor; although only
8 patients were enrolled in their series, the authors reported neither
hemorrhagic nor thromboembolic complications." In our study,
the full-dose decision was made because the vessels of patients with
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AIS are likely to have unstable atheromatic plaques, similar to the
atheromatous coronary arteries that are PCI targets. On the other
hand, ruptured aneurysms (predominantly dissecting if acute stent
placement is required) entail an intrinsically higher risk of hemor-
rhagic complications compared with AIS. Although the main pur-
pose of this study was to report our experience with cangrelor in the
treatment of patients with AIS without giving directives about dos-
age and administration protocol, we think that future studies focus-
ing on different doses of this drug are warranted to find the right
balance between efficacy in avoiding thromboembolic complications
and reduction of hemorrhagic complications and, in the future, also
obtaining tailored drug doses in different patients.

As previously mentioned, cangrelor has a pharmacokinetic pro-
file, especially compared with GP IIb/IIIa inhibitors, that is particu-
larly fitted for its use in acute interventions, when fast, effective
treatment and a short half-life are desired. Indeed, its infusion can
be started during the procedure and immediately before stent place-
ment without any premedication, a great advantage in neuroendo-
vascular procedures in which a risk of intracranial vessel injury
resulting in hemorrhagic complications is present. In fact, due to
the fast effect of cangrelor, the operator can rapidly opt for stent
placement and antithrombotic therapy up until the end of the intra-
cranial maneuvers, after ruling out any intracranial hemorrhage.

Furthermore, in those few cases in which hemorrhagic compli-
cations occur during cangrelor infusion, its short half-life makes
the case management easier, given that its antiplatelet activity sub-
sides in less than an hour after the end of the infusion.'® This fea-
ture is of great importance, especially in cases in which a rapid
hematoma evacuation is needed, eliminating the need for platelet
transfusion. On the other hand, if hemorrhagic complications
occur during either GP IIb/or P2Y12 inhibitor treatment, a platelet
transfusion may be needed to correct platelet activity, with subse-
quent time loss and a higher risk of hemorrhage progression.'”

In our series, only 1 patient needed emergency surgical evacua-
tion because of a large basal ganglia hematoma ruled out immedi-
ately after the procedure, while cangrelor infusion was still ongoing
and promptly discontinued for surgical purposes. A similar case has
been recently described,'® with a patient who received cangrelor as
bridging therapy and required an urgent operation 72 hours after
the procedure due to an enlarging infarction. Although some differ-
ences between the 2 cases exist (eg, indications or time of surgery),
in both cases, the management of the antiplatelet therapy with can-
grelor proved to be a safe treatment, avoiding platelet transfusion.

Thus, cangrelor might be a valuable treatment option also as a
bridging strategy (also at the low 0.75-ug/kg/min dose), as
recently reported.'® Indeed, in a case series recently reported by
Godier et al'® on patients undergoing an unplanned operation af-
ter intracranial stent placement, the bridging protocol succeeded
in achieving and maintaining platelet inhibition during DAPT
discontinuation, with a return to baseline platelet function within
1 hour after cangrelor withdrawal.

Finally, cangrelor might be considered a first-line agent in
patients with chronic kidney disease.”® Indeed, it is known that
renal function does not alter the pharmacokinetic profile of the
drug,®' even if clinical studies selectively performed on this popu-
lation of patients have not been published yet. In this context, in
several patients with AIS, there is usually a concomitant presence
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of renal dysfunction. Given that these patients usually receive
high contrast media doses, both during the diagnostic workflow
and the endovascular procedure, having a treatment option that
does not affect the renal function is desirable.

Once cangrelor is infused or suspended, ticagrelor (loading dose,
180 mg) has been found to be the safest drug for maintaining anti-
platelet activity; it binds competitively to the P2Y12 receptors, thus
allowing a continuous and more predictable antiplatelet effect.”>**

Different studies have shown a possible benefit of ticagrelor
when switching from cangrelor.”** In our series, 2 subjects were
under clopidogrel treatment at the time of the procedure. Given
the lack of studies on patients treated simultaneously with clopi-
dogrel and cangrelor, we refrained from switching to ticagrelor in
these 2 patients to avoid an increase in the risk of intracranial
hemorrhage. Furthermore, previous studies postulated a compet-
itive effect of cangrelor on clopidogrel antiplatelet activity, thus
inducing a blockage of P2Y12, making it unavailable for the
active metabolite of clopidogrel itself.*>**

These considerations are also indirectly confirmed and sub-
stantiated by some of our results. In particular, in 2 cases of early
in-stent thrombosis we experienced, the relapse of neurologic
symptoms was documented approximately 50 minutes after the
switch from cangrelor to aspirin and clopidogrel, which inciden-
tally appears to be the duration of cangrelor effect.

The 4 patients showing postprocedural ICH in our series
had poor blood pressure control following the endovascular
treatment. Although there is no clear correlation between poor
blood pressure control and hemorrhagic complications, existing
data suggest that uncontrolled blood pressure might be a rele-
vant risk factor for ICH development after carotid artery steno-
sis correction. Strict monitoring of blood pressure (with systolic
blood pressure valuesof <140 mm Hg) is therefore recom-
mended in the angiosuite as well as during the first postopera-
tive week to avoid reperfusion hemorrhage.*®

On the other hand, if a small and self-limiting subarachnoid
hemorrhage suffusion occurs, cangrelor could be safely continued
under clinical and imaging monitoring because this complication
is often self-limiting.

This study has several limitations, mostly related to its retro-
spective, single-center nature, with a relatively small number of
patients enrolled, with short follow-up, and without comparison
with a control group. In addition, we did not perform any test to
evaluate the platelet response to P2Y12 inhibition. Finally, in our
group, there was a clear under-representation of patients already
treated with oral anticoagulants, which usually represent a signifi-
cant proportion of patients undergoing emergent neuroendovascu-
lar procedures, therefore limiting the generalizability of our results.

CONCLUSIONS

Although it is characterized by these limitations, we here report
a relatively large case series about periprocedural administration
of cangrelor in patients with AIS following the occlusion of an
intracerebral or cervical artery and requiring extracranial or in-
tracranial stent placement. Even though larger and randomized
studies are recommended, our results are in line with other pre-
liminary observations suggesting that cangrelor might be a valu-
able therapeutic option in the management of emergency



neuroendovascular interventions, given its efficacy in rapid pla-

telet function inhibition and its fast resolution in cases of hem-

orrhagic complications.
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Transarterial Treatment of Cranial Dural Arteriovenous
Fistulas: The Role of Transarterial and Transvenous
Balloon-Assisted Embolization

F.P. Trivelato, ““’”M.T.S. Rezende, ““RK. Freitas, ““'L.H. de Castro-Afonso, “*'G.S. Nakiri,

A.C. Ulhéa, and

T.G. Abud,
D.G. Abud

J.O. Zamponi Jr,

ABSTRACT

BACKGROUND AND PURPOSE: Treatment of dural arteriovenous fistulas can be performed by transarterial or transvenous accesses.
For those fistulas located at a dural sinus wall, obliteration of the sinus might lead to a substantial risk of complications if the
occluded sinus impairs normal venous drainage. For those fistulas with direct leptomeningeal venous drainage, navigation to reach
the arteriovenous shunting point of a leptomeningeal vein is usually technically demanding. We report the outcomes of patients
with dural AVFs treated by transarterial injection of liquid embolic agents assisted by transarterial double-lumen balloon catheters
and/or transvenous balloon catheters.

MATERIALS AND METHODS: This was a retrospective, 3-center study including patients with dural AVFs treated with a balloon-
assisted technique in at least 1 treatment session. Angiographic follow-up was performed at 6 months. Clinical assessment was per-
formed at admission and discharge and was reassessed at 30-day and 6-month follow-ups.

RESULTS: Forty-one patients with 43 dural AVFs were treated. Thirty-four fistulas were located at a dural sinus wall. Treatment was
performed using only a transarterial approach in 42 fistulas. Only 1 session was needed for complete obliteration of the fistula in
86% of the patients. Immediate complete angiographic occlusion was achieved in 39 fistulas. Of the 41 controlled fistulas, 40
(97.6%) were completely occluded at 6 months. Thirty-nine fistulas (95.1%) were cured without any report of major neurologic
events or death during follow-up.

CONCLUSIONS: Transarterial balloon-assisted treatment of dural AVFs with or without transvenous balloon protection was shown
to be safe and effective.

ABBREVIATIONS: DAVF = dural arteriovenous fistula; DLB = double-lumen balloon; DLVD = direct leptomeningeal venous drainage; MMA = middle menin-
geal artery; NALEA = nonadhesive liquid embolic agent; OCC = occipital artery; TAA = transarterial approach; TVA = transvenous approach; TVB = transve-
nous balloon

I ntracranial dural arteriovenous fistulas (DAVFs) are character-
ized by anomalous shunts located inside the dural leaves
between the arterial and the venous systems.'® The venous drain-
age pattern of DAVFs determines their clinical presentation and
prognosis and guides their therapeutic management.*

Treatment of a DAVF can be performed by transarterial
(TAA) or transvenous (TVA) approaches. The TAA has been
successfully used to treat DAVFs with direct leptomeningeal
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venous drainage (DLVD), while the TVA has been avoided in the
treatment of this type of DAVF because navigation to reach the
arteriovenous shunting point of a leptomeningeal vein is usually
technically demanding and therefore riskier.>’

For those DAVFs located within the dural sinus wall, transve-
nous embolization has been classically reported to provide a
higher likelihood of cure than arterial embolization. However,
complete obliteration of a dural sinus might lead to a substantial
risk of complications if the occluded sinus impairs normal venous
drainage.”*’

The major limitation for curative treatment of DAVFs with
DLVD by the TAA is the extension of reflux of the liquid embolic
agent along the arterial feeder before it reaches the venous side.®
Similarly, the use of a TVA to treat a DAVF of the dural sinus
wall poses technical difficulties because there is limited control of
the embolic agent penetration into the sinus, exposing it to inad-
vertent occlusion.'”



To overcome these issues, preliminary case series have been
published regarding the use of transarterial double-lumen bal-
loons (DLBs) in association, or not, with transvenous balloons
(TVBs) to treat DAVFs.®™"? This strategy allows the transarterial
injection of embolic material without important reflux because
its backflow is retained distal to the inflated balloon at the arte-
rial feeder. The risk of inadvertent occlusion of the dural sinus
by transarterial embolization has also been overcome because
the possibility of TVB inflation inside the dural sinus ensures
lumen protection.®"* Additionally, the TVB can be inflated or
deflated during treatment, according to the desired hemody-
namic response intended to redirect the embolic agent toward
the fistula.

The aim of this study was to report the clinical and angio-
graphic outcomes of patients with DAVFs treated by transarterial
injection of nonadhesive liquid embolic agents (NALEAs) assisted
by a transarterial DLB catheter and or TVB.

MATERIALS AND METHODS

Study Design

This was a retrospective, 3-center study that was conducted in ac-
cordance with the STrengthening the Reporting of OBservational
studies in Epidemiology guidelines (https://strobe-statement.org/
index.php?id=strobe-home). It was approved by the ethics board
of the institutions.

Inclusion criteria were as follows: 1) patients with intracranial
DAVFs; 2) dural fistulas located at a sinus wall (Cognard type I or
IT) or with DLVD (Cognard type III, IV, or V); 3) a DAVF treated
by TAA as a first-line therapy; and 4) use of a balloon-assisted
technique in at least 1 treatment session.

The exclusion criteria were as follows: 1) a DAVF treated
exclusively by TVA, without TAA; and 2) a DAVF for which bal-
loon catheters were not used.

Angiographic Analysis

Occlusion of the DAVF after treatment was reassessed by con-
ventional angiography at 6 months. Complete occlusion was
defined as full obliteration of the fistulous zone, with no residual
shunt or early venous drainage.

Clinical Analysis

Immediate and late serious clinical events were assessed during
follow-up, including death and stroke. Other complications were
also registered.

Endovascular Procedure
All 3 centers adopted the same treatment strategy. All interventions
were performed with the patient under general anesthesia and sys-
temic heparinization. Cerebral angiography was performed through
femoral artery access. If a TVA was planned, venous access was
obtained via the femoral vein. When intermittent angiographic
control was needed aside from the cervical arterial treatment route
(contralateral carotid artery or vertebral artery), contralateral femo-
ral arterial access was obtained.

A 6F guiding catheter was placed in the external carotid ar-
tery, giving branches to the DAVFE. When a very challenging

anatomy was faced, a triaxial system with a long sheath and guid-
ing catheter with a malleable tip was combined.

The middle meningeal artery (MMA) was used as the primary
treatment access route whenever possible because it presents with
a commonly enlarged diameter when feeding a DAVF and due to
its straight and embedded pathway in the dura. The occipital ar-
tery, which is considered a large-diameter vessel and conse-
quently of difficult reflux control during NALEA injection, is
even more dilated under hemodynamic stress when supplying a
DAVF. Additionally, its tortuous transosseous branches toward
the DAVF create higher resistance to NALEA progression.
Thus, whenever one of these feeding arteries had a large enough
diameter to permit balloon catheter navigation, catheterization
was attempted (Fig 1).

A DLB catheter, 4 x 11 mm (Scepter XC; MicroVention) was
advanced over a 0.014-inch microguidewire (Transend 14 EX;
Stryker) into the branch responsible for the DAVF supply, always
trying to reach the fistulous zone or as close as possible to it. In
rare cases, when the arterial feeder was very thin and tortuous,
only the detachable tip microcatheter was used in association
with a TVB.

For those DAVFs within the venous sinus wall, an 8 x 80 mm
remodeling balloon (Copernic RC; Balt Extrusion) was navigated
over a 0.014-inch microguidewire via the transvenous femoral
route through a 6F guiding catheter into the affected sinus covering
the fistulous shunt. The balloon was temporarily kept inflated dur-
ing transarterial injection of the embolic agent for a maximum of
7 minutes. To promote higher inflow of the embolic agent along
the sinus wall, we performed transarterial injections intermittently
as the balloon was deflated for a few seconds.

Transarterial embolization was performed after the DLB
catheter was inflated, and its dead space was filled with di-
methyl sulfoxide. Under continuous subtraction fluoroscopy,
the NALEA (Onyx-18, Medtronic; or SQUID 18; Emboflu)
injections were performed. When 2 arterial accesses were used,
double injection was performed, simultaneously or alternately,
depending on the penetration of the NALEA inside the fistu-
lous zone (Fig 2).

A control angiography was performed to evaluate occlusion
of the fistula, patency of the dural sinus if applicable, and
complications.

Data Collection
All data were prospectively collected. Preoperative data included
age, sex, clinical presentation, mRS score, DAVF location, Cognard
type, feeding arteries, and draining veins or dural sinus involved.
Operative data included the treated fistula, accessed vessels, use of
balloons and/or microcatheters, embolic agent, and technical com-
plications. Postoperative evaluation included the occlusion rate,
complications, and mRS at discharge and at the 6-month follow-up.
Radiologic follow-up included 2 angiographies, immediately
after the procedure and at the 6-month follow-up. Angiographic
outcome was defined as complete occlusion or partial occlusion.
Angiograms were evaluated by an independent neuroradiologist.
Clinical outcomes were evaluated at 30-day and 6-month follow-
ups by independent neurologists, who examined and interrogated
the patients about their own perception of symptom evolution,

AINR Am J Neuroradiol 41:22100-06 Nov 2020 www.ajnr.org 2101



FIG 1. A and B, Angiography shows a transverse-sigmoid sinus DAVF supplied by the OCC and MMA. C and D, Venous phase of ICA and verte-
bral artery angiograms demonstrates that the right transverse and sigmoid sinuses are nonfunctioning (arrows). E, Note the position of the DLB
catheters inside the petrosquamous branch of the MMA and inside the mastoid branch of the OCC. F, All 3 balloons are inflated, including the
TVB. G, Control angiography reveals total occlusion of the DAVF. H, Venous phase of the ICA control angiogram demonstrates filling of the right

transverse and sigmoid sinuses (arrows).

categorizing them as asymptomatic (complete resolution of pre-
vious symptoms) with clinical improvement or deterioration.

RESULTS
Between January 2016 and July 2019, forty-one patients with 43
DAVFs were treated in accordance with the inclusion criteria.

Patient Demographics

The mean age was 57.3 = 13.8years, and 53.7% were men. Four
patients were asymptomatic, and 37, symptomatic (Table 1). Before
treatment, 9 patients had an mRS score of zero, 21 patients had an
mRS score of 1, five patients had an mRS score of 2, and 6 patients
had an mRS score >2.

DAVF Characteristics

Twenty-one (48.8%) fistulas were located at the transverse-sig-
moid sinus; 8 (18.6%), at the transverse sinus/torcula region; 7
(16.7%), at the tentorial region; and 7, in other locations.

Of the 34 DAVFs located at a dural sinus wall (79%), the
involved sinus was functional in 13 cases and nonfunctional in 21
(61.8%) cases. Three fistulas presented with an isolated sinus (seg-
ment of the venous sinus discontinued from the other sinuses,
mostly draining through leptomeningeal vein reflux). Nine DAVFs
had DLVD. Most DAVFs were supplied by the MMA, followed by
the occipital artery (OCC) and ascending pharyngeal artery.

Treatment Characteristics

The interventions were successfully accomplished in all patients.
A total of 50 treatment sessions were performed. In 86% of
patients, only 1 session was needed for complete obliteration of

2102 Zamponi  Nov 2020 www.ajnr.org

the DAVE. One or 2 arterial feeders were embolized in 94% of
the cases (Table 2).

Treatment was performed using only TAA in 42 (97.7%)
fistulas. In only 1 case, transvenous embolization was neces-
sary in association with the TAA to complete treatment. A
transvenous remodeling balloon was used in 44% of sessions.
A transarterial DLB catheter for NALEA injection was used in
41 (82%) procedures. Both balloons were used simultaneously
in 21 (42%) interventions.

The most frequently used access was the MMA followed by
the OCC. The average volume of NALEA injected was almost the
same in the MMA and OCC arteries. In 13 procedures, a simulta-
neous injection was performed through the MMA and OCC.

In 29 (85%) sinus wall DAVFs, the sinus was preserved. In 3
cases, the sinus was occluded through transarterial NALEA injec-
tion as planned. In the other 2 DAVFs, the nonfunctioning sinus
was nonintentionally occluded but without any clinical impact.
In those cases, a TVB was not used.

Angiographic Outcome

Immediate, complete angiographic occlusion was achieved in 39
(90.7%) DAVFs. Of the 41 controlled DAVFs, 40 (97.6%) were
completely occluded at 6 months. One patient died before the 6-
month follow-up. Another patient whose postprocedural angiog-
raphy showed complete DAVF occlusion refused angiographic
follow-up.

Clinical Outcome

Of the 41 patients enrolled, 39 (95.1%) were treated without major
neurologic events or death during follow-up. One patient with a
transverse-sigmoid fistula presented with cerebellar ischemia during



FIG 2. Schematic drawing demonstrates a DAVF of the transverse sinus. A DLB catheter is inside
the petrosquamous branch of the MMA, and another DLB catheter is inside the mastoid branch
of the OCC. A third balloon catheter is positioned inside the transverse sinus and inflated to pro-
tect the sinus lumen. Observe that the DLB catheters avoid liquid embolic agent reflux.

treatment. Total recovery of ataxia was observed after 1 month. The
only reported death occurred 3 months after treatment, due to an
unrelated cause (complication of a pancreatectomy).

Complications of any kind occurred in 4 (9.7%) patients,
including 2 cases of facial palsy, 1 case of alopecia, and 1 case of
scalp necrosis. Of the 2 cases of facial palsy, one patient com-
pletely recovered and the other patient partially improved. No
catheter was retained by the embolic agent.

At the last follow-up, 32 (78%) patients were asymptomatic, 7
(17%) improved, and only 1 (2.4%) deteriorated. One patient died.

DISCUSSION

The present study represents the largest series regarding endovascu-
lar treatment of DAVFs assisted by transarterial and/or transvenous
balloons. Forty-one patients with 43 DAVFs were included. All
patients except 1 were treated solely through a TAA. The treatment
strategy was based on flow/pressure control. Injection through an
inflated balloon catheter at the arterial feeder improves the penetra-
tion of embolic agent because it creates a barrier to reflux backflow,
moving the gradient pressure toward the fistula. At the venous side,
the mechanical presence of an inflated balloon builds a sinus lumen
mold for the embolic agent, protecting it from inadvertent occlu-
sion of the sinus or embolic agent migration.

Endovascular treatment is well-
established as the first-line treatment to
manage DAVFs.” The TAA for fistulas
with DLVD has become the criterion
standard since the introduction of
NALEAs. It was first reported by
Rezende et al,™* in 2006, when a patient
with a lesser sphenoid wing region
DAVF was treated by transarterial
embolization with Onyx, achieving
complete occlusion in a single session.
Since then, the safety and effectiveness
of NALEAs in the treatment of DAVFs
have been consistently reported.”

However, the TAA has some limita-
tions. Considering that the treatment
goal for DAVFs with DLVD emboliza-
tion is to achieve occlusion of the arte-
riovenous shunt, including the outflow
portion of the draining vein, some
technical challenges may be encoun-
tered to promote proper embolization
across tiny arterial feeders up to the ve-
nous site of the fistula. Notably, it is dif-
ficult to manage the balance between
anterograde flow and reflux to predict
the progression of the embolic agent
toward the fistula.>'> A position close
to the fistulous zone, which is the most
often intended, is difficult to reach if
arterial feeders are very tortuous or
have a small caliber. Additionally, in
some cases, major embolic agent reflux
along the microcatheter may be observed, compelling the operator
to stop the injection to prevent embolization into eloquent arteries
or microcatheter retention inside the reflux.**"*°

On the other hand, DAVFs located at the dural sinus wall are
classically treated through a TVA, with sinus sacrifice whenever
possible." Some authors advocate the use of the TAA to preserve
the sinus lumen, but some controversy exists. Ertl et al' showed
that sinus-occluding treatment is related to a higher rate of defini-
tive fistula occlusion but was accompanied by a significantly higher
complication rate. In contrast, the sinus-preserving approach
offered a lower rate of occlusion but a very low complication rate.
Most complications are related to an inadvertent occlusion of a
functioning sinus. The TAA poses a large challenge because it is
essential to occlude all the fistulous connections at the dural sinus
wall while avoiding penetration of the embolic agent inside the
sinus.”

To improve the penetration of NALEAs toward the fistula
during the TAA, some strategies have been used, including the
pressure-cooker technique using glue or coils and the use of a bal-
loon besides the microcatheter.”'®

The use of a DLB catheter for NALEA injection was described
in 2013 and has been expanded since then.'” The device has 2
lumens: the first lumen is dedicated to the guidewire, and the sec-
ond lumen is dedicated to balloon inflation. Once the wire is
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Table 1: Baseline characteristics of patients and DAVFs®

Table 2: Treatment characteristics and results®

Patient Demographics

No. of Treatment Procedures

Total No. of patients 4
Mean age (yr) 573 £13.8
Male/female ratio 1161

Clinical presentation
Asymptomatic
Symptomatic

4(9.8%)
37 (90.2%)

Headache 27 (65.8%)
Tinnitus 21 (51.2%)
Intracranial hypertension 10 (24.4%)
Hemorrhage 7 (17.1%)
Seizure 4(9.8%)
Cognitive impairment 3(7.3%)

DAVF location®

Transverse/sigmoid sinus 21 (48.8%)

Transverse/torcula 8 (18.6%)
Tentorial 7 (16.3%)
Superior sagittal sinus 5 (1.6%)

Lesser sphenoid wing 1(2.3%)

Convexity 1(2.3%)

DAVF classification (Cognard)®

I 4(9.3%)

lla 8 (18.6%)
Ib 6 (13.9%

lla+b 16 (37.2%)
M 7 (16.3%)
\% 2 (4.6%)

\Y 0 (0%)

Arterial feeders
Middle meningeal
Occipital
Ascending pharyngeal

40 (93.0%)
38 (88.3%)
10 (23.2%)

ICA (dural branches) 7 (16.2%)
Vertebral 5 (1.6%)
Superficial temporal 4(9.3%)
Posterior meningeal 4(9.3%)
Ophthalmic 3(6.9%)
Davidoff and Schechter 3(6.9%)
Posterior auricular 1(2.3%)
Venous sinus angiographic features®
Isolated sinus 3(8.8%)

Functional sinus 13 (38.2%)

?Values are presented as No. (%) unless stated otherwise. Mean values are pre-
sented as the mean = SD.

®Based on the number of DAVFs (n = 43).

“Based on the number of DAVFs located at a sinus wall (n=34).

removed, the NALEA can be injected through the lumen. When
the balloon is inflated, it is able to simulate a “wedge and plug”
effect, which is mandatory for NALEA anterograde migration.
Therefore, it allows a more aggressive embolization, with a pro-
longed injection time of higher volumes of embolic material with-
out reflux. One of the main disadvantages of this technique is
that the navigability of the DLB catheter is poorer than that of
other dimethyl-sulfoxide-compatible microcatheters.'*'®

Deng et al® reported a case series of 8 patients with DAVFs who
underwent balloon-assisted transarterial embolization. However,
instead of using a DLB catheter, a standard remodeling balloon was
placed parallel to a microcatheter. Complete occlusion of the fistula
was achieved in all patients without complications.

In 2013, Paramasivam et al'' reported their experience with
DLBs in the treatment of 22 patients with different lesions, includ-
ing intracranial and extracranial arteriovenous malformations,
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Total No. of sessions 50
1 session per DAVF 37 (86.1%)
2 sessions per DAVF 5 (1.6%)
3 sessions per DAVF 1(2.3%)
No. of arteries embolized per session
1 22 (44%)
2 25 (50%)
3 3 (6%)
Embolized artery®
Middle meningeal 42 (51.9%)
Occipital 35 (43.2%)
Superficial temporal 3 (3.7%)
Ascending pharyngeal 1(1.2%)

Volume of NALEA injected per pedicle (mL)
Middle meningeal
Occipital

Duration of NALEA injection per pedicle (min)

4.48 (0.8-13.4)
453 (0.7-15.6)

Middle meningeal 33.4 (8-110)

Occipital 27.3 (8-62)
Treatment approach per DAVF

Arterial 42 (97.7%)

Arterial + venous 1(2.3%)
Balloon use per session

Only transarterial 20 (40%)

Only transvenous 1(2%)

Transarterial + transvenous 21 (42%)

None 8 (16%)

Angiographic outcome
Immediate total occlusion
6-Month total occlusion

Clinical outcome

39/43 (90.7%)
40/41(97.6%)

Asymptomatic 32 (78.1%)
Improvement of symptoms 7 (17.1%)
Worsening of symptoms 1(2.4%)
Death 1(2.4%)
Complications
Facial palsy 2
Cerebellar ischemia 1
Alopecia 1
Scalp necrosis 1

*Values are presented as number (%) unless stated otherwise.
®Based on the total number of embolized arteries (n = 81).

vein of Galen malformations, and dural fistulas. Among 7 patients
with DAVFs, 4 optimal occlusions, 2 suboptimal occlusions, and 1
failed catheterization resulted. In 2 cases, reflux across the balloon
was observed, and 1 MMA rupture with extradural hemorrhage
occurred.

A nonrandomized study, including only isolated-type DAVFs,
compared the results of Onyx embolization using a DLB catheter
with those using a nonballoon microcatheter.'® The balloon group
showed complete occlusion of the DAVF in 13 patients and near-
complete occlusion in 2 patients, while the nonballoon group
showed complete occlusion in 5 patients, near-complete occlusion
in 5 patients, and incomplete occlusion in 4 patients. The balloon
group presented with a lower mean procedural time, a lower Onyx
injection time, and fewer embolized feeders than the nonballoon
group. Complication rates were equal in both groups.

The present series achieved 91% and 98% total occlusion rates
in immediate and late angiographic follow-up, respectively. Only
1 embolization session was necessary in 86% of the fistulas. Nine



DAVFs with DLVD were treated, with total occlusion in all cases.
Considering only sinus wall fistulas, angiographic occlusion was
reached in 88% immediately and 97% at the 6-month control.

Two complications, namely alopecia and skin necrosis, resulted
from the radiation dose and inadvertent occlusion of the branches
supplying the scalp. Facial palsies were related to NALEA penetra-
tion in the petrous branch of the MMA during the treatment of
DAVFs involving the torcula. In both cases, the balloon was placed
inside the OCC while the MMA was embolized using a standard
microcatheter. No case of inadvertent reflux in the feeder when the
DLB catheter was used occurred. One death was observed in follow-
up and was not related to the treatment. Most patients improved.

The use of transosseous branches of the OCC has been
reported as poorly suitable for Onyx injection because possible
major resistance through these branches limits the embolic agent
penetration toward the fistulous point.>"? It seems that the use of
the balloons changes this paradigm. Although the MMA remained
the feeder of choice in the present series, 35 occipital arteries were
embolized, 33 of them with a DLB catheter.

Although the use of transarterial DLB catheters has overcome
the reflux issue, unintentional NALEA penetration into the sinus
must be managed and avoided. The transvenous balloon can
minimize leakage of NALEA into the venous sinus.'>'>'® Based
on its pathologic origin, multiple abnormal arteriovenous con-
nections are present in the dural sinus wall, not inside the sinus
itself. Therefore, occlusion of the connections in the sinus wall
seems to be more reasonable than occlusion of the entire lumen,
especially when the sinus is used for normal cerebral drainage.>"’

In some cases of dural sinus wall fistulas, the use of TVB is
impossible or unnecessary, including isolated sinus, venous sinus
thrombosis causing partial occlusion, severe stenosis (>80%),
and a very large sinus. The dedicated balloon has a maximum di-
ameter of 10 mm. Although it is possible to use multiple balloons,
we decided to not use this technique.

Vollherbst et al'® reported a retrospective series of 22 patients
with DAVFs treated by a TAA assisted by a TVB; most DAVFs
were located at the transverse and/or sigmoid sinus. The affected
sinus could be preserved in all patients except 1. The overall com-
plete occlusion rate was 86.4%. In our series, we used both trans-
arterial and transvenous balloons simultaneously to treat 21
DAVFs, with late complete occlusion in all cases. No sinus was
inadvertently occluded when the TVB was used. No ischemic or
hemorrhagic lesions were observed secondary to transitory bal-
loon occlusion of the sinus.

A major controversy is whether there is a reason for preserv-
ing a dural sinus that is nonfunctional. In our series, 6 of 18 non-
functioning sinuses that were preserved were found to be
functioning at the 6-month control angiography. The sinus may
be nonfunctioning because of a hemodynamic competition,
instead of an anatomic disruption, a true occlusion. Therefore,
we believe that the re-establishment of the circulation inside a
previously nonfunctioning sinus should be a treatment goal.

In the present series, double arterial simultaneous injection
through the MMA and OCC was performed in 13 cases. The rea-
soning behind this technique is based on a balancing of the pres-
sures."” When the balloon is inflated in the OCC or in both the
OCC and the MMA, it immediately decreases the pressure inside

the sinus; therefore, the resistance to NALEA flow becomes
lower. The balloon inside the sinus can be inflated or deflated
according to the dynamics of the injection.

The use of balloons in endovascular treatment of DAVFs is a
very promising strategy because it plays an important role in the
hemodynamic balance across the fistula, optimizing the embolic

agent flow toward the shunting point. Caution must be used

regarding the volume of inflation in both balloons.'>"?

CONCLUSIONS

Transarterial balloon-assisted treatment of dural arteriovenous
fistulas with or without transvenous balloon protection was
shown to be safe and very effective. Long-term follow-up and
comparative studies are required to provide stronger conclusions
regarding the superiority of this technique.
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Computational Fluid Dynamics Using a Porous Media Setting
Predicts Outcome after Flow-Diverter Treatment

M. Beppu,

ABSTRACT

M. Tsuji,

S. Yoshimura

O=

F. Ishida, ““’M. Shirakawa, “*'H. Suzuki, and

BACKGROUND AND PURPOSE: Knowledge about predictors of the outcome of flow-diverter treatment is limited. The aim of this
study was to predict the angiographic occlusion status after flow-diverter treatment with computational fluid dynamics using po-
rous media modeling for decision-making in the treatment of large wide-neck aneurysms.

MATERIALS AND METHODS: A total of 27 patients treated with flow-diverter stents were retrospectively analyzed through compu-
tational fluid dynamics using pretreatment patient-specific 3D rotational angiography. These patients were classified into no-filling
and contrast-filling groups based on the O’Kelly-Marotta scale. The patient characteristics, morphologic variables, and hemodynamic
parameters were evaluated for understanding the outcomes of the flow-diverter treatment.

RESULTS: The patient characteristics and morphologic variables were similar between the 2 groups. Flow velocity, wall shear stress,
shear rate, modified aneurysmal inflow rate coefficient, and residual flow volume were significantly lower in the no-filling group. A
novel parameter, called the normalized residual flow volume, was developed and defined as the residual flow volume normalized
by the dome volume. The receiver operating characteristic curve analyses demonstrated that the normalized residual flow volume
with an average flow velocity of =8.0cm/s in the aneurysmal dome was the most effective in predicting the flow-diverter treat-
ment outcomes.

CONCLUSIONS: It was established in this study that the hemodynamic parameters could predict the angiographic occlusion status
after flow-diverter treatment.

ABBREVIATIONS: AIRC = aneurysmal inflow rate coefficient; CF = contrast-filling; CFD = computational fluid dynamics; FD = flow diverter; FV = flow ve-
locity; mAIRC = modified aneurysmal inflow rate coefficient; NF = no-filling; nRFV = normalized residual flow volume; RFV = residual flow volume; SR =

shear rate; WSS = wall shear stress

Recanalization and retreatment are frequent even after using
stent-assisted coil embolization for large wide-neck internal ca-
rotid artery aneurysms. The safety and efficacy of the flow diverter
(FD) treatment'? have been recently demonstrated in many stud-
ies. In the large-scale Pipeline for Uncoilable or Failed Aneurysms
study, approximately 76% of the patients had complete aneurysm
occlusion on 6-month angiography and 93% had complete aneu-
rysm occlusion on 3-year angiography after treatment."”
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In contrast, some aneurysms need additional treatment and
may otherwise rupture. Delayed aneurysm rupture and intra-
parenchymal hemorrhages are poorly understood and usually
lead to fatal complications.>* Rouchaud et al* reported that
81.3% of patients with delayed ruptures died or had poor neuro-
logic outcomes and 76.6% of the delayed ruptures occurred
within 1 month posttreatment. However, predicting whether an
aneurysm would be completely occluded or ruptured after the
FD treatment is difficult.

In recent times, the development of computational fluid dy-
namics (CFD) has enabled the evaluation of hemodynamics of
cerebral aneurysms. Umeda et al>® reported the hemodynamic
characteristics required to predict the recurrence of coiled aneur-
ysms with CFD using porous media modeling, which can be
effective in predicting the postcoiling aneurysm occlusion status.
Application of the porous media setting to an intracranial stent
may also aid in simulating the hemodynamics after the endovas-
cular treatment with an FD stent.”
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The aim of this study was to evaluate the effectiveness of po-
rous media CFD for predicting the angiographic occlusion status
after FD treatment.

MATERIALS AND METHODS

This retrospective study was approved by the institutional ethics
committee. The patients provided written informed consent for
using their data in this study.

Patient Population and Study Protocol

During 2015-2017, thirty-four unruptured internal carotid artery
aneurysms were treated with FD using a Pipeline Embolization
Device (Covidien) after 3D rotational angiography.

We evaluated the angiographic occlusion status during follow-
up DSA at 6-12months postprocedure. The DSA findings were
classified into 2 groups using the O’Kelly-Marotta classification.®
We classified the O’Kelly-Marotta classes A (A1, A2, A3), B (B1, B2,
B3), and C (C1, C2, C3) as the contrast-filling (CF) group and D as
the no-filling (NF) group. Two independent observers who were
blinded to the hemodynamic results evaluated and classified the
O’Kelly-Marotta grading.

Investigators who were unaware of the occlusion status per-
formed CFD analyses independently. We compared the morpho-
logic variables and hemodynamic parameters of the CF group with
those of the NF group. We also evaluated the effectiveness of the
CFD analysis for predicting the angiographic occlusion status after
FD treatment.

Morphologic Variables

As previously described, the morphologic variables were meas-
ured on stereolithographic models generated from preoperative
3D rotational angiography using Image] (National Institutes of
Health) and CFX-post (CFX CFD19.2; ANSYS).

CFD Analysis

The patient-specific geometries were generated from the DICOM
datasets of preoperative 3D rotational angiography that were
obtained using Artis zee dBA Twin (Siemens). The surface recon-
struction of the computational model was obtained by segmenting
the lumen boundary from 3D rotational angiography images using
an analytic software (Mimics 16.0; Materialise). The stereolithogra-
phy was re-meshed to improve the surface triangle quality (3-matic
8.0; Materialise). The 3D neck part was created using a Boolean sub-
traction between the original geometry and aneurysm-deleted mod-
els. A 3D stent domain was obtained by a transformation, in which
the 3D neck part was offset by a thickness of 0.048 mm, which cor-
responded to the diameter of the strut of the Pipeline. The computa-
tional hybrid meshes were generated with tetrahedral and prism
elements (ICEM CFD19.2; ANSYS). The size of the tetrahedral ele-
ments was 0.1-1.2mm for the fluid domain and 0.05mm for 3D
stent domain. Five prismatic boundary layers with a total thickness
of 0.15mm covered the surface to ensure an accurate definition of
the velocity gradient. The average mesh number we used in this
study was about 3.8 million. Volumetric meshes were used to ensure
sufficient mesh resolution around the 3D stent domain. The effect
of mesh density on 3D stent domain controls (the mesh independ-
ence study) showed that the mesh size did not remarkably affect
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hemodynamic parameters evaluated in this study. A straight inlet
extension was added to the inlet section to obtain a completely
developed laminar flow.

For the fluid domain, the 3D incompressible laminar flow fields
were obtained by solving the continuity and Navier-Stokes equa-
tions. Numeric modeling was performed using a commercially
available CFD package (CFX 19.2; ANSYS). Blood was assumed to
be an incompressible Newtonian fluid with a blood density of
1056 kg/m® and a blood dynamic viscosity of 0.0035 Pa x s. The
typical flow waveform of phase-contrast MR imaging was scaled to
achieve the physiologic wall shear stress (WSS).>'°

Traction-free boundary conditions were applied at all outlets.
When there were several outlets, we set the outlets at a certain
distance and height from the aneurysm to prevent uneven distri-
bution of blood flow. The steady-state analysis was performed
using the mean flow-volume rate. We used the typical flow wave-
form of phase-contrast MR imaging to achieve the physiologic
WSS based on the Murray law. We used the blood flow rate set
by the vessel diameter of the inlet. Thus, the steady flow analysis
was assumed to use the mean flow-volume rate.

We conducted the 2-pattern CFD simulations, which involved
the simulation of an untreated stent-free aneurysm as the preop-
erative status (control model) and assuming an aneurysm with a
simple placement of an FD stent (FD model) (Fig 1).

FD Model

In this study, we applied the 2 numeric models in the fluid and po-
rous domains. The flow in the fluid domain was simulated using
the Navier-Stokes equation and equation of continuity as follows:

V-v=div-rv=0,

v 1 T
= Vy=—=Vp +EV2+F
aﬁ(” )% . p +p v+F,

where v is the velocity of the flow, p is the pressure, p is the den-
sity, u is the viscosity of the fluid, and F is the body force.

FIG 1. Images of porous media modeling for FD treatment. The control
model enables the simulation of preoperative status, whereas the FD
model enables the simulation of simple deployment of an FD stent.



Table 1: Comparison of patient characteristics®

volume coverage ratio was assumed to

CF Group (n =11) NF Group (n = 16) P Value® be 30% for aneurysmal flow reduction.
Patient characteristics To simulate the hemodynamics in an
Age (yr) 68.6 + 9.9 (52-83) 61.8 = 9.7 (40-75) 09° occlusion status, we calculated hemo-
Male sex 1(9.) 1(6.3) 1.00° dynamic parameters under steady-
AL CERS I eS state conditions. The aneurysmal
Location (cavernous) 2(18.2) 9 (56.3) ae . . Y
Symptomatic 2(182) 6 (37.5) 4T inflow rate coefficient (AIRC) was
Treatment characteristics used as a predictor of recanalization
No. of Pipelines 1.0 (1) 11=03(-2) 42° after coil embolization in basilar tip
Coil 0 0 aneurysms."® The original AIRC is the
PTA 1(9) 1(63) 1.00°

Note:—CF indicates contrast filling; NF, no filling; PTA, percutaneous transluminal angioplasty.

?Data are expressed as mean * SD (range) or number of cases (% of cases).
®p values were estimated using the Welch t test between CF and NF groups.

©P values were estimated using Fisher exact tests or y? tests between CF and NF groups.

The flow in the stent regimes was simulated using porous
media modeling that follows the Darcy law. In these flow regimes,
pressure was locally balanced with resistance forces, such that

0=-Vp—Kv,
where K is a constant of porous resistance. This was assumed to
be a quasilinear function of the magnitude of velocity,

K = av+ 3,

where « and B are coefficients, for which the values are deter-
mined using the Ergun equation as follows:

1.75p(1 — k)
K3Dp

g - 150(1 — k)*
N 3Dy
where Dp is the average particle diameter.'' It was set to
0.048 mm, which corresponded to the diameter of the strut of the
Pipeline.

The volume coverage ratio is defined as the ratio of the vol-
ume of the stent strut to the stent volume. The variable «'?
denotes the porosity of the porous media stent.

Volume of Stent Strut

Vol C Ratio (%) = x 100
olume Coverage Ratio (%) Stent Volume

Volume Coverage Ratio

Stent) =1 —
K (Stent) 100

The metal coverage ratio is defined as the ratio of the area of
the stent strut to the stent area. The relationship between the vol-
ume coverage ratio and metal coverage ratio is defined using the
following formula:

Volume Coverage Ratio = g x Metal Coverage Ratio.

The metal coverage ratio of the Pipeline was considered to be
approximately 30%. Thus, we estimated the volume coverage ra-
tio as 15%. In an aneurysm treated by overlapping 2 FDs, the

proportion of the aneurysmal inflow
rate to the basilar artery flow rate. We
modified this parameter for internal
carotid artery aneurysms, and the
modified AIRC (mAIRC) denoted the
proportion of the aneurysmal inflow
rate to the proximal parent artery flow rate.

The residual flow volume (RFV) was calculated to predict the
postcoiling angiographic results in unruptured cerebral aneur-
ysms.>® The RFV was the volume of fluid domain in the aneurys-
mal dome and was defined as the volume with more than the
following mean flow velocity (FV): Tested thresholds included 4,
6,8, 10, 12, 14, 16, 18, and 20 cm/s. Because RFV was affected by
the volume of aneurysmal dome, we developed a novel parame-
ter, the normalized residual flow volume (nRFV), which is
defined as RFV normalized by the dome volume. The nRFVa
denoted nRFV with an average FV of over a cm/s. We calculated
the mAIRC in the control model, RFV in the FD model, and FV,
WSS, and shear rate (SR) in both models.

Statistical Analysis

All values were expressed as mean = SD. Statistical analyses were
performed using the software environment R (Version 3.3.3;
http://www.r-project.org/). We compared the variables between
the CF and NF groups using the Welch ¢ test. P values < .05 were
considered statistically significant, while the area under the re-
ceiver operating characteristic curve was used to determine the
diagnostic accuracy of predicting intra-aneurysmal thrombosis.

RESULTS

Among the 34 patients, 7 were excluded because of the difficulty
in reconstructing the vascular geometry from 3D rotational angi-
ography. Therefore, 27 patients with 27 unruptured aneurysms,
which were treated endovascularly with an FD stent, fulfilled the
criteria and constituted the study population. The patients’ char-
acteristics, aneurysm characteristics, and treatment characteristics
in the 2 groups are summarized in Table 1.

Differences between the NF and CF Groups on Univariate
Analyses

Patient Characteristics and Aneurysmal Morphologic Variables.
No significant differences were observed in terms of patient char-
acteristics and aneurysmal morphologic variables between the NF
and CF groups (Tables 1 and 2).

Aneurysmal Hemodynamic Factors. Among the hemodynamic
parameters in the control CFD, FV (0.16 m/s versus 0.28 m/s;

AINR Am J Neuroradiol 41:2107-13  Nov 2020  www.ajnr.org 2109



Table 2: Comparison of morphologic variables®

Morphologic Variables CF Group (n =T11) NF Group (n =16) P Value®
Aneurysm depth (mm) 672 = 2.26 (3.52-11.04) 633 * 228 (3.45-11.87) 67
Projection length (mm) 6.79 % 2.29 (3.60-11.25) 6.84 =+ 231 (3.50-11.96) 96
Maximum size (mm) 12.67 £ 4.60 (9.41-25.49) 12.98 * 4.97 (7.74-23.27) .87
Neck width (mm) 172 * 4.07 (9.14-2332) .56 = 4.84 (6.14-22.61) 93
Parent artery diameter (mm) 513 = 0.50 (4.14-5.89) 5.06 = 0.61 (4.02-6.56) 74
Aspect ratio 0.59 = 0.16 (0.37-0.91) 0.61 = 0.27 (0.31-1.1) 79
Projection ratio 0.59 = 0.16 (0.38-0.91) 0.65 = 0.25 (0.33-112) 50
Size ratio 2.51 = 1.00 (1.67-5.17) 2.59 *1.02 (1.52-4.92) .83
Neck area (cm?) 0.99 * 0.76 (0.56-3.21) 0.92 = 0.69 (0.27-2.5]) .80
Dome area (cm?) 2.57 * 1.84 (1.05-7.47) 2.29 *+ 1.46 (0.90-5.11) 68
Dome volume (cm?) 0.58 = 0.68 (0.13-2.51) 0.46 =+ 0.43 (0.10-1.35) 61
VOR (mm) 513 * 2.36 (2.32-9.38) 4.96 * 2.65 (2.04-11.00) .86

Note:—VOR indicates volume-to-osmium area ratio.
?Data are expressed as mean * SD (range).
®p values were estimated using the Welch t test between CF and NF groups.

Table 3: Comparison of hemodynamic parameters®

Hemodynamic Parameters

CF Group (n=1)

NF Group (n =16)

Control model
Fvaneurysm (m/s)
WSS (Pa)

SR (x10%/s)
mAIRC

FD model
Fvaneurysm (m/s)
WSS (Pa)

SR (1/s)

027 + 0.08 (0.12-0.43)
4.66 +1.89 (1.27-7.89)
12.83 + 52 (2.78-21.68)
029 * 0.9 (0.11-0.70)

016 * 0.03 (0.10-0.23)
100 = 0.31(0.52-1.59)
10.55 + 3.1 (5.73-16.60)

016 * 0.08 (0.03-0.31)
2.92 + 187 (0.40-7.16)
812 = 510 (113-19.22)
014 * 0.09 (0.02-0.34)

010 * 0.05 (0.01-0.20)
0.67 =+ 0.45 (0.01-1.39)
7.22 * 474 (014-1470)

Note:—FV,ncurysm indicates average flow velocity in the aneurysmal dome.
?Data are expressed as mean * SD (range).
® P values were estimated using the Welch t test between CF and NF groups.

Table 4: Comparison of RFV and nRFV?

Parameters

CF Group (n=11)

NF Group (n=16)

RFV, (mm?)
RFV, (mm’)
RFVg (mm?)
RFVio (mm?)
RFV;, (mm?)
RFVy, (mm?)
RFV;¢ (mm°)
RFV;g (mm?)
RFV,0 (mm?)
nRFV,
nRFV¢
nRFVg
nRFV]o
nRFV;,
NRFVy4
nRFV'|6
nRFVyg
nRFVZO

553.4 * 616.5 (128.4-2264.0)
5263 = 552.9 (123.5-2036.0)
495.8 + 486.9 (118.6-1800.0)
4549 *+ 406.1 (1.0-1519.0)
399.5 + 30411 (103.6-1174.0)
329.7 = 2015 (93.9-833.0)
250.6 = T19.5 (82.7-463.3)
1815 + 99.2 (67.7-406.4)
142.9 =+ 106.7 (27.7-382.3)
0.97 + 0.02 (0.90-0.99)
0.95 *+ 0.05 (0.81-0.98)
0.92 + 0.07 (0.72-0.97)
0.88 = 0.10 (0.61-0.96)
0.82 * 0.4 (0.47-0.94)
0.74 = 0.20 (0.33-0.92)
0.64 =+ 0.26 (0.19-0.90)
0.53 = 0.30 (0.07-0.87)
043 + 0.31(0.03-0.82)

358.9 + 358.5 (0-1307.0)
331.8 * 338.0 (0-1230.0)
262.5 * 290.1 (0-1070.0)
210.8 =+ 259.9 (0-913.2)
1752 * 229.6 (0-753.6)
140.1 % 1963 (0-586.2)
110.2 = 159.8 (0-526.4)
84.4 + 124.6 (0-4323)
58.3 = 85.8 (0-292.0)
0.84 * 0.27 (0-0.99)
077 + 029 (0-0.97)
0.64 * 0.33 (0-0.96)
0.54 + 037 (0-0.95)
0.46 * 0.37 (0-0.93)
037 * 0.34 (0-0.90)
0.29 = 0.31(0-0.85)
0.24 *+ 0.28 (0-0.79)
017 + 0.23 (0-0.71)

P = .003), WSS (2.92Pa versus
o valo® 4.66Pa; P = .03),25R (8.12 x 10 1/s
versus 12.83 x 10~ 1/s; P = .03), and
003 the mAIRC (0.14 versus 0.29; P = .04)
03 were significantly lower in the NF
.03 group (Table 3).
04 The porous media CFD showed that
002 FV (0.10 m/s versus 0.16 m/s; P = .002),
03 WSS (0.67 Pa versus 1.00Pa; P = .03),
03 SR (7.22 x 107 1/s versus 10.55 x 10% 1/
s; P = .03), RFV,, (140.1 mm’ versus
329.7 mm>; P = .02), RFV ¢ (110.2 mm’®
versus 250.6 mm’; P = .02), RFV 5 (84.4
mm?> versus 181.5 mm>; P = .03), and
RFV,, (58.3 mm® versus 142.9 mm?; P
= .04) were significantly lower in the NF
P Value® group than in the CF group (Tables 3
A2 and 4). Similar findings were observed
3l for nREFVy (0.77 versus 0.95; P = .02),
}S nRFVg (0.64 versus 0.92; P = .004),
05 nRFV,, (0.54 versus 0.88; P = .002),
.02 nRFV,, (0.46 versus 0.82; P = .001),
.02 nRFV,, (0.37 versus 0.74; P = .001),
gi nREV, (029 versus 0.64; P = .004),
107 nRFV 5 (0.24 versus 0.53; P = .02), and
02 nRFV,, (0.17 versus 0.43; P = .03)
.004 (Table 4).
.002
001 Receiver Operating Characteristic
881‘ Curve Analyses of Possible
0 Determinants for Intra-Aneurysmal
03 Thrombosis after FD Treatment

Note:—RFV,, RFV¢, RFVg, RFV;o, RFVi,, RFVy,, RFVi4, RFVig, and RFV,g indicate intra-aneurysmal RFV with an average
flow velocity of >4, 6, 8,10, 12, 14, 16, 18, and 20 cm/s, respectively; and nRFV,4, nRFVe, nRFVg, NRFV;o, NRFV;y,
NRFVi4, NRFVi4, NRFVig, and NRFVyg indicate intra-aneurysmal nRFV with an average flow velocity of >4, 6, 8,10, 12,
14,16, 18, and 20 cm/'s, respectively.

?Data are expressed as mean * SD (range).
® P values were estimated using the Welch t test between CF and NF groups.
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Among the parameters that demon-
strated significant differences between
the CF and NF groups on univariate
analyses, nRFVg demonstrated the high-
est area under the receiver operating



Table 5: ROC curve analysis for hemodynamic parameters that had significant differen-
ces between the CF and NF groups on univariate analyses to predict intra-aneurysmal
thrombosis after FD treatment

AUC 95% CI Sensitivity Specificity Cutoff Value
Control model
FVaneurysm 0.82 0.66-0.98 0.81 0.73 0.24 m/s
WSS 0.77 0.58-0.95 0.75 0.73 3.76 Pa
SR 0.76 0.56-0.95 0.75 0.73 1053.0 1/s
mAIRC 0.77 0.59-0.95 0.50 1.00 0.10
FD model
FVaneurysm 0.82 0.66-0.98 075 0.82 0.4 m/s
WSS 071 0.51-0.91 0.44 1.00 0.42Pa
SR 071 0.51-0.91 0.44 1.00 449.01/s

Note:—AUC indicates area under the ROC curve; ROC, receiver operating characteristic.

Table 6: ROC curve analysis for RFV and nRFV that had significant differences between
the CF and NF groups on univariate analyses to predict intra-aneurysmal thrombosis
after FD treatment

AUC 95% Cl Sensitivity Specificity Cutoff Value
RFVi4 0.81 0.64-0.99 0.81 0.82 141.0 mm®
RFVig 0.81 0.64-0.99 0.75 0.91 100.9 mm®
RFVig 076 0.57-0.95 0.56 1.00 23.8 mm®
RFV5o 0.79 0.62-0.96 0.56 1.00 157 mm®
nRFV¢ 0.84 0.69-0.99 0.75 0.82 0.95
nRFVg 0.85 0.71-1.00 0.88 073 093
nRFVio 0.83 0.67-0.99 0.81 0.73 0.86
nRFV;, 0.82 0.65-0.98 0.81 0.82 0.76
NRFVy4 0.82 0.66-0.99 0.81 0.82 0.66
nRFV;¢ 0.82 0.65-0.98 0.81 0.82 0.58
nRFV;g 0.79 0.62-0.96 0.63 0.82 0.19
nRFV5 0.78 0.61-0.96 0.50 1.00 0.03

Note:—RFV;y, RFVy4, RFV;g, and RFVyg indicate intra-aneurysmal RFV with an average flow velocity of >14, 16, 18.
20 cm/s, respectively; and nRFV,, nRFVg, nRFVio, NRFV;y, NRFV:,, NRFV;e, NRFV;g, and nRFV,g indicate intra-aneurys-
mal nRFV with an average flow velocity of >6, 8,10, 12, 14, 16, 18, and 20 cm/’s, respectively.

FIG 2. Representative no-filling case. A 58-year-old woman with an asymptomatic aneurysm. A,
Digital subtraction angiography shows a large wide-neck aneurysm located at the left cavernous
portion of the internal carotid artery (left), which completely disappeared 6 months after the FD
treatment (right). B, Streamline of FV in the FD model. The mean FV at the dome is 0.06 m/s. C,
Contour line of wall shear stress in the FD model (mean value at the dome is 0.37 Pa). D, Contour
line of the shear rate in the FD model (mean value at the dome is 3.96 x10%1/s). E, Intra-aneurys-
mal nRFV of 0.38 with an average flow velocity of >8 cm/s.

characteristic curve value of 0.85 (95%
CI, 0.71-1.00). The cutoff value was
0.93 with a sensitivity of 0.88 and a
specificity of 0.73 (Tables 5 and 6).

Representative Cases

Case 1: NF. A 58-year-old woman had
a left cavernous portion aneurysm (Fig
2). The maximum size and neck width
were 10.1 and 7.7 mm, respectively. In
the control model, FV, WSS, SR, and
the mAIRC were 0.08 m/s, 1.13Pa,
3.20 x 10? 1/s, and 0.02, respectively.
In the FD model, FV, WSS, and SR
were 0.06 m/s, 0.37 Pa, and 3.96 x 10
1/s, respectively. RFV;s and nRFVj
were 11.1 mm?® and 0.38, respectively.
We treated this aneurysm with FD
using a Pipeline Embolization Device
(4.5 x 20mm). DSA at 6 months af-
ter treatment showed complete disap-
pearance of the aneurysm.

Case 2: CF. A 73-year-old woman had a
left paraclinoid-portion aneurysm (Fig
3). The maximum size and the neck
width were 124 and 11.7mm, respec-
tively. In the control model, the values of
FV, WSS, SR, and the mAIRC were 0.43
m/s, 7.89Pa, 21.68 x 107 1/s, and 0.54,
respectively. In the FD model, FV, WSS,
and SR were 0.22 m/s, 1.25Pa, and
12.8 x 10> 1/s, respectively. RFV,g and
nRFVg were 429.0 mm? and 0.96, respec-
tively. We treated this aneurysm with a
FD using a Pipeline Embolization Device
(4.75 x 25mm). The DSA at 6 months
after treatment showed an incomplete
disappearance of the aneurysm.

DISCUSSION

In this study, we demonstrated that
the hemodynamic parameters using
both control CFD and porous media
CFD could predict the angiographic
occlusion status at 6 months after the
FD treatment. In addition, nRFVg was
the strongest predictor. These results
indicated that preoperative CFD could
be effective in decision-making during
the treatment of large wide-neck inter-
nal carotid artery aneurysms.

A previous CFD study with high-fi-
delity virtual stent placement showed
that posttreatment aneurysmal flow
reduction, including the average FV,
WSS, inflow rate, and turnover time,
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FIG 3. Representative contrast-filling case. A 73-year-old woman with an asymptomatic aneu-
rysm. A, Digital subtraction angiography shows a large wide-neck aneurysm located at the left
paraclinoid portion of internal carotid artery (left), which does not disappear at 6 months after
the FD treatment (right). B, Streamline of FV in the FD model. The mean FV at the dome is 0.22
m/s. C, Contour line of wall shear stress in the FD model (mean value in the dome is 1.25 Pa). D,
Contour line of the shear rate in the FD model (mean value in the dome is 1.8 x 10? 1/s). E, Intra-

aneurysmal nRFV of 0.96 with an average flow velocity of >8 cm/s.

could be correlated with aneurysmal occlusion outcomes.'* In the
in vivo studies, local FV and SR were significantly smaller and
the mean transit time was higher in occluded aneurysms than in the
rest of the cases.'® These results suggested that hemodynamic reduc-
tion in terms of FV, SR, and WSS is the most important mechanism
to induce intra-aneurysmal thrombosis. Corbett et al'® reported that
flow-induced thrombosis occurred under an SR threshold of 54
seconds ' or a specific WSS threshold of 0.41 Pa. These in vivo and
in vitro results support the findings of the present study.

We also demonstrated that the NF group had significantly
lower mAIRC and RFV values. These results were similar to those
1" and Umeda et al.>® Sugiyama et al
stated that the AIRC was an independent and significant predic-

reported by Sugiyama et a

tor for recanalization after coil embolization. Umeda et al
reported that RFV was an effective parameter in predicting the
recurrence of coiled aneurysms. It was suggested that mAIRC
and RFV could be good predictors for the angiographic occlusion
status after the FD treatment, as in the case of coil emboliza-
tion.>>' In this study, the receiver operating characteristic curve
analyses demonstrated that nRFV;g, had the strongest predictive
capability among all studied parameters.

The clinical implication of the present study is the ability to
predict whether the FD treatment is effective for every individual
case. Mut et al'” demonstrated that the aneurysms in the fast occlu-
sion group demonstrated a lower mean FV, inflow rate, and SR.
However, these values were determined under posttreatment he-
modynamic conditions. Therefore, it remains unknown whether
their findings could be used for treatment decision-making. In
contrast, the FV at an aneurysm dome using a porous media set-
ting can simulate the outcomes of selected reconstructive treat-
ments, such as direct operations with respect to trapping of an
aneurysm and parent artery with high-flow bypass and FD treat-
ment with/without coils.

212 Beppu Nov 2020 www.ajnr.org

To treat an aneurysm with insuffi-
cient FV reduction by endovascular
treatment, we considered the following
2 treatments to increase the reduction
of FV. The first approach involves FD
stent placement with coils. In a previous
study, it was demonstrated that the FD
treatment with coils further reduced FV
and WSS and increased the low wall
shear area.'® Double-porous media
CFD can be used to predict the post-
treatment angiographic aneurysmal
occlusion status preoperatively.'” The
other approach involves overlapping
FD stents or performing compacted FD
stent placement. Some reports showed
that overlapped or compacted FD stents
reduced the values of hemodynamic pa-
rameters, including the mean intra-
aneurysmal FV, WSS, and inflow rate.?’
Therefore, FD stent placement with
coils, overlapped FD stent placement,
and compacted FD stent placement can
be considered as treatment options for
aneurysms with insufficient FV reduction.

The present study has several limitations. First, this study is
simple and retrospective. A prospective larger cohort study
that includes all types of aneurysms is required to establish the
effectiveness of hemodynamic simulation for predicting the
outcome of the FD treatment. Second, all the patients who par-
ticipated in the study were Japanese. Some studies indicated
that there was a racial difference in platelet function.”' They
suggested that ethnicity might be an important factor in deter-
mining the outcome of the FD treatment. Third, other factors
could influence the outcome of the FD treatment, including
body forces such as blood viscosity and blood pressure, anti-
platelet effect, aneurysm location, branching artery, and
incomplete FD expansion. It is difficult for this model to accu-
rately reflect the stent-placement conditions that can influence
the hemodynamic factors, but this model makes a distribution
of stent uniform.

In addition, we cannot overlook the limitations of the CFD
studies. The vessel walls were assumed to be rigid, and blood was
modeled as a Newtonian fluid in this study. Newtonian fluids
may overestimate WSS and SR at the aneurysmal dome.””
Therefore, our quantitative CFD results might have some bias.
Further studies are thus necessary to validate the results under
different simulations.

CONCLUSIONS

All studied hemodynamic factors were significantly lower in the
NF group, and nRFVg was observed to be the strongest predictor
of aneurysmal occlusion status after the FD treatment. It was
shown that CFD could be useful in pretreatment planning,
thereby contributing to more reliable and effective FD treatments
for cerebral aneurysms.
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BRIEF/TECHNICAL REPORT
INTERVENTIONAL

Efficacy of Asahi Fubuki as a Guiding Catheter for
Mechanical Thrombectomy: An Institutional Case Series

ABSTRACT

L. Rinaldo, ““H. Cloft, and “*'W. Brinjikji

SUMMARY: Treatment outcomes of mechanical thrombectomy for acute stroke secondary to large-vessel occlusion in which the

Asahi Fubuki was used as a guide catheter were reviewed. Among 154 patients treated with mechanical thrombectomy, the Fubuki

was successfully delivered to the cervical ICA in 151 cases (98.1%) and the lesion was successfully crossed in 150 cases (97.4%).

Median times to lesion crossing and revascularization were 9 and 19 minutes, respectively.

ABBREVIATION: MT = mechanical thrombectomy

M echanical thrombectomy (MT) is now an established ther-
apy for treatment of acute ischemic stroke secondary to
large-vessel occlusion.' Essential to timely MT performance is
navigation of a guiding catheter to a location allowing delivery of
interventional devices to the site of vessel occlusion, typically the
cervical ICA in instances of anterior circulation occlusion. For
the past few years at our institution, we have used the Fubuki
catheter (Asahi Intecc) as a first-line guide catheter for MT.
Herein, we report on the efficacy of the Fubuki when used for
this procedure.

MATERIALS AND METHODS

Patient Selection

After institutional review board approval, we retrospectively
reviewed the radiology reports of patients undergoing MT for
acute ischemic stroke secondary to large-vessel occlusion at our
institution between November 2015 and January 2020. Patients
were included for analysis if the Fubuki was used as the initial
guide catheter for the procedure. The catheter is 90 cm in length,
with inner and outer diameters of 2.28 mm (0.090 inches) and
2.70 mm (0.106 inches), respectively. The Fubuki was used in 2
acute stroke cases between 2015 and 2016 and was subsequently
used in most mechanical thrombectomies performed at our insti-
tution starting in February 2017. Between February 2017 and
January 2020, 196 MTs were performed at our institution, and
the Fubuki was selected as the guide catheter for 152 (77.6%) of
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these procedures. Guide catheters used in the remaining proce-
dures included the 6F Neuron MAX (Penumbra, n = 22), 8F
FlowGate? (Stryker Neurovascular, n = 17), 6F Benchmark
(Penumbra, n = 2), 6F Shuttle (Cook, n = 2), and the Mo.MA
proximal balloon protection device (Medtronic, n = 1). The
FlowGate® and Mo.Ma were preferentially selected for cases of
acute stroke secondary to tandem cervical internal carotid ar-
tery and intracranial large-vessel occlusions. Two cases were
performed via a radial approach, and for both of these cases,
the Benchmark guide catheter was used. Otherwise guide
catheters were selected according to the physician’s prefer-
ence and not on the basis of specific patient anatomic
characteristics.

Patient and Treatment Characteristics

Collected patient demographic information included sex and age
at the time of stroke. Anatomic information included laterality
and the site of large-vessel occlusion, aortic arch configuration,
and the presence or absence of bovine anatomy. The aortic arch
configuration was categorized as type L, I1, or III based on prepro-
cedural neck CT angiography according to standard criteria.®
Treatment characteristics included the method of Fubuki inser-
tion into the femoral artery and type of revascularization device
used.

Outcome measures of interest included whether the Fubuki
was delivered to the cervical ICA, whether the lesion was crossed
with the Fubuki as a guide catheter, whether there was herniation
of the Fubuki into the aortic arch during interventional device
delivery, and whether crossover to another guide catheter was
necessary due to failure of the Fubuki. Whether revascularization
was achieved was also noted and characterized as a TICI score of
<2b or =2b according to established criteria.” Times to lesion
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Table 1: Patient characteristics

Table 2: Treatment characteristics and outcomes

Characteristics

Characteristics

No. of Patients 154
Age (mean) (SD) (yr) 67.6 (15.1)
Range 21-94
Sex (No.) (%)
Female 74 (48.)
Male 0 (51.9)
Site of large-vessel occlusion (No.) (%)
M1 65 (42.2)
SC-ICA 29 (18.8)
M2 28 (18.2)
Tandem cervical ICA and M1 19 (12.3)
Basilar artery 7 (4.5)
P1 4(2.6)
Cervical ICA 2(1.3)
Laterality (No.) (%)*
Right 63 (42.9)
Left 84 (57)
Arch configuration (No.) (%)°
[ 84 (62.7)
I 35 (26.])
1 15 (11.2)
Bovine anatomy (No.) (%)°
No 10 (82.)
Yes 24 (17.9)

Note:—SC-ICA indicates supraclinoid internal carotid artery.
?Excludes patients with a basilar occlusion.
® Preprocedural CTA was not available for 20 patients.

crossed and revascularization in minutes from the time of femo-
ral access were also recorded. We also recorded the incidence of
significant access site complications. The incidence of self-limited
groin hematomas not requiring imaging evaluation or further
intervention was not recorded.

Statistical Analysis

Descriptive statistics for continuous and categoric variables are
reported as means and SDs and frequency and percentage,
respectively. Descriptive statistics for times to lesion crossed and
revascularization are provided as median and range. Predictors of
failure to deliver the Fubuki to the cervical ICA were identified
using logistic regression analysis. The « level for statistical signifi-
cance was set at .05. Analyses were performed using commer-
cially available software (JMP; SAS Institute).

RESULTS

Patient Characteristics

There were 154 patients who underwent MT between November
2015 and January 2020 and met the inclusion criteria for analysis.
The mean age of patients was 67.6 = 15.1 years, and a slight ma-
jority of patients were men (51.9%). The site of large-vessel occlu-
sion was most often the M1 segment (42.2%), followed in
frequency by the internal carotid artery terminus (18.8%). Most
large-vessel occlusions occurred on the patient’s left side (57.1%).
The frequencies of type I, II, and III aortic arch configurations
were 62.7%, 26.1%, and 11.2%, respectively, and there were 24
patients with bovine anatomy. A complete summary of patient
characteristics is presented in Table 1.

Access mode (No.) (%)

Primary insertion 148 (96.1)

Sheath 6(3.9)
Fubuki delivered to ICA? (No.) (%)

Yes 151 (98.1)

No 3(1.9)
Lesion crossed with Fubuki as guide? (No.) (%)

Yes 150 (97.4)

No 4(26)
Herniation of Fubuki into aortic arch? (No.) (%)

Yes 1(0.6)

No 153 (99.4)
Crossover to another guide catheter? (No.) (%)

Yes 1(0.6)

No 153 (99.4)
Mechanism of embolectomy (No.) (%)

Aspiration m(72)

Stent retriever 4 (2.6)

Combined aspiration and stent retriever 34 (22))

Failure 5(3.2)
=TICI 2b revascularization? (No.) (%)

Yes 128 (83.])

No 26 (16.9)
Time to lesion crossed (median) (min) 9

Range 4-102
Time to revascularization (median) (min) 17

Range 3-96
Major access site complications? (No.) (%)

Yes 3(1.9)

No 151 (98.1)

Treatment Outcomes

Insertion of the Fubuki directly into the femoral artery was per-
formed in a large majority cases (96.1%). The Fubuki was deliv-
ered to the cervical ICA, and the occlusive lesion was successfully
crossed with the Fubuki as the guide catheter in 98.1% and 97.4%
of cases, respectively. Herniation of the Fubuki into the aortic
arch was noted in a single case (0.6%), and crossover to another
guide catheter was necessary in 1 case (0.6%). The mechanism of
revascularization was most often aspiration (72.1%), followed by
aspiration in combination with a stent retriever (22.1%). An
interventional device could not be delivered to the site of occlu-
sion in 5 cases (3.2%). TICI 2b revascularization was achieved in
83.1% of cases. Median times to lesion crossed and revasculariza-
tion were 9 and 17 minutes, respectively (Table 2). For compari-
son, herniation of the guide catheter from the carotid artery into
the aortic arch occurred in 3 of the 22 cases (13.6%) in which the
8F FlowGate® was used and 1 of 17 cases (5.9%) in which the 6F
Neuron MAX was used. Procedural outcomes for the other guid-
ing catheters were not included due to the small sample size.

There were 3 instances (1.9%) of major access site complica-
tions. One patient experienced a painful femoral pseudoaneu-
rysm that ultimately resolved without intervention. A second
patient experienced persistent bleeding from the femoral access
site after the procedure, requiring surgical femoral cutdown and
repair of the artery. The final patient experienced occlusion of a
previously placed femoropopliteal graft, resulting in limb ische-
mia; this patient also required surgical femoral cutdown and ar-
terial revascularization.
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Table 3: Logistic regression identifying predictors of failure to
deliver the Fubuki to the ICA

Variable OR (95% Cl) P Value
Age (yr) 2.04 (0.66-6.36)* 22
Male sex 0.46 (0.04-5.13) .52
Left-sided occlusion 0.36 (0.03-4.15) 42
Bovine anatomy 2.35(0.20-27.00) 49
Bovine and left-sided occlusion 4.54 (0.38-53.54) 23
Type lll aortic arch 18.15 (1.54-214.16) 021°

#Unit odds ratios denoting effect on risk for every decade of age.
® Statistically significant.

Predictors of failure to deliver the Fubuki to the cervical ICA
were determined using logistic regression analysis. A type IIT aor-
tic arch was the only variable significantly associated with a
reduced likelihood of Fubuki delivery to the ICA (OR, 18.15; 95%
CI, 1.54-214.16; P=.021; Table 3).

DISCUSSION

While previous studies have assessed the efficacy of specific guide
catheters for the performance of MT,* to our knowledge, our
study is unique in that its focus was on the navigability of the
Fubuki as determined by the frequency of failure to deliver the
catheter to the cervical ICA. The reported rate of failure in tan-
dem with our relatively low median time to lesion crossed of 9
minutes suggests that the Fubuki is highly efficacious at reaching
the cervical ICA in a timely fashion and maintaining a stable
position. On logistic regression analysis, a type III aortic arch was
the only patient characteristic associated with Fubuki failure,
which was unsurprising given previous studies associating com-
plicated arch anatomy with the inability to perform MT.’
Nevertheless, as depicted in our representative case, the Fubuki
was able to cross relatively tortuous arch anatomy while provid-
ing adequate support to complete the MT. In the future, more in-
depth anatomic analyses of MT cases may allow improved
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quantification of guide catheter performance and facilitate com-
parison among different catheters.

Limitations

Our study is limited by the single-center, retrospective methodol-
ogy; thus, it is possible that our results are not completely gener-
alizable. Similar efficacy of the Fubuki should be confirmed in
multi-institutional series.

CONCLUSIONS

Our results indicate that the 6F Fubuki is highly effective when
used for MT to treat acute ischemic stroke secondary to large-ves-
sel occlusion. These results may serve as a benchmark when
assessing the performance of other guide catheters used for this
procedure.
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ORIGINAL RESEARCH
HEAD & NECK

Percutaneous CT-Guided Core Needle Biopsies of Head and
Neck Masses: Technique, Histopathologic Yield, and Safety
at a Single Academic Institution

TJ. Hillen, “*').C. Baker, ““J.R. Long, ““'M.V. Friedman, and “*J.W. Jennings

o |

ABSTRACT

BACKGROUND AND PURPOSE: CT-guided head and neck biopsies can be challenging due to the anatomy and adjacent critical
structures but can often obviate the need for open biopsy. A few studies and review articles have described approaches to biopsy
in the head and neck. This retrospective study evaluated technical considerations, histopathologic yield, and safety in CT-guided
head and neck core needle biopsies.

MATERIALS AND METHODS: A retrospective review of head and neck biopsies performed from January 2013 through December
2019 was conducted. Clinical diagnosis and indication, patient demographics, mass location and size, biopsy needle type, technical
approach, dose-length product, sedation details, complications, diagnostic histopathologic yield, and the use of iodinated contrast
were recorded for each case.

RESULTS: A total of 27 CT-guided head and neck core needle biopsies were performed in 26 patients. The diagnostic sample rate
was 100% (27/27). A concordant histopathologic diagnosis was obtained in 93% (25/27) of cases. There was a single complication of
core needle biopsy, a small asymptomatic superficial hematoma.

CONCLUSIONS: Percutaneous CT-guided biopsy of deep masses in the head and neck is safe and effective with careful biopsy
planning and has a high diagnostic yield that can obviate the need for open biopsy.

ABBREVIATION: CTCAE = Common Terminology Criteria for Adverse Events

I n the United States, >60,000 new cases of head and neck cancer
will be diagnosed in 2020, comprising approximately 4% of
new cancer cases in men." Many of these cancers that arise within
the oropharynx are diagnosed by an otolaryngologist using direct
visualization by laryngoscopy. Most of the superficial soft-tissue
masses in the neck are biopsied either by palpation® or sono-
graphic guidance.>® The masses within the deep spaces of the
neck are most commonly biopsied using CT guidance. In the
past, many of these deep head and neck biopsies were performed
using CT guidance and fine-needle aspiration techniques.” '’
More recent articles have described the use of CT guidance and

spring-loaded core biopsy needles.''*>
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Compared with other biopsies, deep head and neck masses are
difficult to biopsy safely and effectively due to the critical anatomy
in the region of the biopsies, including nerves, vessels, and salivary
glands. Despite the critical anatomy, there are few reported serious
complications in head and neck soft-tissue biopsies.'®

In general, the demand for percutaneous CT-guided biopsies
continues to increase due to the evolving requirements of clinical
treatment and study protocols. The well-published safety, effi-
cacy, and high histopathologic yield obviates the need for open
biopsies; however, there are relatively few publications addressing
CT-guided soft-tissue core biopsies of the head and neck.

The purposes of this retrospective original research are to
describe and expand technical considerations, including the use of
CT angiography, and to demonstrate the high histopathologic yield
and safety of CT-guided head and neck soft-tissue core biopsies.

MATERIALS AND METHODS

Patient Selection and Study Enrollment

Approval from the institutional review board was granted with a
waiver of informed consent for this Health Insurance Portability
and Accountability Act-compliant retrospective study. Correlating
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data were collected for all CT-guided head and neck biopsies per-
formed at Washington University in St. Louis from January 2013 to
December 2019 included in this study. These data were acquired by
searching the radiology information system for neck biopsy cases
using a combination of Current Procedural Terminology codes for
neck/thorax biopsy (21550), soft-tissue mass biopsy (20206), and CT
guidance (77012) and using the following search terms: “neck bi-
opsy,” “parapharyngeal space,
and “paraspinal.” Inclusion criteria were CT guidance, suspicion of

» «

masticator space,” “carotid space,”

Table 1: Biopsy needles by size and brand used for 27 biopsies

either benign or malignant tumor, soft-tissue mass, core needle bi-
opsy, and follow-up available in the electronic medical record. CT-
guided biopsies for infection or superficial neck lymph nodes were
excluded. For each case, we collected and evaluated the following
data: patient demographics, clinical diagnosis and indication, mass
size and location, biopsy needle type/gauge, technical approach,
number and length of each soft-tissue biopsy, CT dose-length prod-
uct, sedation details, and diagnostic histopathologic yield. Proc-
edural complications were documented according to the Common
Terminology Criteria for Adverse Events (CTCAE), Version 5.0.7
Patients were clinically monitored for at least 1 hour after each pro-

Size and Brand No. cedure for evidence of acute complications such as hematoma for-

Biopsy needle gauge mation or neurologic injury. A short-term follow-up phone call

}z:gz ]: between 1 and 3 days following the procedure was used to document

18-ga 6 any additional short-term complications. The electronic medical

20-ga 1 records were also reviewed for evidence of delayed complications
Needle brand within 30 days of the biopsy.

Bard Mission 3

G:\:fgvev n g Biopsy Procedure

ey OnCema] 22 All procedures were performed by 1 of 4 board-certified fellow-

@The OnControl needle used for access in 2 cases followed by coaxial placement ship—trained musculoskeletal radiOlOgiSts with 12, 10, 7, and

of a soft-tissue needle. 6years of experience. Twenty-three of the 27 procedures were

FIG 1. CT-guided neck biopsies can be performed using multiple different approaches depending on the location of the lesion. In almost all
approaches, there are critical neural and vascular structures adjacent to the needle tract. A, CT angiogram of the neck flipped vertically to depict
prone positioning for a posterior-approach neck biopsy. Neck biopsies in the shaded region would commonly be performed using a posterior
approach. In the shaded region, there are no critical neurovascular structures. B, CT angiogram soft-tissue-windowed image of the neck with
the patient in a supine position for the paramaxillary approach (white arrow). The needle course is between the maxillary sinus and the mandible
adjacent to the facial artery (dashed arrow) through the buccal space. This approach can be used for lesions in the buccal, masticator, paraphar-
yngeal, retropharyngeal, and carotid sheath spaces. The critical structures to avoid include the facial artery (dashed arrow) and the internal ca-
rotid artery (black arrow). C, CT angiogram of the neck with the patient in a supine position for anterior-approach biopsies, which can be either
medial (black dashed arrow) or lateral (dashed white arrow) to the carotid and jugular vasculature (white oval). These approaches can be used
for lesions in the infrahyoid neck and lower cervical vertebrae. The critical structures to avoid include the carotid artery, jugular vein, and vagus
nerve (white oval); the trachea (white T); the esophagus (white E); and the thyroid gland (white asterisk). CT angiograms of the neck with the
patient in a decubitus position: This positioning will be used for the retromandibular (D), submastoid (E), and subzygomatic (F) approaches
denoted by white arrows. Note that the needle will sometimes pass through a portion of the parotid gland for the retromandibular approach
(white asterisk). Critical structures to avoid include the carotid (gray arrows) and vertebral arteries (dashed white arrows) with the retromandib-
ular and submastoid approaches and the retromandibular vein in the retromandibular approach because of its proximity to the facial nerve.
These approaches can be used for lesions in the deep parotid, parapharyngeal, pharyngeal, and retropharyngeal spaces.
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Table 2: Neck biopsy approach

Approach No.

Anterior

Paramaxillary

Posterior

Retromandibular

Submastoid
Subzygomatic/sigmoid notch

w 00N U NN

fentanyl and midazolam dosages for the conscious sedation cases
were 159.8 g and 2.6mg, respectively. For the biopsies, Bard
Mission (Bard Peripheral Vascular) or Achieve (CareFusion)
spring-loaded coaxial biopsy needle systems were used. The choice
of needle gauge was based on the relative proximity of the lesion to
important neurovascular structures, the space available to avoid
those structures, and the ability to maneuver the needle into the

FIG 2. A 74-year-old woman with a previously excised papillary thyroid carcinoma also treated
with radioactive iodine who has a new mass in the right visceral space of the neck adjacent to
the thyroidectomy bed. Axial contrast-enhanced CT image (A) from a neck CT demonstrates an
enhancing mass (black asterisk) in the right visceral space abutting the trachea (white asterisk),
the esophagus (white oval), and the right internal jugular vein (dashed white arrow).
Intraprocedural axial CT soft-tissue-windowed image (B) with the core biopsy needle in place. An
anterior approach was chosen to pass just medial to the internal jugular vein (dashed white
arrow), just lateral to the trachea (white asterisk), and stopping short of the esophagus (white
oval). The histopathology from the biopsy was recurrent papillary thyroid carcinoma.

FIG 3. A 75-year-old woman with previously excised and re-excised left base-of-tongue and ret-
romolar squamous cell carcinoma. Axial contrast-enhanced neck CT (A) and fused PET/CT (B)
images demonstrate an enhancing FDG avid mass (black asterisk) in the left masticator space. A
paramaxillary approach was chosen to perform the biopsy (C). The histopathology from the bi-
opsy was recurrent squamous cell carcinoma. With this biopsy, the facial artery is medial to the
needle-entry site just anterior to the maxilla and is not problematic for the needle path.

lesion without injuring those structures.
For lesions with minimal clearance
between the needle path and a critical
neurovascular structure, a smaller gauge
needle was chosen, either 18 or 20 ga.
The outer introducer needle was placed
just proximal to the target mass fol-
lowed by the coaxial placement of the
spring-loaded biopsy needle into the
mass. In 2 cases, the Arrow OnControl
battery-powered bone biopsy system
(Teleflex) was used to access the soft-
tissue lesions. Table 1 describes in
detail the different biopsy needles used
for lesion biopsy. The most common
needle used was 14 gauge in 14/27 bi-
opsy procedures. The average number
of biopsy cores acquired was 4.4 (range,
2-9). Patient positioning on the table
was dependent on the location of the
head and neck lesion and the approach
used to perform the biopsy.

There are multiple described ap-
proaches for biopsies in the head and
neck, depending on the locations of the
masses.'® ! A brief description and the
approximate needle course for the dif-
ferent biopsy approaches are presented
in Fig 1. Biopsy approaches for the
patients in our group included the fol-
lowing: anterior 7/27, paramaxillary 2/
27, posterior 5/27, retromandibular 2/
27, submastoid 8/27, and subzygo-
matic/sigmoid notch 3/27 (Table 2).
The anterior approach was used for
lesions in the perivertebral, anterior cer-
vical, prevertebral, visceral (Fig 2), and
pharyngeal spaces. The paramaxillary
approach was used for lesions in the
masticator and parapharyngeal spaces
(Fig 3). The posterior approach was
used for posterior perivertebral lesions.
The retromandibular approach was
used for parapharyngeal space lesions
(Fig 4). The submastoid approach was

performed with conscious sedation; 2/27, with general anesthesia;
and 2/27, with local anesthetic only. In most cases, a 1:1 mixture of
bupivacaine 0.25% and lidocaine 1% was first administered for sub-
cutaneous and deep anesthesia. The average sedation time for the
conscious sedation cases was 43 minutes. The average intravenous

used for lesions in the perivertebral, parapharyngeal, and carotid
spaces (Fig 5). The subzygomatic approach was used for lesions in
the masticator space.

CT angiography was performed immediately before the biopsy
when the pathway to the soft-tissue mass included important
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FIG 4. A 69-year-old woman with an incidentally found right-neck mass on a cervical spine MR
imaging. Axial T2-weighted MR image (A) from a cervical spine MR imaging demonstrates an inde-
terminate T2-hyperintense mass (white asterisk) at the deep margin of the parotid gland, cen-
tered within the parapharyngeal space posterior to the masticator space. Intraprocedural
contrast-enhanced soft-tissue-windowed CT image (B) with the patient in the left lateral decubi-
tus position. Note the internal carotid artery (white arrow) and other vascular structures includ-
ing the retromandibular vessels adjacent to the mandibular ramus (white dashed arrow).
Intraprocedural axial CT bone-windowed image (C) with the core biopsy needle in place (black
arrow). A retromandibular course with the entry point posterior to the ear was chosen to access
the mass. The needle path is to avoid the vascular structures adjacent to the mandibular ramus,
including the retromandibular vein, but anterior to the styloid process (black dashed arrow) and
internal carotid artery (approximately at the site of the black asterisk but occult on noncontrast
CT). The pathology was adenoid cystic carcinoma.

FIG 5. A 25-year-old man with neurofibromatosis type 1, new vagus nerve-related symptoms,
and a enlarging painful left carotid space mass. Axial Tl-weighted fat-suppressed postcontrast MR
image (A) from a neck MR imaging demonstrates an enhancing carotid space mass (black asterisk).
Intraprocedural contrast-enhanced soft-tissue-windowed CT image (B) with the patient supine
but with the head turned to the right. Note that the mass (white asterisk) is located between the
internal carotid (black arrow) and vertebral (black dashed) arteries and is pushing the carotid ar-
tery anteriorly. Intraprocedural axial CT soft-tissue-windowed image (C) with the core biopsy
needle in place (white arrow). A submastoid approach was chosen to avoid the carotid and verte-
bral arteries. The histopathology from the biopsy was neurofibroma. Given the progressive symp-
toms, concern for sampling error, and the high risk given the diagnosis of type neurofibromatosis
1, the mass was excised and final pathology was plexiform neurofibroma containing focal areas of
low-grade malignant peripheral nerve sheath tumor.

and 46% were women. The age range
of the patients was from 3 months to
77 years of age, with an average age of
54.7years. The clinical concern in
these cases was for primary tumor in
52% (14/27), locoregional recurrent
disease in 33% (9/27), or metastatic
disease in 15% (4/27). One complica-
tion of core needle biopsy occurred.
This was a small intraprocedural he-
matoma (CTCAE grade 1), which was
asymptomatic and required no further
treatment or follow-up. Additionally,
there was an adverse event in which
the patient developed new asymptom-
atic atrial fibrillation with a rapid ven-
tricular response (CTCAE grade 3)
during positioning and the initial con-
trast-enhanced CT scan for localization
of tumor. This was before administra-
tion of sedation medications and be-
ginning the biopsy procedure. This
patient was transported to the emer-
gency department for heart rate con-
trol, and the biopsy was performed at a
later date without complications.

Lesion Characteristics and
Histopathology

The average size of the biopsied masses
measured in the longest axis of each
lesion was 33 mm, ranging between 14
and 71 mm. The locations of the lesions
were the following: the anterior cervical
space, 11% (3/27); carotid space, 11%
(3/27); masticator space, 19% (5/27);
parapharyngeal space, 22% (6/27); peri-
vertebral space, 26% (7/27); pharyngeal
space, 4% (1/27); prevertebral space,
4% (1/27); and visceral space, 4% (1/
27) (Table 3).

A sufficient sample was obtained
for histopathologic diagnosis in 100%
(27/27) of the biopsies. The pathology
obtained was malignant in 16/27 biop-
sies and benign in 11/27 biopsies. Two

vascular structures, to better delineate the vascular anatomy and
plan the safest biopsy route while minimizing the risk of vascular
injury. Of the 27 biopsy procedures, 10 had corresponding CT
angiograms with a dose average of 80 mL of ioversol contrast
(Optiray 350; Mallinckrodt) given intravenously (Figs 4 and 5).

RESULTS

Patient Characteristics

A total of 26 patients underwent 27 CT-guided head and neck
soft-tissue biopsies. Fifty-four percent of the patients were men,
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of the 11 benign biopsies were found to be discordant with the
clinical impression and repeat biopsy results were subsequently
found to be malignant. One was initially diagnosed as fibrosis
with a foreign body giant cell reaction and was later found to be
recurrent squamous cell carcinoma on a repeat CT-guided biopsy
6 weeks later. The second was initially diagnosed as benign neu-
rofibroma, but at excision, it was found to have areas of malig-
nant peripheral nerve sheath tumor within the lesion. The
remaining 9 benign lesion biopsies either demonstrated no con-
cerning change on imaging follow-up in 56% (5/9) or were con-
firmed benign by excision in the remaining 44% (4/9). The most



Table 3: Anatomic location of the target mass in 27 biopsy
procedures

z
o

Target Lesion

Anterior cervical
Carotid space
Masticator space
Parapharyngeal
Perivertebral
Pharyngeal
Prevertebral
Visceral space

—_—_— NN W W

Table 4: Histopathologic results of CT-guided head and neck
biopsies

z
o

Histopathology

Acute on chronic inflammation

Adenoid cystic carcinoma®

Atypical melanin rich neoplasm®

Benign fibrocollagenous tissue

Chondroid lesion

Fibrosis with foreign body giant cell reaction
Granulation tissue

Metastatic myxoid liposarcoma®
Malignant peripheral nerve sheath tumor®
Myxoma

Neurofibroma

Papillary thyroid cancer®

Pleomorphic adenoma

Round cell sarcoma®

Schwannoma

Spindle cell neoplasm®

Squamous cell carcinoma®

Synovial cyst

e U —
o o -

R e JENE G N —

@ Malignant.

®Two cases with discordant histopathology. The fibrosis with foreign body giant
cell reaction was found to be recurrent squamous cell carcinoma on repeat CT-
guided biopsy. The neurofibroma was found to have components of malignant
peripheral nerve sheath tumor when excised.

common malignant lesion was squamous cell carcinoma, found
in 8 patients (Table 4). The overall concordance of the biopsies
was 93%.

CT Radiation Dose

The dose-length product ranged from 76 to 2790 mGy x cm, with
an average of 533 mGy x cm. When we considered the most
recent biopsies, specifically from January 2015 to December 2019,
which account for 89% (24/27) of all biopsies performed, there was
a decreased average dose-length product of 455 mGy x cm. The
highest dose-length product recorded was 2790 mGy x cm. This
was performed before increased awareness of scanning parameters,
advanced scanner technology, as well as institutional emphasis on
decreasing diagnostic and procedural radiation doses.

DISCUSSION

Masses in the head and neck arise in multiple different anatomic
spaces and have a wide variety of tumor histopathologies. Diagnosis
and treatment require a multidisciplinary approach, which is con-
stantly evolving.”?* Often, the tissue required for diagnosis is
acquired by a subspecialty-trained radiologist, particularly when the

mass is located within a deep neck space requiring CT guidance for
biopsy access.

Multiple publications have demonstrated the safety and utility
of soft-tissue biopsies in general, but few have focused specifically
on the deep head and neck.””> Most complications reported in the
literature in these studies are minor, including small hematoma,
pain, vasovagal reaction, and minor infection.” *> Another more
rarely described complication is seeding of tumor along the biopsy
needle tract. A MEDLINE data base search between 1970 and 2014
found 7 reported cases of tumor seeding, 5 with fine-needle aspira-
tion and 2 with core needle biopsy, in the 610 articles reviewed.”
These findings are similar to those in our study in which we report
1 minor complication of the biopsy procedure, no tumor seeding
complications, and 1 adverse event before beginning the biopsy
procedure, which was unlikely related to the procedure, given that
this occurred before a needle was placed in the neck. The only
reported major complication related to a CT-guided head and
neck biopsy in the literature was an internal maxillary artery pseu-
doaneurysm presenting 3 months after the CT-guided fine-needle
aspiration. This was thought to be due to an increased risk from
prior radical neck surgery and radiation therapy, leading to abnor-
mal neoangiogenic vascularity or large-vessel vasculopathy.'®

Given the relatively high-stakes anatomy in the head and
neck, choosing the appropriate anatomic approach to safely per-
form the biopsy is of the utmost importance. There are multiple
described approaches to head and neck masses, with some over-

lap in the ability to access a deep neck space.'®™'

For example,
pathways to reach the parapharyngeal, masticator, and pharyn-
geal spaces may include paramaxillary, retromandibular, submas-
toid, and subzygomatic approaches. Thus, it is important to fully
evaluate the preprocedural imaging for the location of vessels,
nerves, salivary glands, and salivary ducts to find the safest and
most direct needle course. The CT angiography technique
increases the certainty and safety of the needle path chosen for
the procedure, particularly when positioning for the procedure is
different from the standard supine position typically used for CT
imaging and when there are arteries in or directly adjacent to the
targeted mass. This technique has been previously described in
cervical spine biopsies,”® but not in biopsies of head and neck
masses. All except 2 of the 27 cases were performed with either
conscious sedation or local anesthesia, increasing the safety of the
biopsy in this patient population, which is typically considered at
higher risk for general anesthesia.

The choice of biopsy technique, fine-needle aspiration versus
core needle biopsy, is often dependent on the institution. At our
institution, core needle biopsies are preferred by the pathologist
when feasible for increased diagnostic certainty. In previous clinical
series, the yield of both CT-guided fine-needle aspiration and core
biopsy of the head and neck soft tissues is varied. In the largest
study of 216 patients who underwent CT-guided fine-needle aspi-
ration, a diagnostic sample was obtained in 90% of patients, with a
concordant diagnosis in 88% of cases.” Studies of CT-guided core
biopsies have reported diagnostic yields ranging from 73% to
96%.''> Compared with these prior CT-guided soft-tissue mass
biopsy series, our diagnostic yield is similar-to-slightly higher, with
100% of samples sufficient for histopathologic diagnosis and a con-
cordant diagnosis in 93% (25/27) of all biopsies. This result may be
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due to the larger average needle gauge used in our study, most
commonly 14 gauge, and the higher average number of core speci-
mens obtained of 4.4.

CONCLUSIONS

This original research demonstrates the safety and efficacy of CT-
guided percutaneous core biopsy for deep soft-tissue masses in
the head and neck, obviating the need for open biopsies and their
associated risks in locations not easily accessible by palpation, so-
nography, or laryngoscopy. It also describes the use of CT angi-
ography for vessel localization and mapping before needle
placement following patient positioning on the procedural table
to reduce the risk of vascular injury.
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COMMENTARY

Image-Guided Biopsies in the Head and Neck: Practical Value

he authors of “Percutaneous CT-Guided Core Needle
Biopsies of Head and Neck Masses:
Histopathologic Yield, and Safety at a Single Academic
Institution” have shown the efficacy and safety of image-
guided core needle biopsy in the head and neck (H&N) at
their institution. A H&N image-guided biopsy service adds

Technique,

immense value to patient care by offering an accurate and
less invasive histopathologic diagnosis than a surgical bi-
opsy,
growing a more management-driven radiology service.

facilitating radiologic-pathologic correlation and
Three important points will underscore and highlight the
practical value of the authors’” work on image-guided core
biopsy.

1. Head and neck fine-needle aspiration (FNA) versus core nee-
dle biopsy (CNB): When will FNA suffice and when is CNB
likely to be needed?

2. The value of imaging biopsy versus surgical biopsy.

3. The value of the H&N radiologist performing the biopsy.

In our head and neck biopsy service, we routinely do both
ultrasound (US)-guided and CT-guided biopsies and both
FNA and CNB. The referring clinician will request a biopsy;
then, it comes to us for vetting. In general, US biopsies are
more commonly requested and used for most superficial tar-
gets (<3 cm deep). CT-guided biopsies are usually reserved
for deeper targets, most frequently near the skull base or in
parapharyngeal or retropharyngeal spaces, which are not eas-
ily accessible with US.

The first choice in planning will be US versus CT:

us

o Targets <3 cm deep

¢ Most lateral and supraclavicular lymph nodes
e Most parotid masses

e Thyroid and thyroid bed masses

cT

e Targets >3 cm deep
e Lesions near the skull base/clivus

and Approach

¢ Parapharyngeal space mass (often minor salivary tumors)
e Deep lobe of the parotid

¢ Retropharyngeal nodes

¢ Pterygopalatine fossa lesion

Some common indications for image-guided biopsy include a
new palpable mass/node, staging nodes in a patient with known
H&N cancer including thyroid cancer, evaluating recurrence in
nodes after treatment for H&N cancer, and parotid or subman-
dibular masses.

H&N FNA versus Core Biopsy: When Will FNB Suffice and
When Is CNB Needed?

e FNA: Usually narrow-gauge 22- to 25-ga needle (23 ga most
commonly)
1) A US guided FNA: 3.5 cm 23 ga needle for most at our
institution
2) Coaxial technique for CT-guided FNA, a 6-cm, 19-ga
introducer and 10-cm, 22-ga needle for FNA

e CNB: Usually larger gauge needles (16-20 ga); SuperCore 18 ga
for most at our institution (https://www.argonmedical.com/
products/supercore-semi-automatic-biopsy-instrument/).

The next important consideration is FNA versus CNB.
The major benefit of FNA is safety, especially with small tar-
gets but also preliminary cytologic assessment by an on-site
cytopathologist, allowing real-time feedback regarding the
adequacy of the sample. The main disadvantage of FNA is the
small sample size, which can lead to nondiagnostic results.
FNAs are generally performed with narrow-gauge needles
(22-25 ga), and core needle biopsies are performed with
larger gauge needles (16-20 ga). The main advantage of CNB
is the increased diagnostic yield compared with FNA of sali-
vary gland lesions and cervical lymph nodes."

There will be some circumstances when the referring team (or
the radiologist) will request a core upfront. Some reasons would
include a previous non-diagnostic FNA, a suspected diagnosis
that is difficult to make on FNA alone or enrollment in a clinical
trial which needs core tissue. In addition, if asked to biopsy a
lesion with a less typical leading diagnosis, it is often helpful to
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discuss the case ahead of time with your cytopathologists to
understand their comfort level making that particular diagnosis
with FNA vs CNB. At our institution, most biopsies will start
with FNA and then progress to core on the basis of the real-time
feedback of the cytopathologist. At some institutions, a CNB may
also be chosen over FNA because of the preference of the radiol-
ogists or availability and expertise of the cytopathologists.
However, it is useful for radiologists to have a general concept of
which diagnoses can be easily made with FNA and which will
likely require core. This is important to understand before start-
ing a biopsy.

In our experience, FNA alone will usually suffice to diagnose
squamous cell carcinoma (SCC), papillary thyroid carcinoma (with
thyroglobulin assay), melanoma, and other carcinomas, particu-
larly in patients who already have a confirmed head and neck pri-
mary. Other histopathologic diagnoses are more difficult to make
with FNA. For example, salivary gland neoplasms and infiltrative
soft-tissue masses around the skull base (with a differential of lym-
phoma, lymphoma mimics, immunoglobulin G4, sarcoidosis,
chronic infection, etc.) and are all examples of lesions which can be
difficult to diagnose on FNA.

In general, FNA has a high diagnostic yield for SCC often in
the setting of tumor recurrence, thyroid carcinoma, and mela-
noma. It is often our choice for small lesions in this category. In
fact, a retrospective review of our preliminary institutional expe-
rience with a H&N biopsy service in 2010 found that 88/102
(87%) FNAs (mean target size = 1.6 cm) performed in the non-
thyroid neck were diagnostic.> The clinical indications for US-
guided FNA included an initial diagnosis of a nonthyroid gland
neck mass (n = 13), initial cervical lymph node staging in the set-
ting of known malignancy (n = 3), suspected abscess (n = 4), and
suspected persistence or recurrence of a known malignancy
(n=75). The latter category was clearly the most common indi-
cation, with the most common histopathology being thyroid car-
cinoma, squamous cell carcinoma, and melanoma in descending
order.

FNA has a higher non-diagnostic rate and limited sensitivity
for malignancy in salivary gland neoplasms. FNA can also be
more challenging with lymphoma and rare inflammatory diagno-
ses as noted above. CNB of salivary gland lesions has emerged as
the preferred method to overcome the limitations of FNA. In 3
studies directly comparing FNA and CNB of salivary lesions, the
nondiagnostic rate was 19%-56% for FNA and 4%-5% for CNB,
while the sensitivity for malignancy was 60%-76% for FNA and
89%-93% for CNB, with only minor complications such as hema-
toma and no major complication such as facial nerve injury.'”
Compared with FNA alone, CNB has also been shown to increase
the diagnostic yield for lymphoma and decrease the need for exci-
sional biopsy.°

At our institution, we often begin with FNA for both sali-
vary neoplasms and suspected lymphoma, but we have a lower
threshold to add CNB if there is a sufficient-size solid compo-
nent and preliminary FNA is nondiagnostic. We use a
SuperCore 18-ga core biopsy gun with an adjustable specimen
notch for either 1- or 2-cm core specimens. The needle has an
echogenic tip on the outer cannula to promote accurate place-
ment under ultrasound guidance.
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What is the Value of Image-Guided Biopsy versus Surgical
Biopsy?

Many patients with head and neck cancer have other comorbidities,
which make open biopsy under general anesthesia a higher risk. In
addition, patients who have already undergone complex resection,
reconstruction, and/or radiation also have tissue distortion and
scarring, which complicates a re-operation. Finally, most of these
deep abnormalities are detected by imaging only. Therefore, image-
guided biopsy ensures radiologic-pathologic correlation. In other
words, image-guided biopsy ensures that the suspicious lesion on
imaging is actually the tissue that is correctly sampled. In a deep
resection bed with extensive scarring/granulation and flap recon-
struction, it is not a simple task for the surgeon to confirm that he
or she is sampling the imaging abnormality, and this issue can lead
to false-negatives.

What is the Value of a Diagnostic H&N Radiology Group
Performing the Biopsies for the Studies They Interpret?
Divorcing the interpreting radiologists from the radiologist per-
forming the biopsies can affect both the accuracy of the original
image interpretations and the accuracy of the biopsies (confusion
over target/exact area of concern in some cases). Diagnostic radi-
ologists who do not perform procedures and/or communicate
with colleagues performing the procedures may overcall imaging
abnormalities which are difficult to access. An imaging abnor-
mality with an unclear risk assessment that cannot easily be biop-
sied can lead to frustration for the referring clinician and stress
for the patient. Radiologists who routinely perform their own
biopsies quickly develop an understanding of whether they can
safely reach the target, whether an abnormality can be success-
fully biopsied, whether a CT abnormality will translate to a viable
US target, whether the target is reproducible, and so forth. It can
be very beneficial to think like an interpreting radiologist and a
procedure-vetting radiologist at the time of your original
dictation.

There are many potential advantages to having a neuroradiolo-
gist or dedicated head and neck radiologist perform the image-
guided biopsy. Thorough knowledge of the neck imaging anatomy,
normal and abnormal appearance of the postoperative/postradio-
therapy neck, and specific patterns of nodal spread for various
head and neck malignancies are major advantages. The neuroradi-
ologist often interprets the imaging or participates in multidiscipli-
nary tumor boards that prompt FNA, leading to familiarity with
the case and deliberation on the advantages and disadvantages of
US-guided FNA, CT-guided FNA, and core or follow-up imaging.
This scenario is particularly important in complex cases with >1
potential target. The true risk category of an imaging abnormality
may be at the crossroads of multiple modalities (CT, PET, MR
imaging) and multiple time points. Thus, the accuracy of biopsies
can also be adversely affected if the interpreting radiologist is not
performing the biopsy. There is also an opportunity to reconcile
radiologic-pathologic discordance on site during the procedure, so
that mismatches can be discussed and additional passes/alternative
targets selected during the procedure. This interaction also facili-
tates a collegial relationship among the head and neck surgeon,
neuroradiologist, and cytopathologist, which is the key to optimal
multidisciplinary patient care.



In summary, image-guided biopsies have replaced surgical
biopsies for most head and neck lesions, with increased safety and
efficacy. Furthermore, the many potential advantages of having a
neuroradiologist or dedicated head and neck radiologist perform
the image-guided biopsy include thorough knowledge of the neck
anatomy, normal and abnormal appearance of the postoperative/
postradiotherapy neck, and specific patterns of nodal spread for
various head and neck malignancies. While FNA will usually suf-
fice to establish cervical nodal metastasis or nodal recurrence for
common pathologies such as SCC, thyroid carcinoma, and mela-
noma, CNB may be needed for increased accuracy for salivary
gland masses and suspected lymphoma. In the end, the decision to
use FNA versus CNB is often based on the unique presentation of
each case, the operator’s experience, institutional preference, and
real-time cytopathologic evaluation.
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ORIGINAL RESEARCH
HEAD & NECK

Diagnostic Yield and Therapeutic Impact of Face and Neck
Imaging in Patients Referred with Otalgia without Clinically
Overt Disease

E. Ainsworth, “'I. Pai, “/M. Kathirgamanathan, and “*S.EJ. Connor

ABSTRACT

BACKGROUND AND PURPOSE: Otalgia may be secondary to serious pathology, such as upper aerodigestive tract malignancies, and
CT or MR imaging of the skull base, face, and neck is often performed to detect clinically occult lesions. The diagnostic yield, man-
agement impact, and therapeutic impact of imaging in this clinical scenario, however, have yet to be elucidated.

MATERIALS AND METHODS: CT and MR imaging in patients who presented with otalgia without clinically overt disease was retro-
spectively analyzed from a single center over a 9-year period. The cohort was subdivided into groups, depending on the presence
of additional symptoms and a history of head and neck cancer. Relevant diagnostic outcome findings were categorized, and the
diagnostic yield and impact of imaging on management and therapy were calculated for each group.

RESULTS: In our study cohort of 235 patients, the diagnostic yield of imaging for otalgia, with or without other symptoms, in
patients who lacked a history of head and neck cancer was negligible for upper aerodigestive tract malignancy (1%), abnormalities
related to otalgia (2%), and other moderate or major findings (2%). Although equivocal or unimportant findings occasionally resulted
in additional investigations, the therapeutic impact was also very low (2%). The diagnostic yield for upper aerodigestive tract malig-
nancy (34%) and therapeutic impact increased (34%) when there was a history of head and neck cancer.

CONCLUSIONS: The diagnostic yield and therapeutic impact of imaging for otalgia without clinically overt disease are very low,

unless there is a history of head and neck cancer.

ABBREVIATIONS: FNE = fibreoptic nasendoscopy; UAT = upper aerodigestive tract

he causes of otalgia (earache) are diverse and can be categorized

as primary and secondary. Primary causes of otalgia are pathol-
ogies that affect the ear itself,! with common causes that include oti-
tis externa, otitis media,? trauma, and foreign bodies. Primary
otalgia often presents with overt clinical signs and can be managed
without imaging studies. Secondary (referred) otalgia is caused by
pathologies in locations outside the ear and results from shared
pathways of sensory innervation.'” Some etiologies may also be
diagnosed on the basis of additional clinical findings and supported
by targeted imaging (eg, temporomandibular joint or dental).
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Upper aerodigestive tract (UAT) malignancies are a potential
cause of secondary otalgia, and it is a clinical feature that prompts
rapid referral for head and neck cancer investigation in most clini-
cal networks®; therefore, fiberoptic nasoendoscopy (FNE) is usually
performed in the early diagnostic work-up in these patients. Even
in the presence of a normal FNE, clinicians may remain concerned
that a submucosal UAT lesion or other clinically occult pathology
may be present, so cross-sectional imaging is frequently proposed.
Despite this common clinical practice, to our knowledge, the diag-
nostic value of face and neck imaging in patients referred with
otalgia has not been documented. We, therefore, performed a sin-
gle-center retrospective study that analyzed the diagnostic yield,
management impact, and therapeutic impact of imaging with CT
and MR of the skull base, face, and neck in patients referred with
otalgia but without clinically overt disease over a 9-year period.

MATERIALS AND METHODS
We performed a retrospective search of all CT and MR imaging
requests on the radiology information systems, for requests and
reports that contained the specific terms “otalgia,

» <«

earache,” or
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“ear pain” between January 2009 and September 2017. Cases in
which dedicated CT or MR imaging was performed for targeted
anatomic regions (eg, skull base, intracranial, temporomandibu-
lar joint, and paranasal sinus) were excluded. Also excluded were
cases in which clinical examination, including FNE, identified the
cause of otalgia before imaging (eg, middle ear and external ear
inflammation, foreign body in the external ear, peritonsillar ab-
scess, palpable nodal metastases in the neck, and previously iden-
tified mandibular osteochondroma). Routine contrast-enhanced
imaging protocols for CT and MR imaging encompassed the
whole face and neck. The imaging was reported by dedicated
head and neck radiologists.

The clinical and imaging data were interrogated by using elec-
tronic patient record, PACS, and radiology information systems.
For the remaining cases, demographic information, type of imag-
ing, laterality of otalgia, clinical examination findings (including
FNE), imaging findings, subsequent clinical management, and final
diagnoses were recorded. Presenting symptoms were divided into
4 categories: pure otalgia, otalgia with UAT symptoms, otalgia
with other symptoms, and otalgia in patients with a history of head
and neck cancer. Imaging findings were classified as important,
indeterminate, or unimportant abnormality. Important abnormal-
ities included those that may be etiologies for otalgia or that were
deemed major or moderate unrelated imaging findings.” Imaging
findings that potentially cause otalgia were defined as those pathol-
ogies that occur in ipsilateral locations that are recognized to cause
referred pain to the ear; these were assessed by a combined clini-
coradiology team. Unrelated imaging findings were categorized as
major, moderate, or minor, according to previous guidelines on in-
cidental imaging findings from the Royal College of Radiologists.”
Major findings were defined as those that always required further
investigation and were likely to have adverse health effects, whereas
moderate findings were those that usually required further investi-
gation but health effects were unclear. Minor findings were defined
as those that did not require further investigations or have adverse
health effects (eg, degenerative cervical spine disease, generalized
or mild sinonasal or dental disease, thyroid nodules that do not
require biopsy, venous malformation, and thymic hyperplasia).
For the purpose of this study, minor findings with no important
abnormality were grouped together for subsequent analysis of the
diagnostic yield, management impact, and therapeutic impact.”

The final diagnostic outcomes were considered important if
they were in 1 of the following 3 groups: UAT malignancies, new
abnormalities that potentially cause ipsilateral otalgia, and other
new major or moderate findings unrelated to otalgia.

Patients in whom malignancy had been identified on FNE
before imaging were recorded separately because imaging was
used for staging rather than diagnosis. For the remaining
patients, the “diagnostic yield” (the number of studies with a new
or major finding divided by the total number of studies) was used
as an indicator of the value of the study in assisting diagnosis.
The term “management impact” (the number of studies that
result in a change in clinical management divided by the total
number of studies) was used as an indicator of the influence on
the patient’s clinical management.'®" The term “therapeutic
impact” (the number of studies that result in subsequent directed
therapy for detected pathology divided by the total number of

studies) was used as an indicator of truly beneficial impact of
imaging. The diagnostic yield, management impact, and thera-
peutic impact of CT/MR imaging of the skull base, face, and neck
were calculated for the detection of UAT malignancy, abnormal-
ities that potentially cause ipsilateral otalgia, and other major or
moderate findings unrelated to otalgia.

The data were described and summarized according to each
of the categories of pure otalgia, otalgia with UAT symptoms,
otalgia with other symptoms, and otalgia in patients with a his-
tory of head and neck cancer. The percentage incidence of UAT
malignancy, any other cause of otalgia, and other moderate and/
or major findings unrelated to otalgia were calculated for each
category. The diagnostic yield, management impact, and thera-
peutic impact were also analyzed for each category.

RESULTS

A total of 787 relevant imaging requests were identified on the
initial search. Exclusions were dedicated imaging studies (skull
base, intracranial, temporomandibular joint, and paranasal sinus)
(n = 516), patients with clinically overt disease and diagnoses on
clinical examination other than FNE (n = 20), diagnosis of malig-
nancy on FNE (n = 13), and incorrect clinical information about
the presence of otalgia after review of the electronic patient re-
cord (n = 3).

Of the remaining 235 patients who were included in the anal-
ysis, 65% were female and 35% male patients (female to male, 152
to 83). The mean * standard deviation age at the time of imaging
was 52 * 152 years (range, 8-90years), and this included 4
patients <16 years old. All were referrals from secondary care,
with 89% of requests from ear, nose, and throat specialists; head
and neck surgeons; or oral and maxillofacial surgeons (n = 210).
The remaining 11% of the requests came from other specialties,
such as oncology, oral medicine, audiovestibular clinic, neurol-
ogy, and rheumatology (n = 25). With regards to imaging modal-
ity, 54% of the patients underwent MR imaging (n = 126) and
46% underwent CT (n = 109) of the face and neck.

Otalgia Symptom Categories

The study cohort was grouped into 4 main categories: pure otal-
gia (20% [47/235]), otalgia with UAT symptoms (32% [76/235]),
otalgia with other symptoms (35% [83/235]), and otalgia with a
history of previous hand and neck malignancy (13% [29/235]).
Imaging was performed for bilateral otalgia in 8% (17/235), left-
sided otalgia in 40% (95/235), and right-sided otalgia in 51%
(120/235). No information on laterality was provided in 1% (3/
235). The details of associated symptoms are provided in Tables 1
and 2. FNE findings were provided in 67% of the cases (156/235)
and were categorized into normal or benign, indeterminate, or
diagnostic, as illustrated in Table 3.

Analysis by Subgroup

Pure Otalgia. The pure otalgia group accounted for 20% of the
total study cohort (47/235). Of these, 66% (31/47) had FNE as part
of their clinical examination before imaging, which was indetermi-
nate in 7 patients. No important abnormality was found on imag-
ing in 98% (46/47). In 1 patient who had indeterminate findings
on initial FNE (2%), the imaging outcome was also indeterminate
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Table 1: Otalgia with UAT symptoms—Symptom type and
number

UAT Symptoms Percentage
Total 87 100
Odynophagia 64 74
Dysphagia 7
Globus 6
Voice change 5
2
2
1

Nasal blockage
Epistaxis
Anosmia

— NN O N o

Table 2: Otalgia with other symptoms—Symptom type and
incidence

Other Symptoms No. Percentage
Total 84 100
Neck pain and/or swelling 31 37
Facial pain 16 19
Headache il 3
Tinnitus 8 9
Hearing loss 6 7
Vertigo 4 5
Facial weakness and/or numbness 4 5
Trismus 3 4
Contralateral neck pain 1 1

Table 3: Categories of FNE findings

The total diagnostic yield of imaging in otalgia with UAT
symptoms in the absence of overt malignancy detected on FNE,
therefore, was 0% for UAT malignancy, 1% for any other cause of
otalgia, and 1% for any other moderate or major findings unre-
lated to otalgia. With 16 patients in total undergoing further
investigations based on the imaging findings, the management
impact was 21%, but the total therapeutic impact was 0%.

Otalgia with Other Symptoms. The otalgia with other symptoms
group accounted for 35% of the total study cohort (83/235). The
FNE findings were normal or benign in 58% (48/83) and indeter-
minate in 5% (4/83). There was no documentation of FNE in the
other 37% (31/83). No important abnormality was found on imag-
ing in 88% (73/83). Two patients were found to have UAT malig-
nancy on imaging (2%), neither of whom had undergone FNE as
part of a clinical examination before being referred for imaging; 1
patient found to have a neck mass had refused to have FNE despite
the medical recommendation, and the other patient, with trismus as
an associated symptom, had been seen in a specialty setting in which
FNE could not be offered as part of a clinical examination.

In another 4 patients (5%), imaging identified the underlying
cause of otalgia, which included pathologic fracture of the cervical
spine, ipsilateral severe sinonasal disease, ipsilateral tonsillar enlarge-

ment (subsequently confirmed reactive
hyperplasia on histology), and Warthin

Benign Indeterminate

Diagnostic tumor of the parotid. In a further 3

Reinke edema, candida,
presbylaryngitis, interarytenoid
edema, laryngopharyngeal reflux,
rhinitis, lingual hyperplasia

of soft-tissue prominence,
asymmetry within the
nasopharynx and/or larynx,
shallow ulceration

Pooling in pyriform fossae, foci

Masses: ulcerated patients (4%), imaging detected moder-

lesions; fixed,
edematous
vocal cords

ate or major new findings unrelated to
otalgia, including neck vein thrombosis,
thyroglossal duct cyst, and calcified

and repeated FNE was subsequently performed, which was nor-
mal. The diagnostic yield of head and neck imaging for those who
presented with pure otalgia, therefore, was 0%, and the manage-
ment impact figure was 1% (normal repeated FNE), whereas the
overall therapeutic impact of imaging was 0%. The details of this
subgroup are illustrated in On-line Fig 1.

Otalgia with UAT Symptoms. The otalgia with UAT symptoms
group accounted for 32% of the total study cohort (76/235). The
ENE findings were normal or benign in 67% (51/76) and indetermi-
nate in 20% (15/76). There was no documentation of FNE in the
other 13% (10/76). No important abnormality was found on imag-
ing in 79% (60/76). There was no imaging finding of UAT malig-
nancy, whereas in 1 patient (1%) imaging demonstrated ipsilateral
tonsillar enlargement, considered to be the cause of otalgia. In
another patient (1%), imaging identified a moderate or major new
finding unrelated to otalgia of a pituitary nodule, which, subse-
quently, was managed conservatively with MR imaging surveil-
lance. There were 15 patients (20%) with indeterminate imaging
findings, which then led to further investigations (panendoscopy,
biopsy, tonsillectomy, 11; further imaging with MR and PET, 2; fine
needle aspiration cytology, 1; repeated FNE, 1), but none revealed
UAT malignancy. The details of this subgroup are illustrated in
On-line Fig 2.
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mediastinal thymus. In the remaining
patient, the imaging outcome was inde-
terminate but further investigations
confirmed a benign pathology unrelated to otalgia (calcified thyroid
nodule). All but 1 patient with indeterminate or important imaging
(n =2,
(n= 1), and/or surgical intervention (n = 6). The details of this sub-

findings had further investigations monitoring
group are illustrated in On-line Fig 3.

The total diagnostic yield of imaging in otalgia with other
symptoms in the absence of overt malignancy detected on FNE,
therefore, was 2% for UAT malignancy, 5% for any other cause of
otalgia, and 4% for any other moderate or major findings unre-
lated to otalgia. With 9 patients in total undergoing further inves-
tigation, monitoring, or intervention based on the imaging
findings, the management impact was 11%, Overall, 5 patients
who presented with otalgia with other symptoms underwent de-
finitive therapeutic interventions, which led to a total therapeutic
impact figure of 6%.

Otalgia with a History of Head and Neck Cancer. The otalgia
with a history of head and neck cancer group accounted for 13%
of the total study cohort (29/235). The FNE findings were normal
or benign in 28% (8/29). In the other 72% (21/29), there was no
documentation of FNE before imaging, a clear reason for this
being recorded in only 3 patients (seen by a specialist unable to
perform ENE, 2; no endoscope was available on day 1). No im-
portant abnormality was found on imaging in 48% (14/29). Ten



patients were found to have UAT malignancy on imaging (34%),
9 of whom had recurrences and the other had a new UAT pri-
mary. Of note, only 3 of these 10 patients had undergone FNE
before imaging. In another patient (3%), imaging identified man-
dibular osteoradionecrosis as the underlying cause of otalgia. No
other moderate or major findings were identified on imaging.
There were 4 patients (14%) with indeterminate imaging findings,
which then led to further investigations (further imaging with MR/
PET, 2; biopsy, 1; FNE, 1), but none revealed UAT malignancy.
The details of this subgroup are illustrated in On-line Fig 4.

The total diagnostic yield of imaging in otalgia with a history of
head and neck cancer, therefore, was 34% for UAT malignancy and
3% for any other cause of otalgia. With 15 patients in total under-
going further investigations, monitoring, or interventions based on
the imaging findings, the management impact was 52%. All 10
patients with UAT malignancy detected on imaging received further
treatment, which led to a total therapeutic impact figure of 34%.

Summary Comparison of Significant Outcomes with and with-
out a History of Head and Neck Cancer. The diagnostic yield of
imaging for otalgia, with or without other symptoms, of patients
who lacked a history of head and neck cancer, was 1% for UAT
malignancy (2/206), 2% for abnormalities related to otalgia (5/
206), and 2% for other moderate or major findings (4/206). This
compared with 34% for UAT malignancy (10/29), 3% for abnor-
malities related to otalgia (1/29), and 0% for other moderate or
major findings (0/29) in those with a history of head and neck
cancer. The therapeutic impact increased from 2% in patients
without head and neck cancer (5/206) to 34% in patients with
head and neck cancer (10/29).

DISCUSSION

In almost 50% of patients, ear pain may be arising from disease
distant to the ear.'>"? The mechanism of this secondary otalgia is
still poorly understood. The “convergence-projection theory” is
the most widely accepted potential pathophysiologic mechanism,
whereby multiple nerves converge into a shared neural pathway,
which results in the CNS being unable to distinguish the origin of
the nociceptor stimulation.'* Sensory innervation of the peri-au-
ricular region, external ear, and middle ear is derived from a
range of cutaneous and cranial nerves, including branches of
the trigeminal, facial, glossopharyngeal, and vagus nerves, as
well as the cervical plexus and autonomic fibers. Sources of
such referred pain, therefore, include the entire UAT, retro-
and parapharyngeal regions, major salivary glands, thyroid
gland, teeth, sinonasal region, temporomandibular joint, cer-
vical spine, and thorax.">'>!¢ Although the underlying cause

o Lo 6,15,17,18
of secondary otalgia is benign in most cases,

the pos-
sibility of severe pathology such as UAT malignancy must
always be considered.

When a patient presents with otalgia in the absence of clini-
cally overt disease, CT or MR imaging of the face and neck has
been proposed to evaluate for pathologies remote to the ear."'**
However, there has been no previous study that addressed the
overall diagnostic yield and impact on management decisions in
this clinical scenario. It, therefore, is not surprising that

there are currently no national imaging guidelines for otalgia.

Furthermore, otalgia is not represented as a clinical feature in ei-
ther the UK iRefer’' or the American College of Radiology
Appropriateness Criteria.”* Clinical reviews on the subject vary
in their emphasis of imaging and at which point in the clinical
pathway it should be considered.'***® Some investigators have
considered imaging to be appropriate after specialist review and
in the presence of “red flag” clinical features (eg, weight loss and
other UAT symptoms), particularly with prolonged and unilat-
172326 though others state that it would be indi-
cated in all patients who present with otalgia and a negative ear,

eral symptoms,

nose, and throat examination.'®

This issue has become of increasing importance in the context
of guidelines and targets for rapid imaging turnaround required
for patients with suspected head and neck cancer. This approach
has been supported by evidence for a shorter time to diagnosis
being associated with more favorable outcomes.>” The 2005 itera-
tion of the United Kingdom National Institute of Clinical Care
Excellence guidelines®® identified unexplained otalgia with normal
otoscopy as a clinical presentation that required fast-track referral.
Although otalgia was removed from the subsequent, more evi-
dence-based 2015 United Kingdom National Institute of Clinical
Care Excellence guidelines,29 it remains a clinical criterion for
rapid assessment within a number of clinical networks.® A recent
study of 5000 patients demonstrated a statistically significant asso-
ciation between prolonged otalgia with normal otoscopy and head
and neck cancer, and the investigators argue for inclusion of this
clinical presentation in future guidelines. The NHS England and
NHS Improvement® 28-day faster diagnosis standard will further
increase pressures on the imaging department to rapidly image
and report for patients referred on these pathways.

Previous studies have addressed the final presumptive diagno-
sis in patients with otalgia and normal otoscopy being referred
for specialist evaluation, with the subsequent diagnostic yield for
UAT malignancy varying between 6% and 18%.">' However, it
should be borne in mind that these figures represented the overall
incidence of UAT malignancy and did not describe what propor-
tion of the cancer diagnoses was made on imaging rather than on
clinical assessment, including FNE. Because clinical pathways
usually indicate that full specialist examination should be per-
formed before imaging, what has yet to be elucidated is the true
value of imaging of the face and neck in patients who present
with otalgia but a normal clinical examination. Although a single
case series has described infratemporal fossa malignancy in 2% of
patients who presented with otalgia and normal ear, nose, and
throat examination,? there has been no systematic approach to
the imaging yield for all pathologies.

To the best of our knowledge, our study is the first to address
the question of appropriateness of CT and MR imaging of the
face and neck in patients with otalgia in the absence of clinically
overt disease. Our results show that the contribution of imaging
is negligible in those who present with pure otalgia, no other
associated symptoms, and no history of head and neck cancer.
The diagnostic yield and therapeutic impact of imaging are simi-
larly very low in cases of otalgia with associated UAT or other
symptoms, especially when there is no important finding on
FNE. The situation in which imaging plays a significant role
seems to be in the context of otalgia in patients with a history of
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head and neck cancer. However, the figures obtained from our
study cohort should be interpreted with caution, given the low
rates of FNE being performed before referral for imaging. It may
be that, if FNE had been carried out in all the cases, then the pro-
portion of UAT malignancy detected on imaging because of new
findings would have been lower. It was noted that a high propor-
tion of patients (62%) with previous head and neck cancer pro-
ceeded straight to imaging without a clear reason for the lack of
documented FNE outcomes. Clinicians should be reminded that,
especially in this high-risk group, imaging should complement
clinical findings rather than replace them.

Another area that is worth further discussion is how to interpret
the management impact of imaging. Although it would seem at first
glance that imaging had a relatively significant management impact
in the otalgia with UAT symptoms group (21%), every patient in
this group proceeded to further investigations on the basis of inde-
terminate imaging findings, with an ultimate diagnostic yield and
therapeutic impact figures of 0% and 1%, respectively. The inci-
dence of unrelated or “incidental” imaging findings in our cohort is
not an unexpected phenomenon. Incidental findings have been
found to be common in healthy volunteers in research studies,
being documented in 3%-12% of neuroimaging studies and 30% of
body imaging studies.”

Incidentally detected pathologies may become more prevalent
relative to the symptomatic pathologies when there is a lower
threshold for imaging patients. The implications of such discoveries
will not always be positive and may cause the patient unnecessary
anxiety. Furthermore, asymptomatic incidental abnormalities may
trigger further investigations with potential risks and financial costs
but without clear clinical benefit. We, therefore, would propose
that, when evaluating increased requirements for imaging services,
management impact figures should be analyzed not in isolation but
in conjunction with diagnostic yields and therapeutic impact.

It is recognized that there are additional potential drivers and
perceived benefits of imaging patients with otalgia that extend
beyond the diagnostic yield. Such factors may relate to the clini-
cian’s intolerance of uncertainty, fear of legal action, or perception
that imaging is required to complete the patient episode. Patient
expectation and the need for reassurance may also result in
increased imaging requests. However, a systematic review of 5
randomized controlled trials, which included >1500 patients,
showed little value of imaging in the reassurance of patients in pri-
mary care.”” The lack of data on the diagnostic yield of imaging in
otalgia without clinically overt disease, combined with the afore-
mentioned factors and cancer imaging targets, has led to increased
demand on imaging services in recent years. It is hoped that the
outcomes from our study will help establish a more evidence-based
approach and efficient use of resources.

Limitations

We acknowledge that our study had a number of limitations.
First, the retrospective design and the lack of current imaging
guidelines for patients with otalgia led to some heterogeneity of
the data available and likely variation in the approach to imaging
these patients. Potential bias may have been introduced by the ret-
rospective selection of the study group. Second, we did not follow
those patients with otalgia and no clinically overt disease who had
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not undergone imaging. Third, in excluding cases of targeted imag-
ing studies, we made an assumption that they had specific clinical
features of skull base, intracranial, temporomandibular joint, or
paranasal sinus disease. Fourth, the variable use of either CT or MR
imaging also may have led to bias because the imaging modalities
vary in their diagnostic strengths; however, the dataset was equally
divided between the 2 imaging modalities. Fifth, the availability of
data on FNE findings before imaging was inconsistent, but we
aimed to overcome this shortcoming by analyzing the documenta-
tion of imaging outcomes in both those patients with and without
FNE having been performed.

CONCLUSIONS

To our knowledge, our study is the first to address the diagnostic
yield, management impact, and therapeutic impact of imaging in
otalgia without clinically overt disease. The diagnostic yield of
imaging was extremely low for otalgia, with and without associ-
ated symptoms, but increased markedly when there was a history
of head and neck cancer. Similarly, the therapeutic impact is very
limited unless there is a history of head and neck cancer or when
FNE cannot be performed. Analysis of this data will help rational-
ize imaging guidelines for patients with otalgia in the context of
increasing demands on imaging services.

Disclosures: Steve E. ). Connor—UNRELATED: Grants/Grants Pending: Guy's and
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ago) for a research project on the use of DWI MRI in head and neck cancer fol-
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ORIGINAL RESEARCH
HEAD & NECK

Diagnostic Value of Model-Based Iterative Reconstruction
Combined with a Metal Artifact Reduction Algorithm during
CT of the Oral Cavity

N. Umakoshi, T. Akimoto, and “*’M. Kusumoto
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ABSTRACT

BACKGROUND AND PURPOSE: Metal artifacts reduce the quality of CT images and increase the difficulty of interpretation. This
study compared the ability of model-based iterative reconstruction and hybrid iterative reconstruction to improve CT image qual-
ity in patients with metallic dental artifacts when both techniques were combined with a metal artifact reduction algorithm.

MATERIALS AND METHODS: This retrospective clinical study included 40 patients (men, 31; women, 9; mean age, 62.9 * 12.3 years)
with oral and oropharyngeal cancer who had metallic dental fillings or implants and underwent contrast-enhanced ultra-high-resolu-
tion CT of the neck. Axial CT images were reconstructed using hybrid iterative reconstruction and model-based iterative recon-
struction, and the metal artifact reduction algorithm was applied to all images. Finally, hybrid iterative reconstruction + metal
artifact reduction algorithms and model-based iterative reconstruction + metal artifact reduction algorithm data were obtained. In
the quantitative analysis, SDs were measured in ROIs over the apex of the tongue (metal artifacts) and nuchal muscle (no metal
artifacts) and were used to calculate the metal artifact indexes. In a qualitative analysis, 3 radiologists blinded to the patients’ con-
ditions assessed the image-quality scores of metal artifact reduction and structural depictions.

RESULTS: Hybrid iterative reconstruction + metal artifact reduction algorithms and model-based iterative reconstruction 4+ metal
artifact reduction algorithms yielded significantly different metal artifact indexes of 82.2 and 73.6, respectively (95% Cl, 2.6-14.7;
P < .01). The latter algorithms resulted in significant reduction in metal artifacts and significantly improved structural depictions
(P < .0I).

CONCLUSIONS: Model-based iterative reconstruction + metal artifact reduction algorithms significantly reduced the artifacts and
improved the image quality of structural depictions on neck CT images.

ABBREVIATIONS: IR = iterative reconstruction; hybrid-IR+MAR = combination of hybrid iterative reconstruction and metal artifact reduction algorithms;
MAR = metal artifact reduction algorithms; MBIR = model-based iterative reconstruction; MBIR+MAR = combination of model-based iterative reconstruction
and metal artifact reduction algorithms; U-HRCT = ultra-high-resolution CT

M any patients have metallic dental fillings or implants, which
are highly attenuating objects that often cause metal arti-
facts on CT and thus limit the diagnostic value of these data by
reducing the image quality.) On CT, these artifacts comprise

Received April 13, 2020; accepted after revision July 7.

From the Department of Diagnostic Radiology (Y K., K., M.S., H.N., Y.O., N.U,, TH.,
MK.), National Cancer Center Hospital, Tokyo, Japan; Department of Cancer
Medicine (Y.K., T.A.), Jikei University Graduate School of Medicine, Tokyo, Japan;
and Division of Radiation Oncology and Particle Therapy (T.A.), National Cancer
Center Hospital East, Kashiwa, Japan.

The study was supported by a grant from Canon Medical Systems.

Paper previously presented, in part, at: Annual Meeting of the European Society of
Head and Neck Radiology, October 3-5, 2019; Palermo, Italy.

Please address correspondence to Yuko Kubo, MD, 5-1-1 Tsukiji, Chuo-ku, Tokyo,
104-0045 Japan; e-mail: yukkubo@ncc.go.jp

O Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A6767

2132 Kubo Nov 2020 www.ajnr.org

areas of low or high density that appear as streaks or radial foci
with variable levels of brightness.” Metal artifacts can also cause
areas of whiteout, where CT numbers around the metallic object
exceed the maximum CT number range, or blackout, where no
image data are visible. Consequently, several artifact reduction
methods have been developed to improve the quality of images
produced by modern CT systems.

Iterative reconstruction (IR) was initially developed to pre-
serve the quality of a CT image while reducing the level of noise.?
Although iterative reconstruction methods have been available
since 1970, the limited computational power available at that
time meant that this option was not feasible in clinical settings
due to the overly long duration of image reconstruction.
Therefore, a simpler approach (filtered back-projection) was used
because it allowed faster processing and greater feasibility in clini-
cal settings. Iterative reconstruction did not reappear until 2009.*



Unlike conventional filtered back-projection, which is based on
simpler mathematic assumptions of the tomographic imaging sys-
tem,” IR is used to generate a set of synthesized projections by
accurately modeling the data-collection process in CT. Hybrid iter-
ative reconstruction (hybrid-IR) approaches apply some noise-
reduction techniques to sinograms and image spaces. Hybrid-IR
provides much better image quality and potentially enables reduc-
tions in radiation doses.®® Recently, the evolution of hybrid-IR led
to model-based iterative reconstruction (MBIR). This fully iterative
algorithm minimizes the difference between the measured original
sinogram and the sinogram reproduced by forward projection and
uses a more complex system of prediction models that account for
scanner hardware parameters, the conebeam trajectory, and the
photoelectric trajectory.”'® Compared with earlier hybrid-IR tech-
niques, MBIR provides superior image resolution at lower radia-
tion doses."' "7 MBIR has also been reported to constitute a useful
approach for metal artifact reduction.'®>'

Another approach for the reduction of metal artifacts involves
the use of dedicated metal artifact reduction algorithms (MAR).
With time, researchers have described the remarkable ability of
MAR to enhance the visualization of various target lesions by
reducing metallic artifacts."®*>"** Therefore, the intended effect
of MAR has been established, and the use of CT with MAR com-
prises the current clinical standard.

Recent advances have made possible the combination of
MBIR and MAR. This study aimed to clarify differences in the
degree of metal artifact reduction and depiction of oral cavity
structures between hybrid-IR and MBIR when both techniques
were combined with MAR and to evaluate the ability of the latter
to improve image quality and diagnostic value.

MATERIALS AND METHODS

This retrospective single-institution study was approved by the
institutional review board of the National Cancer Center Hospital,
Tokyo, Japan. The institutional review board waived the require-
ment for written informed consent from patients due to the design
of the study and the use of anonymized patient records and data.

Patient Characteristics

The inclusion criteria were the diagnosis of oral or oropharyngeal
carcinoma with tumors of >2 cm (longest diameter) and evalua-
tion by contrast-enhanced ultra-high-resolution CT (U-HRCT)
at our hospital between October 2017 and August 2018. The
exclusion criteria were as follows: 1) a history of an oral cavity
operation, 2) a lack of dental fillings or implants, and 3) a lack of
raw CT data required for reconstruction.

For all patients, the age, sex, tumor location, histopathologic
cancer type, and the number and sites of dental fillings or implants
were determined. In cases involving the placement of dental fillings
on multiple adjacent teeth, such as dental bridges, the number of
originally treated teeth was counted. The size of the dental fillings
or implants was not considered because these were =12 mm per
tooth and thus equal to or less than the size of the original tooth.

CcT
All images were acquired on a U-HRCT scanner (Aquilion
Precision, Canon Medical Systems) in super-high-resolution

mode (1792 channels/detector row, 0.25 x 160 rows; matrix size,
1024). The scanning parameters were a rotation time of 0.5 sec-
onds, pitch factor of 0.569, scanning FOV of 24 cm, and voltage of
120kV. Automatic tube current modulation was used in all exami-
nations, resulting in a mean tube current of 272.4 * 38.2 mA,
mean CT dose index of 14.5 = 1.3 mGy, and mean dose-length
product of 511.9 * 57.4 mGy. A body weight-adapted volume of
iodinated contrast medium (iopromide, Ultravist, 370 mg/mL;
Bayer HealthCare) was administered intravenously at a flow rate of
1.6-2.0 mL/s for 50 seconds. The scan was acquired at a delay of
80 seconds after the commencement of contrast injection.

Axial images of the neck were reconstructed from helical scan
data using the following algorithms: hybrid-IR (Adaptive Iterative
Dose Reduction 3D [AIDR3D]; Canon Medical Systems) and
MBIR (Forward projected model-based Iterative Reconstruction
SoluTion [FIRST]; Canon Medical Systems); then, MAR (Single
Energy Metal Artifact Reduction [SEMAR]; Canon Medical
Systems) was applied to all images. Finally, hybrid-IR+MAR and
MBIR+MAR were performed. A total of 80 image sets (40 patients)
were obtained by reconstruction. AIDR3D reconstructions of areas
of soft tissue were created using the standard reconstruction FC13
kernel. FIRST was reconstructed using a BODY kernel equivalent
to a standard reconstruction kernel. The following parameters were
identical across the reconstruction algorithms: z-axis range, frontal
sinus to cricoid cartilage; section thickness, 3.0 mm; section interval,
3.0 mm; and reconstruction FOV, 24 cm.

Quantitative Image Analysis

The quantitative image analyses were performed by a board-certi-
fied radiologist (Y.K., with 14 years of experience). Circular ROIs
were placed over the tongue apex in an area containing metal
artifacts (~400 mm?) and over the nuchal muscle at the level of
the hyoid bone in an area without metal artifacts (~100 mm?).
The copy-paste function was used to ensure that the sizes and
locations of the ROIs were identical across both reconstruction
algorithms applied to data from a single patient. The mean CT
attenuation value (Hounsfield units) and SD of all ROIs were
measured twice, and the average value of the 2 corresponding
measures was applied.

The SD of the ROI is a widely used measure of noise on radio-
graphic images.® When used in biologic tissue, the SD represents
a combination of the tissue heterogeneity and noise (which may
also be caused by metal). In a section containing a metal object, the
SD is affected by both the image noise and the metal artifacts.
Calculating the index between the SDs of the muscle (no metal
artifacts) and tongue (metal artifacts) reduces the influence of tis-
sue heterogeneity, though this assumes a consistent level of tissue

31,32

heterogeneity. According to previous studies,” >’ the artifact index

(AI) used to quantify the severity of metal artifacts is defined as

1/2
Al = [(SDTONGUE)Z —(SDMUSCLE)ZJ / ,

where SDrongue and SDyuscie denote the SD of the tongue
apex and nuchal muscle, respectively.

The number of reconstructed CT slices was counted, and the
time required per CT section reconstructed by hybrid-IR+MAR
or MBIR+MAR was measured.
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FIG 1. Representative CT images of the degree of metal artifact reduction. The image quality of metal artifact reduction was scored using the
following 5-point scale: 1, severe metal artifacts in a large area; 2, severe metals artifact in a small area; 3, moderate metal artifacts; 4, minimal

metal artifacts; and 5, no metal artifacts.

FIG 2. Flow diagram of the inclusion of potentially eligible patients.

Qualitative Analyses

Three board-certified radiologists (N.U., T.H., and Y.O., with 3, 8,
and 9 years of experience, respectively) performed a qualitative
analysis of the CT images in consensus. All readers were blinded to
the patient demographics and CT parameters and given standar-
dized instructions and training on image sets from 5 patients not
included in this study. The readers used the same monitor
(RadiForce RX440; EIZO), and the study images were presented in
random order on a preset soft-tissue window (window width and
level, 325 and 60 HU, respectively).

The readers evaluated the image-quality scores of metal artifact
reduction and the depictions of representative structures (apex and
base of the tongue, parapharyngeal space, superior portion of the in-
ternal jugular chain, parotid gland) on a 5-point scale (5, no artifacts/
excellent visualization; 4, minimal artifacts/good visualization; 3, mod-
erate metal artifacts/acceptable visualization for diagnosis; 2, severe
metal artifacts in a small area/poor visualization; and 1, severe metal
artifacts in a large area/no visualization), as shown in Fig 1. Finally,
the readers assigned a diagnostic tumor stage according to the criteria
of the American Joint Committee on Cancer, Cancer Staging
Manual, 8th edition® and examined the correlation between the
qualitative metal artifact reduction score and the number of dental fil-
lings or implants in each patient.
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Statistical Analysis
The SPSS Statistics 25 software package
(IBM) was used to perform the statisti-
cal analyses. The paired Student ¢ test
was used to assess quantitative differen-
ces among the CT images recon-
structed using hybrid-IR+MAR and
MBIR+MAR. The Wilcoxon signed
rank test was used to evaluate qualita-
tive differences in image-quality scores
between the 2 reconstruction algo-
rithms. In the qualitative analysis, we
calculated each of the weighted « sta-
tistics for all combinations of the 2
readers to assess the degree of agree-
ment among the 3 readers (ie, interob-
server agreement). K statistics of 0.81-
1.00, 0.61-0.80, 0.41-0.60, 0.21-0.40,
or 0.00-0.20 were interpreted as excel-
lent, substantial, moderate, fair, or poor
agreement, respectively.** The relationship between the number of
dental fillings or implants and the metal artifact reduction image-
quality score in the qualitative analysis was analyzed by calculating
the Spearman rank correlation coefficient. Specifically, using Excel
2016 (Microsoft), we created an approximation curve by plotting
the mean scores of the 3 readers that corresponded to the number
of dental fillings or implants on a scatter diagram. The level of sta-
tistical significance was set at P < .05.

RESULTS

Patient Characteristics

Figure 2 presents the flow diagram used to determine the
inclusion of potentially eligible patients. Overall, 40 patients
were included. Table 1 presents the additional demographic
and clinical characteristics of the study population. The num-
ber of metallic dental fillings or implants per patient ranged
from 1 to 23 (median, 11). These fillings or implants were
bilateral, right-sided, and left-sided in37, 2, and 1 patient,
respectively.

Quantitative Analyses
Table 2 presents the findings from quantitative image analyses.
At the apex of the tongue and nuchal muscle, the mean CT



Table 1: Characteristics of the study population
Variable Value

Age (mean) (yr) 629 + 123
Sex (male/female) 31:9
Tumor location
Oral tongue 1
Tonsil
Floor of mouth
Palate
Base of tongue
Gingiva
Buccal mucosa
Histopathologic type
Squamous cell carcinoma
Malignant lymphoma
Clear cell carcinoma
Adenocarcinoma
Adenosquamous cell carcinoma
Mucoepidermoid carcinoma

— wh MO =

w
N

_—_ N W

Table 2: Quantitative evaluation of CT attenuation (HU) of the
apex of the tongue and nuchal muscle

Hybrid- Difference
IR+MAR MBIR+MAR P
(Mean) (Mean) 95% Cl  Value®
Mean of apex of 1037 + 525 919 +50.6 82-154 <.0I°
the tongue
(HU)
Mean of nuchal 649 *+ 6.7 64.0 = 6.7 0.1-1.5 025°
muscle (HU)
SD of apex of 829 + 560 741* 641 27-148 <.OP
the tongue
(HU)
SD of nuchal 89 =16 7520 147 <O0P
muscle (HU)

*Paired t test.
® Significant difference.

attenuation value and SD from MBIR+MAR were significantly
lower than those from hybrid-IR+MAR (P < .01). At the apex of
the tongue, hybrid-IR+MAR and MBIR+MAR yielded mean
metal artifact index values of 82.2 (95% CI, 64.2-100.2) and 73.6
(95% CI, 53.0-94.1), respectively, and these values differed signif-
icantly between the 2 algorithms (95% CI, 2.6-14.7; P < .01).
Notably, MBIR+MAR led to a reduction of 11% in the metal arti-
fact index relative to hybrid-IR+MAR (Fig 3).

The median number of CT slices reconstructed was 102
(range, 83-118). The reconstruction times by hybrid-IR+MAR
and MBIR+MAR were 2.1 and 37.6 seconds per section, respec-
tively. In other words, MBIR+MAR required a reconstruction
time >17 times longer than that of hybrid-IR+MAR.

Qualitative Analyses

The weighted « statistic revealed excellent interobserver agree-
ment among the 3 readers (k range, 0.88-0.98). A comparison of
the metal artifact reduction image-quality scores revealed that
MBIR+MAR yielded significant reductions in metal artifacts
compared with hybrid-IR+MAR (P < .01). Figure 4 demon-
strates that MBIR+MAR improved the delineation of the oral
structures and oral cavity cancers by significantly reducing metal
artifacts relative to those produced by hybrid-IR+MAR.

FIG 3. Boxplot comparison of the artifact index values calculated using
the 2 reconstruction algorithms: hybrid-IR+MAR and MBIR+MAR. The
asterisk indicates a significant difference (P < .01).

FIG 4. Axial CT images of a 32-year-old man with left-tongue can-
cer. Reconstruction was performed using hybrid-IR+MAR (A) and
MBIR+MAR (B). As shown, MBIR+MAR provided superior reduction
of dental artifacts and a better depiction of the tumor (arrows).

Table 3 presents the image-quality scores of the depicted neck
structures. All representative structures except the apex of the
tongue had a mean score of =3, which was within the identifiable
visual level; the apex of the tongue only had a score of =3 using
MBIR+MAR. Comparisons revealed significant differences in
the average scores obtained using the 2 reconstruction algo-
rithms. MBIR+MAR yielded higher average scores for all repre-
sentative structural depictions compared with hybrid-IR+MAR.

Finally, the approximate power curve indicated a negative
relationship between the number of dental fillings or implants
and the metal artifact reduction image-quality score, regardless of
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Table 3: Qualitative evaluation of image-quality scores of representative structures

CT is considered a first-line diagnos-

Hybrid-IR+MAR MBIR+MAR P tic technique for oral cancer because of

Representative Structures (Mean) (Mean) Value® its broad availability, capacity for whole-

Apex of the tongue 278 =072 3.02 £ 075 <.O]E body tumor staging, and good overall

Base of the tongue 41+ 0.29 427 = 041 <.01b detection of sensitivity and speciﬁcity.35
Parapharyngeal space 458 £ 033 4.68 £ 0.27 <.01 . . .

Superior portion of internal jugular vein 477 024 488 018 <o However, it is essential to achieve an

Parotid gland 450 + 040 467 +037  <OP excellent image quality with minimal

@ Wilcoxon signed rank test.
® Significant difference.

FIG 5. Analysis of the correlation between the image-quality score of artifact reduction and the
number of dental fillings or implants between the 2 reconstruction algorithms: hybrid-IR+MAR

and MBIR+MAR.

the reconstruction algorithm used. Higher scores were achieved
with MBIR+MAR than with hybrid-IR+MAR (Fig 5). The can-
cer tumor stage diagnoses did not differ significantly with respect
to the type of reconstruction algorithm.

DISCUSSION

This study aimed to compare the CT image quality achieved using
a combination of MBIR and MAR versus that achieved with a
combination of hybrid-IR and MAR in a sample of patients with
oral or oropharyngeal cancer. Our quantitative analysis demon-
strated that MBIR+MAR significantly reduced both the mean CT
attenuation at the apex of the tongue and the metal artifact index
compared with hybrid-IR+MAR. Also, our qualitative analysis
demonstrated that MBIR+MAR yielded a more significant reduc-
tion of metal artifacts in the oral cavity than hybrid-IR+MAR. In
other words, objective and subjective in vivo evaluations revealed
significantly better artifact reduction and image quality with
MBIR+MAR relative to hybrid-IR+MAR.
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artifacts despite the presence of metal
dental fillings or implants. Prior studies
indicated a superior reduction of dental
artifacts caused by dental hardware or
diverse maxillofacial metal implants
when several MAR algorithms from
major vendors were used, compa-
red with standard reconstruction.”**
However, MAR algorithms may intro-
duce new artifacts into the image. These
new artifacts can appear as defects or
blurring around metal hardware in the
bone window.2%%* Recently, several clin-
ical studies reported that the combina-
tion of spectral detector CT (or dual-
energy CT) with virtual monoenergetic
images and MAR provided optimal arti-
fact reduction and improved diagnostic
imaging assessments in patients with
dental implants and bridges or metallic
dental prostheses.**’

As noted previously, the MBIR
algorithm is a revolutionary recon-
struction technology that uses various
models and repeats the subtraction of
original raw data after forward pro-
jection to yield a reconstructed image
that differs minimally from the raw
data. In addition to reducing image
noise, only the MBIR algorithm
reduces streak and beam-hardening
artifacts, respectively.'® In a previous study, MBIR similarly
reduced metal artifacts in the pelvis, spine, oral cavity, and
extremities, which was to a greater extent than filtered back-
projection or hybrid-IR."®2° Previous reports indicated a better
reduction of metal artifacts when hybrid-IR+MAR was used,
compared with MBIR without MAR.>"*® These results suggest
that both MBIR and MAR can effectively reduce metal artifacts.
Therefore, this in vivo study investigated the usefulness of
MBIR+MAR for reducing metal artifacts in the oral cavity. We
found that compared with hybrid-IR+MAR, MBIR+MAR pro-
vided better representations of normal neck structures and
reduced metal artifacts. We attribute the improved image qual-
ity achieved with MBIR+MAR to the incorporation of MBIR
settings such as the focus size, detector size, and voxel size,
which would improve the spatial resolution. In previous analy-
ses, Wellenberg et al®® and Neroladaki et al* reported that
MBIR+MAR significantly reduced orthopedic metal artifacts
on pelvic CT images produced by other vendors., Although the
results of those studies were consistent with our findings, the



methods differed from ours in that either phantoms or small
numbers of large orthopedic metal implants were used.

A previous phantom study observed that the metal artifacts
increased and the CT image accuracy decreased as the number of
metal implants in the oral cavity increased.* From in our vivo
study, we also concluded that the metal artifacts worsened as the
number of dental fillings increased. MBIR+MAR was relatively
less affected by an increased number of dental fillings or implants.
Overall, our results demonstrate the specific clinical impact of the
combination of MBIR and MAR, even though the metallic arti-
facts could not be removed completely. Specifically, this in vivo
study revealed a reduction of metal artifacts on CT images of the
neck region when using MBIR+MAR.

Our study had some limitations: First, U-HRCT, which first
became commercially available in 2017, uses smaller detector
elements equivalent to a quarter of the area of the elements in
a conventional CT detector. In a previous report, U-HRCT
with improved spatial resolution was shown to reduce the arti-
facts associated with calcified lesions in coronary arteries.*?
Theoretically, U-HRCT with small detector elements would
affect metal artifact reduction by improving the spatial resolu-
tion. In our study, however, all patients were scanned using U-
HRCT; therefore, we could not evaluate the specific reduction
of metal artifacts by U-HRCT. Second, in addition to dental
fillings or implants, metal plates and screws used in postopera-
tive applications are a major cause of image degradation and a
main obstacle to the follow-up of local recurrence in patients
with oral cancer. However, these devices were set as an exclu-
sion criterion in this study. Third, the patient population was
relatively small and derived from a single institution, and the
study design was retrospective. Further studies with much
larger samples are needed to reject null hypotheses with clini-
cally negligible differences.”> Fourth, the inclusion of only
patients with oropharyngeal and oral cancers with solid
tumors of >2 cm might have led to selection bias. Ideally, we
would have included early cancers because these would
be most susceptible to metal artifacts. Finally, although
MBIR+MAR has some advantages over hybrid-IR+MAR, as
demonstrated in our study, it is also disadvantaged by signifi-
cant computational requirements. Consequently, a longer
reconstruction period is required. Future studies should aim to
reduce the reconstitution time and increase the practical appli-
cation of MBIR+MAR.

CONCLUSIONS

The combination of MBIR and MAR enabled the significant reduc-
tion of metal artifacts during oral cavity CT. Moreover, this recon-
struction algorithm improved the depiction of structures in the
neck with a minimal dependence on the number of dental fillings or
implants.
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ABSTRACT

BACKGROUND AND PURPOSE: Perivascular spaces play a role in cerebral waste removal and neuroinflammation. Our aim was to pro-
vide data regarding the burden of MR imaging—visible perivascular spaces in white matter in healthy adolescents using an automated seg-
mentation method and to establish relationships between common demographic characteristics and perivascular space burden.

MATERIALS AND METHODS: One hundred eighteen 12- to 21-year-old subjects underwent TI- and T2-weighted 3T MR imaging as
part of the National Consortium on Alcohol and Neurodevelopment in Adolescence. Perivascular spaces were identified in WM on
T2-weighted imaging using a local heterogeneity approach coupled with morphologic constraints, and their spatial distribution and
geometric characteristics were assessed.

RESULTS: MR imaging—visible perivascular spaces were identified in all subjects (range, 16—287). Males had a significantly higher num-
ber of perivascular spaces than females: males, mean, 98.4 = 50.5, versus females, 70.7 = 36.1, (P <.0l). Perivascular space burden
was bilaterally symmetric (r > 0.4, P <.01), and perivascular spaces were more common in the frontal and parietal lobes than in the
temporal and occipital lobes (P <.01). Age and pubertal status were not significantly associated with perivascular space burden.

CONCLUSIONS: Despite a wide range of burden, perivascular spaces are present in all healthy adolescents. Perivascular space bur-
den is higher in adolescent males than in females, regardless of age and pubertal status. In this population, perivascular spaces are
highly symmetric. Although widely reported as a feature of the aging brain, awareness of the presence of perivascular spaces in a
cohort of healthy adolescents provides the foundation for further research regarding the role of these structural variants in health
and disease.

ABBREVIATIONS: CF = count fraction; NCANDA = National Consortium on Alcohol and Neurodevelopment in Adolescence; PVS = perivascular space;
VF = volume fraction

Arecent resurgence in interest in the perivascular space (PVS)
in the brain, particularly as a route for waste clearance, has
primarily focused on its relationship with neurodegenerative dis-
eases marked by waste accumulation. Such disorders include
Alzheimer disease, cerebral amyloid angiopathy, cerebrovascular
or small-vessel disease, neuroinflammation (eg, multiple sclero-
sis), or acute insult, as in traumatic brain injury.'™* Perhaps due
to the positive correlation between MR imaging-visible PVS bur-
den and senescence (PVS burden remains static during childhood
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and adolescence™®), information regarding the pediatric preva-
lence of these spaces is sparse and generally focused on groups of
clinical import, such as those with headache and migraines, de-
velopmental delay, autism, and epilepsy.”'® However, abnormal
findings of very large tumefactive and/or numerous PVSs are
consistently reported in rarer pediatric diseases, such as adreno-
leukodystrophy and mucopolysaccharidoses.'’ There are only 2
studies of the prevalence of MR imaging-visible PVSs in large pe-
diatric populations: Two reported that approximately 3%-4% of
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subjects presented with visible PVSs, and one reported that
dilated PVSs were visible in 64%.>° This wide variability is likely
due to the MR imaging instruments used to image PVSs in vivo,
historically variable definitions of “normal” and “dilated” PVSs,
and inconsistent methods of quantifying visible PVS burden.

It is possible that these spaces may be visible in many more
youth than previously thought; that they are almost entirely a phe-
nomenon of the aging brain is unlikely. Perhaps due to these many
factors, little is known about the timing of MR imaging-visible
PVS appearance and its relation to age, pubertal status, sex differ-
ences, or spatial distribution in childhood and adolescence. Finally,
a normative benchmark for the spatial distribution of these spaces
may be particularly important because left-right symmetry in MR
imaging-visible white matter PVSs has been broadly reported at all
levels of PVS burden; frank asymmetry, along with PVS size, has
been noted as clinically relevant.'*"*

The primary objective of this study was to update existing lit-
erature describing normative data regarding MR imaging-visible
PVS burden in white matter, including the number, volume frac-
tion, and morphology, in a well-characterized cohort of healthy
adolescents using high-field 3T MR imaging with T2-weighted
imaging and manually inspected results from a fully automated
segmentation algorithm.'®> The secondary objective was to exam-
ine the relationship between demographic variables such as age,
sex, and pubertal status on the number and morphology of PVSs
in these subjects. Finally, the prevalence and degree of asymmetry
was assessed and reported. These data will provide clinicians and
researchers with a survey of normative data in a well-character-
ized clinically healthy adolescent population. This report aims to
be an essential informant for future studies aimed at understand-
ing the potential role and etiology of MR imaging-visible WM
PVSs in pediatric health and disease.

MATERIALS AND METHODS

Study Design

The subjects included in this study represent a subset of the
cohort enrolled in the National Consortium on Alcohol and
Neurodevelopment in Adolescence (NCANDA). NCANDA is a mul-
tisite, cohort-sequential, longitudinal neuroimaging study of adoles-
cents."® All NCANDA subjects participated in an informed-consent
process. The institutional review board at Oregon Health & Science
University approved the use of de-identified data for this study.

Participants

Subjects recruited for NCANDA at a single site (n = 148) were eligi-
ble for inclusion in this study. Adolescents (12-21years of age)
were eligible to participate. Exclusion criteria were the following:
inability to understand English; residence of >50 miles from the
assessment site; MR imaging contraindications; current use of med-
ications affecting brain function or blood flow (eg, antidepressants,
stimulants); history of a serious medical problem that could affect
MR imaging (eg, diabetes, recurrent migraine, traumatic brain
injury with loss of consciousness for >30 minutes); mother who
drank >2 drinks in a week or used nicotine >10 times per week,
marijuana >2 times per week, or other drugs during pregnancy;
prematurity (<30 weeks’ gestation); low birth weight or other peri-
natal complications requiring intervention; a current diagnosis of
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an Axis I psychiatric disorder (including psychosis) that would
interfere with valid completion of the protocol (mild depression,
simple phobia, social phobia, and attention deficit/hyperactivity dis-
order are not exclusionary); substance dependence; history of learn-
ing disorders; and pervasive developmental disorder or any other
condition requiring specialized education. Thirty subjects with any
history of injury to the head or neck—even those with no loss of
consciousness—were further excluded, and the remaining 118 sub-
jects made up the final cohort for this study. Demographic variables
included sex, age, height, weight, and ethnicity. Pubertal stage was
characterized using the self-assessment Pubertal Development
Scale."” The Pubertal Development Scale categories were dichotom-
ized into early-mid pubertal and late-post pubertal.

MR Imaging Acquisition and Review

A 3D T1-weighted magnetization prepared rapid acquisition of gra-
dient echo sequence (TR = 1900 ms, TE = 2.92ms, TI = 900 ms,
flip angle = 9°, imaging matrix = 256 x 256, FOV = 24 cm, voxel
dimensions = 1.2 x . 9375 x 0.9375 mm, 160 contiguous slices) and
a 3D T2-weighted turbo spin-echo with variable excitation pulse
sequence (TR/TE= 3200/404ms, imaging matrix= 256 X 256,
FOV = 24 x 24 cm, voxel dimensions = 1.2 x . 9375 x 0.9375 mm,
160 contiguous slices) were performed. MR imaging volumes were
collected in the sagittal plane on a 3T Tim Trio scanner (Siemens)
equipped with a 12-channel head coil. T1-weighted MR images
were read by a board-certified neuroradiologist.'® These reports
were manually reviewed, and information about incidental findings
was noted.

Imaging Preprocessing

T1-weighted images were segmented into tissue types using
FreeSurfer (Version 5.1; http://surfer.nmr.mgh.harvard.edu) to
yield masks of white matter, cortical gray matter, subcortical
gray matter, and ventricular CSF. FreeSurfer-generated parcel-
lations were also used to create a mask that included the cere-
bellum, basal ganglia, and midbrain. The T1-weighted volume
was registered to the T2-weighted volume (FMRIB Linear
Image Registration Tool, FLIRT; http://www.fmrib.ox.ac.uk/fsl/
fslwiki/FLIRT), and the same transformation matrix was
applied to the T1-derived FreeSurfer masks described above.
T2-weighted images were first up-sampled to 0.6-mm isotropic
voxels (3dresample, Analysis of Functional Neuro Images
[AFNI]; http://afni.nimh.nih.gov/afni), skull-stripped (FSL
Brain Extraction Tool; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET),
and submitted to a 5 class K-means-based tissue segmentation
in SPM5 (https://www.fil.ion.ucl.ac.uk/spm/doc/), which pro-
duces a homogenized image in preprocessing (Fig 1B). The tis-
sue class corresponding to WM was thresholded at >50%
likelihood (3dcalc, AFNT; Fig 1C), holes in the resulting mask
were filled (Fig 1D), and the entire mask was eroded by 2 voxels
(3dmask_tool, AFNT; Fig 1E) to avoid the possibility of mis-seg-
mented parts of neocortical gray matter being misidentified as
PVS in WM. Finally, any voxels that shared membership
between the resultant WM mask and the cerebellar/basal gan-
glia/midbrain mask were eliminated from the WM mask
(3dcalc).



FIG 1. Examples of MR imaging—visible PVSs on T2-based images and
PVS segmentation method. A, Acquired T2. B, After intensity normal-
ization. C—H, Intermediate steps in the algorithm. C, WM tissue mask
with holes filled (D) and eroded by 2 voxels (E). F, Frequency rank
map. G, Map of local-intensity difference. H, Segmented objects sub-
mitted to morphologic constraint. /, Final segmentation mask. 14,
Morphologic characteristics of 4 of the final segmented PVSs visible
on this axial section (see /).

PVS Segmentation

A similar methodology to that used in a previous study was used
for PVS identification (Fig 1.5 Preprocessed homogenized T2-
weighted images were subjected to a 2-part, local heterogeneity
assessment. The sphere of a radius of 3mm was constructed
around each voxel within the eroded WM mask, and the voxels
within that sphere were ranked-based on their intensity (ie, a voxel
was marked as 0.5 if its intensity fell into the 50th percentile of sur-
rounding voxels, Fig 1F). Next, the sphere of a radius of 4 mm was
constructed around a voxel, and the average of the difference in in-
tensity between that voxel and surrounding voxels was calculated
and that voxel was marked with the result (3dLocalstat, AFNI; Fig
1G). Finally, if a voxel did not reside in the cerebellum/basal gan-
glia/midbrain mask, did reside in the eroded WM mask, had an av-
erage difference in intensity from surrounding voxels that was
>15% of its own intensity, and had an intensity that fell into the
top fifth percentile of its neighbors, it was considered for morpho-
logic analysis (3dcalc, AENT; Fig 1H). All clusters of >1mm® (~5
voxels, 3D corner-to-corner connectivity, 3dclust type 3, AFNI)
were passed to the morphology constraint. Linearity, width, length,
and total volume of each cluster were calculated in Matlab
(MathWorks) (Fig 1I and Fig 1, parts 1-4); a cluster was retained

as a putative PVS if the segmented object was <16.41-mm wide
and had a linearity of at least 0.8. Each PVS detected by the auto-
mated algorithm was assessed by a trained researcher (M.L.); false
alarms were removed from further analysis. See the RESULTS sec-
tion for a summary of error counts and rates.

Spatial Distribution of PVS

Delineation of WM into lobar regions (left and right frontal, tempo-
ral, parietal, and occipital) was accomplished, in part, using standard
ROI output from FreeSurfer via recon-all (e.g., frontal_R_GM.nii.gz
and frontal L_GM.nii.gz). Periventricular and other deep WM
regions are not marked by FreeSurfer; however, some WM PVSs
exist in these unmarked WM regions, so it is necessary to classify
unmarked voxels into lobes. Every voxel in the total WM mask that
was not marked by FreeSurfer as belonging to juxtacortical WM
was subjected to the following procedure: An integer-based (1-8,
describing the 8 juxtacortical WM lobar regions above) histogram
was constructed for every voxel that fell within the sphere of a radius
of 7.5mm from each unmarked voxel. After dividing the count of
each juxtacortical WM region (1-8) by the volume of that region to
account for differently sized lobes (eg, frontal > occipital), we
marked each voxel as a member of the lobe and hemisphere of the
maximum normalized frequency of the histogram by a winner-
take-all method (On-line Fig 1). This process failed at the FreeSurfer
WM parcellation stage for 3/118 subjects (2 females and 1 male); all
‘WM lobar PVS distributions are described in the remaining 115 sub-
jects. Probability maps of PVS incidence in this cohort were gener-
ated using nonlinear registrations. All subjects’ skull-stripped and
homogenized T2-weighted images were affine-registered to Montreal
Neurological Institute space (FLIRT, FSL, and 3dAllineate, AFNI;
mni_icbm152_t2_relx_tal nlin_sym_09a.nii.gz was used as an initial
template). The resulting datasets were simultaneously submitted to
template construction (antsMultivariateTemplateConstruction.sh,
Advanced Normalization Tools software package [ANTS], affine
+ 2-step nonlinear transform, https://github.com/ANTsX/ANTs/
issues/553). The initial affine transformation and all subsequent
transformations were combined and applied to single-subject native
space PVS masks with false alarms removed (antsApplyTransforms;
ANTS). The mean of all transformed PVS masks was calculated; the
result was voxelwise-thresholded at 0.5% likelihood and cluster-
thresholded at 43.2 mm® (two hundred 0.6-mm isotropic voxels) for
ease of viewing.

Statistical Analysis

Statistical analyses were performed using STATA/MP 15
(StataCorp). Descriptive statistics were used to analyze the de-
mographic characteristics of the cohort. Sex regression models
were implemented with the total PVS number and volume as
outcomes of interest; sex and age differences were analyzed
using 2-sample ¢ tests. Multivariate linear regression models
were implemented with total PVS number and volume as out-
comes of interest; sex, age, and pubertal stage were used as cova-
riates. PVS volume fraction (VF) and count fraction (CF) were
calculated as the total volume of PVSs (cubic millimeters) or
PVS count within the volume of the WM search field (cubic
centimeters), respectively. The interaction of sex and age on
PVS characteristics was tested with linear regression models. A
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secondary analysis included multiple linear regression with cluster
characteristics (width, length, and volume) as individual outcomes
and the same covariates indicated above. Differences in PVS num-
ber and volume across lobes were obtained using Pearson regres-
sion and paired and unpaired t-tests, as appropriate. An asymmetry
index was created by calculating the absolute value of the log of the
left divided by the right CF and VF so that departure from zero (ie,
symmetric) indicated asymmetry; subjects were identified as out-
liers if asymmetry indices were =2.5 SDs from the population
mean. Regression diagnostics for all models were examined for
model fit. All reported P values are 2-sided, and the threshold for
statistical significance set to an « of .05.

Data Availability Statement

The data that support the findings of this study are available from
the NCANDA study on request. The statistical code used to ana-
lyze these data is available on request.

RESULTS

Table 1 provides demographic information and characteristics of
the study cohort. Fifty-six subjects in the cohort (47%) were male.
The median age was 16 years (interquartile range, 14.1-18.3 years)
for males, and 16.7 years (interquartile range, 14.3-18.4 years) for
females. In order to study a diverse cohort, both Hispanic and
Non-Hispanic subjects were included. Seven subjects in the cohort
(6%) identified themselves as Hispanic. Nine subjects had inciden-
tal intracranial findings noted by a neuroradiologist (3 instances of
mega cisterna magna; 2 pineal cysts; 1 tonsillar ectopia; 1 gray mat-
ter heterotopia; 1 large vein; 1 large prepontine cistern). None of
the subjects had prominent perivascular spaces noted by a neuro-
radiologist. After adjusting for age, the male brain volume was

Table 1: Cohort characteristics

1452 cm?® larger than that of females (95% CI, 108.5-182 cm?;
P < .01), and male white matter volume was 58.5 cm’ larger than
that of females (95% CI, 41-76 cm®; P < .01, On-line Table 1). In
this cohort, age was not significantly associated with brain volume
or total white matter volume (On-line Fig 1). Plots of residuals ver-
sus predicted values, QQ plots, partial regression plots, and outlier
and leverage statistics indicated a good model fit. The total error
rate (of 12,274 detected objects) of the PVS segmentation algo-
rithm in this dataset was 19.4% (2372). Most false alarms were at-
tributable to hypointense WM voxels other than PVS (1696 or
13.8%). The remaining false alarms were attributable to partial
inclusion of GM in the basal ganglia (676 or 5.5%) (On-line Fig 3).

PVS Characteristics
Examples of MR imaging-visible PVSs detected by the segmenta-
tion algorithm can be seen in Fig 11. PVSs were observed in the su-
pratentorial white matter of all 118 subjects in the cohort (Table 2).
Males had a significantly higher absolute number of PVSs than
females (mean, 98.4 = 50.5 and 70.7 = 36.1, respectively; P <.01).
Males also had a higher total volume of PVSs than females (mean,
334.8 * 192.4 mm® and 241.2 * 134 mm?>, respectively; P <<.01).
After adjusting for white matter volume, males had higher PVS
number per cubic centimeter of white matter than females (CF
mean, 0.2 £ 0.1 and 0.1 * 0.07, respectively; P=.02). Males also
had a higher PVS volume per cubic centimeter of white matter
than females (VF mean, 0.7 = 0.4 and 0.5 = 0.3, respectively;
P=.04). The morphologic characteristics of PVS (ie, length, width,
and volume) were not statistically different between males and
females (P> .35). After we adjusted for sex, no effect of age or
pubertal stage was observed on total PVS volume, total PVS count,
and PVS VF or CF (P> .3, On-line Table 2 and On-line Fig 4).
There were no significant interactions
between age and sex on any of the

Patient Characteristics (Median) (IQR) Males (n = 56)

Females (n = 62) above-mentioned PVS characteristics

Age (yr) 16 (14.1-18.3)
Weight (kg) 63.5 (56.2-81.6)
Height (cm) 169 (163.8-180.3)
BMI (kg/m?) 22 (19.3-26.1)
PDS score 3.1(2.6-3.6)
Ethnicity (No.) (%)

Hispanic 5(9)

Non-Hispanic 51(91)

167 (14.3-18.4) (P=.68-94).
57.6 (521-63.5)
1625 (57.4-1676)  PVS Location by Lobe

21.8 (19.5-24) PVS volume, count, VF, and CF were

3.6 (26-3.6) significantly positively correlated across
20) hemispheres in each lobe (Pearson
60 (97) r> 0.4, P < .01, Fig 2). Significant asym-

Note:—BM I indicates body mass index; PDS, Pubertal Development Scale; IQR, interquartile range.

metry in this population was defined as 1
hemisphere having approximately 225%

Table 2: Characteristics of PVS identified with the automated algorithm

Females (n = 62) Males (n = 56)

Characteristic P Value® Mean (SD) Range Mean (SD) Range

PVS whole brain

PVS total No. <.01 70.7 (36.1) 20-153 98.4 (50.5) 16287

PVS total volume (mm?) <.01 2412 (134) 74.7-617 334.8 (192.4) 43-103.3

PVS WM (No./cm?) 02 0.1(0.07) 0.04-0.36 02 (0.]) 0.04-0.6

PVS volume WM (mm?*/cm?) 04 0.5(0.3) 0.16-13 0.7 (0.4) 01-23
Individual PVS cluster

Individual cluster length (mm) 75 3.6(0.2) 3345 3.6 (0.2) 3-43

Individual cluster width (mm) 35 2(0.07) 1.8-2 2 (0.08) 17-2

Individual cluster volume (mm?) .80 2.9(03) 21-3.8 2.8(0.3) 2-3.6
Cluster volume (mm®) by total cluster (No.) .80 0.05 (0.02) 0.02-0.16 0.03 (0.02) 0.01-0.14

#Two-sample t test.
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FIG 2. PVS burden in the right and left hemispheres. PVS count and
white matter volume are correlated between hemispheres in all lobes.
Barplots illustrate significantly different PVS count/white matter vol-
ume by lobe across hemispheres. Asterisk indicates P < .05; triple aster-
isks, P << .001.

FIG 3. Map of the likelihood of a segmented PVS at a given voxel across
all subjects.

of the burden of the other hemisphere (asymmetry index ~ 0.34,
approximately 2.5 SDs above the mean). One male and 2 females
(1.7% and 3.7%) had asymmetry indices for VF that exceeded this
cutoff; CF asymmetry was similarly distributed across the population
(2 [3.3%] and 2 [3.7%] for males and females, respectively). There
was no difference in asymmetry indices between males and females
(VF or CF, P> .1) nor was there an association between CF or VF
asymmetry and age (P> .1). Over both hemispheres, PVS CF was
significantly higher in the parietal and temporal lobes than the fron-
tal lobe; the frontal lobe bore a significantly higher PVS CF than the
occipital lobe (all P< .01, bar graphs in Fig 2). The same relation-
ships were true of PVS VFE. There were more PVSs in the parietal
than frontal lobes, more in frontal than temporal lobes, and more in
temporal than occipital lobes; the same relationships were true of

lobar PVS volume (all P <.001, data not shown). PVS CF was also
compared within lobes between sexes (male > female, P<.05 in
the temporal lobe; all other lobes were nonsignificant) and across
sexes within lobes between hemispheres (the burden was higher in
the left temporal lobe than in the right, P < .01; On-line Fig 5, center
column). The same relationships were observed for VF (data not
shown). A brain-wide map of voxelwise probability for a detected
PVS can be found in Fig 3.

DISCUSSION

In this study, we quantify the number and morphology of white
matter PVSs in a cohort of healthy adolescents under rigorous
study-entry criteria. Using 3T MR imaging scans and objective
quantitative methods, we demonstrate that PVSs are seen in this
population in a much larger proportion of subjects than previ-
ously described in the literature.® We provide normative PVS
morphologic characteristics, including total number, volume, and
individual length, width, and diameter of PVSs in this age group
and the distribution of lobar locations of PVS burden. We show
that male adolescents have a higher total number and volume of
PVSs per unit of white matter than females. We show that in ado-
lescents, individual PVS morphology (length, width, and diame-
ter) is not associated with age, sex, or increasing white matter
volume. Finally, we report the incidence rate of asymmetric bur-
den. These findings support the notion that PVSs are seen in
MRIs of healthy individuals.

In adults, the presence of PVSs has been mainly linked to the
aging process’ and to vascular and Alzheimer dementias.'>*’
Two studies in youth concluded that in this population, PVSs
were either absent or a rare finding, present in <<5% of subjects.>®
These early studies, although considered the first attempts at quanti-
fying PVS in children, have limitations. Counts were performed on
MRIs obtained using a 1.5T field strength, introducing a floor effect
for small structures with limited contrast to surrounding tissue due
to partial volume effects. Early studies used subjective visual ratings,
which are subject to interrater variability and differences in interpre-
tation and do not provide morphologic details about each individual
PVS. Although children were labeled as “healthy,” MRIs were per-
formed in subjects with entities such as benign epilepsy, headaches,
or behavioral problems, which limit their generalizability.” Early
studies did not adjust for other important covariates such as sex or
total cerebral white matter. The results presented here expand this
previous work by filling existing gaps in the limited literature
addressing this phenomenon. NCANDA participants met rigorous
study entry criteria that provided us with important baseline clinical
and demographic information on each subject. NCANDA partici-
pants underwent 3T MR imaging, which provided adequate visual-
ization of PVSs. By incorporating objective PVS quantification, we
minimized visual rater irregularities. We were also able to provide
details about the morphology of each PVS, including important
characteristics such as width, length, and volume.

In this cohort, males had a higher number of morphologically
similar PVSs than females. Most important, age and pubertal stage
were not significantly associated with PVS number or total volume.
Furthermore, there was no interaction between age and sex on
PVS burden. A higher prevalence of “large” (>2 mm in diameter)
PVSs in males than in females has been reported in subjects aged
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0-99 years using a visual rating scale.” The authors, however, did
not provide an analysis of sex differences across age groups. A sep-
arate study using a volumetric approach in an adult population
also identified higher burden volumes in males over females in
control subjects.' The timing and etiology of sex differences are yet
to be elucidated. However, the fact that sex differences are already
present in early-pubertal individuals argues in favor of a much ear-
lier etiology than previously established. These differences may be
present at birth or develop during childhood.

In agreement with previous work, PVS burden in this cohort
was highest in the frontal and parietal lobes.>® However, PVSs were
also found in the temporal and, more rarely, the occipital lobes. The
appearance of PVSs in the temporal and occipital lobes could be, in
part, attributed to the better resolution of the 3T scans and the
objective measurements used in our study, resulting in a higher sen-
sitivity for PVS detection. In our cohort, PVS burden was bilaterally
symmetric, and a high burden in 1 hemisphere, regardless of the
measure used for burden or of the lobar location, is indicative of a
high burden in the contralateral side. It is certain that the high likeli-
hood of burden symmetry across hemispheres is a reflection of the
symmetry of cerebral vasculature. However, the high interindividual
variability in overall MR imaging-visible PVSs (approximately an 8-
fold difference) remains unexplained. In our cohort, pubertal status
and age were not associated with PVS burden. It is possible that
other variables not included in this analysis may affect PVS burden.
For example, sleep efficiency has been shown to affect PVS burden
in adults, and it may play a role in PVS burden variability in adoles-
cents.”! Last, the incidence rate of a significantly asymmetric burden
in healthy adolescents should be considered 1%-3%, according to
these data. This suggests that an asymmetric burden, defined as
approximately >225% of PVS count or volume between hemi-
spheres, is a rare occurrence, though the clinical significance of such
a finding remains unclear.

Finally, we observed a difference in burden per unit WM
between lobes. It is unlikely that WM is perfused by nearly twice
as many vessels in the temporal and parietal lobes than in the
frontal and occipital lobes per unit tissue; if the interpretation of
a difference in burden between lobes is predicated on an uneven
distribution of lobar vasculature, then the most parsimonious ex-
planation is that these spaces are organized about the venous sys-
tem. Therefore, the finding may arise from either an uneven lobar
distribution of venous architecture in WM or because the parietal
and temporal lobes are more susceptible to the underlying cause of
PVS expansion, or both. Given that the identity, artery or vein, of
the vessels in WM around which these spaces are visible remains
an open question, this report may serve to inform this debate con-
siderably, and strongly suggests that venous return is the primary
system around which these spaces expand in WM. Another possi-
bility is that the temporal and parietal lobes contain some charac-
teristic that makes a member voxel more likely to be a PVS; in
either case, the finding provides a clue to the underlying cause of
the fact that some of these spaces are large enough to view on a
standard clinical MR imaging instrument and some are not.

Previous studies have found no correlation between the num-
ber of PVSs and age in young individuals.>® While a strong rela-
tionship between MR imaging-visible PVSs and age has been
noted in patients older than 60 years,” other studies suggest that
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the relationship may be regionally dependent or dependent on
the resolution of the images acquired.*® Future studies that objec-
tively address the evolution of age- and sex-related differences in
PVS burden across the life span, especially ones with longitudinal
designs, are needed to further elucidate the potential clinical rele-
vance of these findings.

This study has several limitations. The cross-sectional design of
this analysis precludes the possibility of determining individual lon-
gitudinal changes in PVS burden. Future investigations, including
longitudinal data from this cohort, should be conducted to better
understand individual differences in the development of this phe-
nomenon. Second, the present methodology is limited to white mat-
ter. Given evidence that PVSs do occur in other regions, including
the thalamus, midbrain, cerebellum, insular cortex, extreme capsule,
optic tract, and hippocampus, future studies evaluating these regions

in an adolescent cohort are certainly warranted.***

CONCLUSIONS

Using objective measurements in a rigorously selected cohort, we
conclude that PVSs are seen in clinically healthy adolescents, that
males have higher PVS burden than females, and that while overall
burden varies widely, burden symmetry across hemispheres is pre-
served. These differences are not related to age, total white matter
volume, or pubertal status. These findings establish a baseline from
which PVS burden can be investigated in different disease proc-
esses and present the foundation for further research in the physi-
ology and pathology of these structures in youth.
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ABSTRACT

BACKGROUND AND PURPOSE: The superior diagnostic accuracy of fetal MR imaging in detecting fetal brain abnormalities has
been previously demonstrated; however, the ability of fetal MR imaging to prognosticate postnatal outcome is not well-studied.
We performed a retrospective analysis to determine the prognostic accuracy of fetal MR imaging in predicting postnatal neurode-
velopmental outcome.

MATERIALS AND METHODS: We identified all fetal MR imaging performed at the Children's Hospital of Eastern Ontario during a
10-year period and assessed agreement between prenatal prognosis and postnatal outcome. Prenatal prognosis was determined by
a pediatric neurologist who reviewed the fetal MR imaging report and categorized each pregnancy as having a favorable, indetermi-
nate, or poor prognosis. Assessment of postnatal neurodevelopmental outcome was made solely on the basis of the child’s Gross
Motor Function Classification System score and whether the child developed epilepsy. Postnatal outcome was categorized as
favorable, intermediate, or poor. We also assessed the diagnostic accuracy of fetal MR imaging by comparing prenatal and post-
natal imaging diagnoses.

RESULTS: We reviewed 145 fetal MR images: 114 were included in the assessment of diagnostic accuracy, and 104 were included in
the assessment of prognostic accuracy. There was 93.0% agreement between prenatal and postnatal imaging diagnoses. Prognosis
was favorable in 44.2%, indeterminate in 50.0%, and poor in 5.8% of pregnancies. There was 93.5% agreement between a favorable

prenatal prognosis and a favorable postnatal outcome.

CONCLUSIONS: A favorable prenatal prognosis is highly predictive of a favorable postnatal outcome. Further studies are required
to better understand the role of fetal MR imaging in prognosticating postnatal development, particularly in pregnancies with inde-

terminate and poor prognoses.

ABBREVIATIONS: FeMRI = fetal MRI; GA = gestational age; GMFCS = Gross Motor Function Classification System; VM = ventriculomegaly

Fetal MR imaging (feMRI) is emerging as an important supple-
ment to ultrasound in pregnancy. Many studies have demon-
strated that feMRI provides superior diagnostic accuracy to
antenatal ultrasound, with postnatal imaging findings used as the
outcome reference diagnosis.'™* The role of feMRI in prognosti-
cating the neurodevelopmental outcome of the child, however,
has not been thoroughly investigated. Until recently, there have
been only scattered studies, limited to mostly studies of cases of
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isolated ventriculomegaly (VM) and posterior fossa abnormal-
ities, which have assessed the role of feMRI in predicting post-
natal outcome.>® The Magnetic Resonance Imaging to Enhance
the Diagnosis of Fetal Developmental Brain Abnormalities in
Utero (MERIDIAN) study is a large multicenter prospective
study that assessed the utility of feMRI in diagnosing fetal brain
abnormalities.” One component of this study, published in 2019,
assessed the prognostic accuracy of feMRI versus ultrasound in
predicting postnatal neurodevelopment.'® The authors concluded
that neither feMRI nor ultrasound was able to accurately predict
abnormal development, but they did report that feMRI was better
than ultrasound at ruling out abnormal development. While the
MERIDIAN study is very robust, it is currently the only study to
date to assess concordance between feMRI-based prognosis and
postnatal outcome; thus, further studies are required. We there-
fore retrospectively assessed concordance between the prognosis



of the fetal brain based on prenatal MR imaging and the neurode-
velopmental outcome of the child. Additionally, we measured the
diagnostic accuracy of feMRI with an assessment of concordance
between prenatal diagnosis by feMRI and the postnatal imaging
diagnosis.

MATERIALS AND METHODS

Demographic Data

This retrospective study was approved by the institutional review
board of Children’s Hospital of Eastern Ontario, Canada. All refer-
rals for feMRI followed a dedicated fetal neurosonographic study.
No written informed consent was obtained at the Medical Imaging
Department, but feMRI requisitions were discussed with a multi-
disciplinary team before booking the MR imaging, as per depart-
mental practice. A search of the Medical Imaging Department data
base was performed to identify feMRI studies performed with a 3T
system (Magnetom Skyra; Siemens) and a 1.5T MR imaging
system (Signa HD; GE Healthcare) from January 1, 2008, to
November 30, 2018. We examined the final radiology report of all
the feMRIs identified during this time and included only those that
had dedicated imaging of the fetal brain. A total of 145 pregnancies
with at least 1 feMRI scan were found. In the assessment of diag-
nostic accuracy, we excluded cases that did not have postnatal
imaging (n=31).

In cases of termination of pregnancy or fetal death, we
reviewed postmortem imaging, if available. In the assessment of
prognostic accuracy, patients were excluded if they lacked suffi-
cient documented postnatal clinical follow-up to assess the post-
natal neurodevelopmental outcome (ie, there was no postnatal
clinical follow-up or there was follow-up but the Gross Motor
Function Classification System [GMECS; https://cerebralpalsy.
org.au/our-research/about-cerebral-palsy/what-is-cerebral-palsy/
severity-of-cerebral-palsy/gross-motor-function-classification-
system/]) score and epilepsy status could not be determined
(n=36) or if there was termination of pregnancy (n = 5) because
the clinical postnatal assessment could not be performed. In preg-
nancies with multiple feMRIs, we included only the feMRI per-
formed at the latest gestational age (GA). For assessments of both
diagnostic and prognostic accuracy of feMRI, we repeated our
analyses after dividing patients into 2 groups, GA <25 weeks and
GA =25 weeks, because decisions regarding termination of preg-
nancy in our institution are preferable earlier during the second
trimester.

Image Analysis
For assessment of the diagnostic accuracy between feMRI and
postnatal imaging, each of the fetal MR imaging report impres-
sions was reviewed by a medical student (M.W.) and compared
with the final radiology impression from the postnatal MR imag-
ing brain report or, alternatively, if a postnatal MR imaging was
not performed, the postnatal ultrasound brain report. For each
pregnancy, concordance was reported as the following: 1) agree-
ment (comparable results) between prenatal and postnatal final
diagnosis, or 2) disagreement between the prenatal and postnatal
final diagnosis.

Cases that were initially deemed to have disagreement between
prenatal and postnatal diagnoses underwent further review by a

pediatric neuroradiologist (E.M., 19 years of experience in fetal
imaging), which included an examination of both the prenatal MR
imaging and postnatal images and associated reports. The initial
assessment of discordance of the case was amended if the radiolog-
ist determined that there was actually agreement between the pre-
natal and postnatal diagnoses.

The fetal MR imaging reports were reviewed (M.W.) to deter-
mine the predominant type of brain abnormality of each fetus. Each
fetal MR imaging of the brain was classified as one of the following:
VM (mild, moderate, or severe), corpus callosum abnormalities,
posterior fossa abnormalities, sulcation/migration, space-occupying
lesion, vascular anomaly, hemorrhage, or normal brain. When there
was >1 brain abnormality identified, we reported the most severe
abnormality.

Assessment of Prenatal Prognosis

Prenatal prognosis was determined by a pediatric neurologist
(K-M., with 1 year of experience as an attending pediatric neurolo-
gist) who reviewed all feMRI reports and categorized each preg-
nancy as having either a favorable, indeterminate, or poor
prognosis based on her clinical experience, to replicate what would
occur in clinical practice. The neurologist was blinded to postnatal
outcome. For a small number of cases in which the feMRI findings
were difficult to interpret, the neurologist received input from the
radiologist, again replicating what would occur in clinical practice.
When available (n =36), prenatal consult notes produced by feto-
maternal medicine, genetics, and neurology were examined to ver-
ify that the prognosis provided by our neurologist was concordant
with the prognosis provided by experts at the time of pregnancy.

Assessment of Postnatal Outcome

Postnatal neurodevelopmental status was assessed by reviewing
the clinical notes of the children corresponding to the pregnan-
cies included in the study. This assessment was performed by a
pediatric neurologist (K.M.) and a medical student (M.W.) who
were blinded to the prenatal prognosis of the child. The most
recent report in the child’s medical history to document gross
motor function and seizure status was reviewed. Reports pro-
duced before 12 months of age were not reviewed. Reports pro-
duced by neurologists and geneticists were prioritized. If the
reports produced by these specialists did not provide sufficient
information to assess neurodevelopmental status or were non-
existent, we then reviewed reports produced by other allied health
professionals. If after review of all available medical reports, there
was insufficient information to grade the neurodevelopmental
outcome, then the patient was excluded.

For each child, the postnatal neurodevelopmental outcome was
categorized as either favorable, intermediate, or poor. The post-
natal outcome was determined by a combination of the following:
gross motor function measured using the GMFCS score ' of the
child and the presence or absence of epilepsy. For GMFCS, a score
of either 0 or I was considered favorable, a score of either II or III
was considered intermediate, and a score of IV or V was consid-
ered poor. For epilepsy, having no diagnosis of epilepsy was con-
sidered favorable, a diagnosis of epilepsy controlled by medication
was considered intermediate, and a diagnosis of intractable epi-
lepsy (failing to respond to 2 antiepileptic drugs) was considered
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Table 1: Characteristics of participants included in image analysis

Characteristic All GA (n =114)

GA <25 Weeks (n = 56) GA =25 Weeks (n = 58)

GA at fetal MR imaging (range)
(median) (IQR) (wk)
Maternal age at fetal MR imaging
(range) (median) (IQR) (yr)
Brain region (No.) (%)
Ventriculomegaly

19.00-39.43 (25.9 [21.9-32.3])

16.00-41.00 (31.0 [28.0-34.0))

39 (34.2%)

Mild 23 (21.9%)
Moderate 7 (4.4%)
Severe 9 (7.9%)

Posterior fossa
Corpus callosum
Sulcation/migration
Normal brain

26 (22.8%)
13 (114%)

15 (13.2%)
15 (13.2%)

Space-occupying lesion 4 (3.5%)
Vascular anomaly 1(0.9%)
Hemorrhage 1(0.9%)

19.00-24.43 (21.8 [21.0-23.1)) 25.86-39.43 (322 [29.1-34.1])

16.00-41.00 (31.0 [28.8-35.0)) 17.00-41.00 (31.0 [27.2-34.0])

20 (35.7%) 19 (32.8%)
14 (25.0%) 9 (15.5%)
4 (3.6%) 3(51%)
2 (3.6%) 7 (121%)
12 (214%) 14 (24.1%)
3 (5.4%) 10 (17.2%)
9 (161%) 6 (10.3%)
11(19.6%) 4 (6.9%)
1(18%) 3(5.2%)
0 (0.0%) 1(1.7%)
0 (0.0%) 1(17%)

Note:—IQR indicates interquartile range.

Table 2: Image analysis—concordance between fetal MR imag-
ing and postnatal imaging

GA <25 Weeks  GA =25 Weeks
No. (%) (No.) (%) (No.) (%)
Agreement 106 (93.0%) 50 (89.3%) 56 (96.6%)
Disagreement 8 (7.0%) 6 (10.7%) 2 (3.4%)

poor. The overall neurodevelopmental outcome of the child was
reported as the least favorable outcome between the GMFCS and
epilepsy scores. Death due to a brain abnormality in the postnatal
period and stillbirth were also considered a poor outcome.
Researchers were blinded to the prenatal prognosis.

An overall assessment of concordance was made by compar-
ing the prenatal prognosis with the neurodevelopmental outcome
of the child. Additionally, we specifically tested concordance
between the prenatal prognosis and the postnatal development of
epilepsy in all children who survived to at least 1 year of age.

RESULTS

Image Analysis

Of 145 patients in the study sample who underwent feMRI, 31
were removed from the image analysis because they did not have
any documented postnatal imaging. For the group of 114 patie-
nts included in this analysis, the gestational age range was
19.0-39.4 weeks (median, 25.9 weeks; interquartile range, 21.9-
32.3 weeks). The maternal age range was 16-41 years (median,
31years; interquartile range, 28-34 years). In 15.8% (18/114) of
pregnancies, there were multiple brain abnormalities noted on
feMRI. Table 1 summarizes the participants’ characteristics and
abnormalities found on feMRI. There was agreement between
the prenatal diagnosis by feMRI and the postnatal imaging diag-
nosis in 93% (106/114) of cases (Table 2). After the prenatal and
postnatal imaging reports were reviewed by the medical student,
there were 9 cases of disagreement between prenatal and post-
natal imaging; however, after these 9 cases were reviewed by the
radiologist, it was determined that there was disagreement in
only 8 cases. A list of the 8 cases in which there was disagreement
between prenatal and postnatal imaging is provided in Table 3.
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Concordance between Prenatal Prognosis and Postnatal
Neurodevelopmental Outcome
A total of 104 patients with feMRI met the study criteria and
were included in the final study group for analysis. The gesta-
tional age range was 19-39.4 weeks (median, 26.1 weeks; inter-
quartile range, 21.8-31.9 weeks). The maternal age range was 16—
41years (median, 31years; interquartile range, 28-33 years). In
11.5% (12/104) of pregnancies, there were multiple brain abnor-
malities noted on the feMRI. The range of ages for postnatal fol-
low-up was 1.0-10.4 years (median, 3 years; interquartile range,
1.9-5.9 years). For the assessment of postnatal outcome, clinic
notes from neurologists or geneticists were available in 69.2%
(72/104) of cases. Table 4 summarizes the participants’ character-
istics and abnormalities found on feMRI. There were 36 pregnan-
cies in which prenatal consult notes were available. In all 36 of
these pregnancies, the prognosis generated by the neurologist was
the same as the prognosis provided in the prenatal consult notes.

Of all pregnancies with a prenatal and postnatal assessment, the
prenatal prognosis was favorable in 44.2% (46/104), indeterminate
in 50.0% (52/104), and poor in 5.8% (6/104); the postnatal outcome
was favorable in 74.0% (77/104), intermediate in 11.5% (12/104),
and poor in 14.4% (15/104) (Table 5). Of the 15 with a poor post-
natal outcome, 7 died in the postnatal period and 1 was stillborn.

Of the pregnancies with a favorable prenatal prognosis, 93.5%
(43/46) had a favorable postnatal outcome, while 2.2% (1/46) had
a poor postnatal outcome. Of the pregnancies with a poor prena-
tal prognosis, 16.7% (1/6) had a favorable postnatal outcome. For
pregnancies with an indeterminate prognosis, 46% (24/52) had a
prenatal diagnosis of VM, 19.2% (10/52) had corpus callosum
abnormalities, 13.5% (7/52) had posterior fossa abnormalities,
and 13.5% (7/52) had sulcation/migration abnormalities.

There were 96 pregnancies with children surviving to at least
1 year of age. Of those with a favorable prognosis, 97.8% (45/46) did
not develop epilepsy in the postnatal period, while 2.2% (1/46) devel-
oped intractable seizures (Table 6). There were 47 pregnancies with
an indeterminate prognosis, of which 3 developed intractable seiz-
ures. Fetal and postnatal imaging is provided for 1 of these cases in
Fig 1C. There were 3 pregnancies with a poor prognosis, 2 of which
did not develop seizures while 1 developed intractable seizures.



Table 3: List of prenatal and postnatal imaging diagnoses in cases of disagreement

GA (wk) Prenatal Diagnosis Postnatal Diagnosis

24 Macrocephaly with moderate asymmetric VM Healthy

22 Vermis and cerebellum slightly small for GA Healthy

27 Moderate VM (Fig 2A) Mild VM and 3 subependymal heterotopias

20 Mild VM and moderate pericardial effusion Cystic encephalomalacia

24 Mild VM (Fig 2B) Microcephaly with severe VM

24 Flattening of inferior surface of cerebellum (Fig 2C) Extensive lissencephaly with band heterotropia
19 Twin A, healthy Congenital CMV

19 Twin B, healthy Congenital CMV

Note:—CMV indicates cytomegalovirus.

Table 4: Characteristics of participants included in the assessment of concordance between prenatal prognosis and postnatal

neurodevelopmental outcome

Characteristic (n=104)

GA <25 Weeks (n = 50) GA =25 Weeks (n = 54)

GA at fetal MR imaging (range) 19.00-39.43 (26.1[21.8, 31.9])
(median) (IQR) (wk)
Maternal age at fetal MR imaging
(range) (median) (IQR) (yr)
Age at postnatal visit (range)
(median) (IQR) (yr)
Brain region (No.) (%)

16.00-41.00 (31.0 [28.0-33.0])

1.00-10.42 (3.0 [1.9-5.9])

19.00-24.43 (217 [21.0, 23.0]) 25.00-39.43 (31.9 [29.6-34.0])

16.00-41.00 (30.0 [28.0-32.0]) 17.00-41.00 (31.0 [28.0-34.0])

1.00-8.92 (2.8 [1.7-5.1]) 1.00-10.42 (3.8 [2.0-6.0])

Ventriculomegaly 32 (30.8%) 17 (34.0%) 15 (27.8%)
Mild 20 (19.2%) 12 (24.0%) 8 (14.8%)
Moderate 5 (4.8%) 3 (6.0%) 2 (3.7%)
Severe 7 (6.7%) 2 (4.0%) 5 (9.3%)

Posterior fossa 19 (18.3%) 7 (14.0%) 12 (22.2%)

Corpus callosum 11 (10.6%) 2 (4.0%) 9 (16.7%)

Sulcation/migration 8 (7.7%) 5 (10.0%) 3 (5.6%)

Normal 28 (26.9%) 18 (36.0%) 10 (18.5%)

Space 4 (3.8%) 1(2.0%) 3 (5.6%)

Vascular anomaly 1(1.0%) 0 (0.0%) 1(1.9%)

Hemorrhage 1(1.0%) 0 (0.0%) 1(1.9%)

DISCUSSION

Table 5: Prenatal prognosis and postnatal outcome for all gestational ages (n =104)

Our study demonstrated a high level

Postnatal Outcome, Postnatal Outcome, Postnatal )
Prenatal Prognosis Favorable Intermediate Outcome, Poor of agreement between prenatal diag-
(No.) (%) (n=77) (n=12) (n=15) nosis by feMRI and postnatal imaging
Favorable (n = 46) 43 (93.5%) 2 (4.3%) 12.2%) diagnosis, with agreement observed in
Indeterminate (n = 52) 33 (63.5%) 10 (19.2%) 9 (17.3%) 93% (106/114) of cases. Our findings
Poor (n=6) 1(16.7%) 0(0.0%) 5(83.3%) are comparable with prior diagnostic-

Table 6: Prenatal prognosis and postnatal development of epilepsy (n = 96)

accuracy studies of feMRI'* and fur-

ther highlight the strength of feMRI
in accurately diagnosing fetal brain
abnormalities. In 7% (8/114) of cases,

Absence of
Epilepsy (n = 84)

Prenatal Prognosis
(No.) (%)

Medically Controlled
Epilepsy (n =7)

Favorable (n =46) 45 (97.8%) 0 (0.0%)
Indeterminate (n = 47) 37 (78.7%) 7 (14.9%)
Poor (n =3) 2 (66.7%) 0 (0.0%)

!ntractable there was disagreement between pre-
Epilepsy Sn =3 natal and postnatal imaging. The pre-
31 Eéi.,//:)) natal and postnatal imaging diagnoses
1(33.3%) for each of these 8 cases are listed in

FeMRI Prognostication by GA

The distribution of prenatal prognosis and postnatal outcome for
GA <25 weeks and GA =25 weeks is presented in Tables 7 and 8.
The proportion of pregnancies given a favorable prognosis that
resulted in favorable development was similar between groups
(92.0% GA <25 weeks versus 95.2% GA =25 weeks).

Table 3, with representative images
provided for 3 of these cases in Fig 2.
An example of discordant imaging
diagnoses is that of the fetus whose feMRI was reported as having
slight flattening of the inferior surface of the cerebellum with no
note made of any lissencephaly (Table 3). The postnatal MR
imaging, however, demonstrated extensive lissencephaly with
subcortical band heterotropia (Fig 2C). On retrospective review
of the feMRI, there was a subtle, thin, T2-hypointense cerebral
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FIG 1. Prenatal and postnatal imaging examples of cases in which an indeterminate prognosis was
associated with a poor outcome. A, Coronal single-shot fast spin-echo at 33 weeks with extensive
bilateral polymicrogyria (peri-Sylvian, frontal, and parietal). Coronal T2 at 2 days of age confirms
diffuse polymicrogyria. B, Axial single-shot fast spin-echo at 30 weeks shows a small right cerebral
hemisphere with associated abnormal sulcation. There is right-sided polymicrogyria, a left sub-
ependymal nodule, and a large middle cystic structure (not shown) inferior to the corpus cal-
losum and extending to the posterior fossa. Axial T2 at 2 days of age confirmed the fetal MR
imaging findings. C, Axial FIESTA at 23 weeks demonstrates left unilateral VM. Axial T2 at 3 weeks
of age confirms the left VM. The patient later required ventriculoperitoneal shunt due to compli-
cations of hydrocephalus and further disconnection surgery without resolution of seizures.

It is often difficult to predict and
explain discordant imaging diagnoses.
After reviewing the images of the 8
discordant cases, we are confident that
the imaging findings reported are
accurate and that the changes seen on
postnatal imaging would have been
very difficult if not impossible to pre-
dict. In reality, there are changes in the
fetal brain that can occur in the prenatal
period after the feMRI and also in the
brain of the child in the postnatal pe-
riod. Fortunately, novel imaging techni-
ques are emerging to facilitate more
accurate and earlier prenatal imaging
diagnoses."*'* For example, the use of
myo-inositol in MR spectroscopy
shows promise as an early marker of
congenital cytomegalovirus infec-
tion."* This technique may have aided
in the detection of congenital cyto-
megalovirus in the twins in our study,
who had normal brains on feMRI
but were both subsequently diag-
nosed with congenital cytomegalovi-
rus infection postnatally (Table 3).

The principal aim of this study was
to retrospectively assess the ability of
feMRI to prognosticate the neurodevel-
opment of the child. The key finding of
our study was the strong association
between a favorable prognosis and
favorable postnatal outcome, with
93.5% (43/46) of pregnancies assigned
a favorable prognosis resulting in a
favorable outcome. Similar results were
observed when comparing the progno-
sis with the postnatal development of
epilepsy, with 97.8% (45/46) of favor-
able pregnancies resulting in children
without a postnatal diagnosis of epi-
lepsy. Poor prognosis and poor out-
come were also highly concordant,
albeit in a small sample, with 83.3%
(5/6) of pregnancies assigned a poor
prognosis resulting in a poor outcome.
Of all pregnancies with a prenatal prog-
nosis and postnatal assessment, 50.0%
(52/104) were given an indeterminate
prognosis. It has previously been
reported that an advantage of feMRI
compared with antenatal ultrasound is
that fewer indeterminate prognoses are

line that can be appreciated in the frontal lobes. This antenatal di- ~ made." Many identified brain abnormalities, however, have an

agnosis, however, could only be made retrospectively in light of =~ unknown outcome regardless of when they are discovered or who

the available postnatal imaging data. is generating the prognosis; thus, an outcome cannot be predicted
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Table 7: Prenatal prognosis and postnatal outcome at GA<25 weeks (n = 50)

abnormal development. Unlike our

Postnatal Outcome,
Favorable (n = 36)

Prenatal Prognosis
(No,) (%)

Postnatal Outcome,
Intermediate (n =7)

Postnatal Outcome, study, this study did not report the

Favorable (n = 25) 23 (92.0%) 1(4.0%)
Indeterminate (n = 25) 13 (52.0%) 6 (24.0%)
Poor (n = 0) 0 (0.0%) 0 (0.0%)

Poor (n =7) proportion of pregnancies with a favor-
1 §4‘0%) ) able prognosis based on feMRI that
6 (24.0% . . .

0 (100.0%) resulted in a child with favorable devel-

Table 8: Prenatal prognosis and postnatal outcome at GA =25 weeks (n = 50)

opment. However, they did report that
in children who developed normally,
72% (71/99) were given a favorable
or healthy prognosis based on feMRI

Postnatal Outcome,
Favorable (n = 41)

Prenatal Prognosis
(No) (%)

Postnatal Outcome,
Intermediate (n = 5)

Postnatal Outcome, Furthermore, they reported that in

Favorable (n = 21) 20 (95.2%) 1(4.8%)
Indeterminate (n = 27) 20 (74.1%) 4 (14.8%)
Poor (n = 6) 1(16.7%) 0 (0.0%)

Poor (n =8) surviving children with abnormal devel-
2 Egg;‘;) opment, 39% (21/54) were given a
5 83.;%) favorable or normal prognosis based on

regardless of the accuracy of the imaging test. For pregnancies with
an indeterminate prognosis, 63.5% (33/52) had a favorable out-
come, 19.2% (10/52) had an intermediate development, and 17.3%
(9/52) had a poor outcome. An indeterminate prognosis is not pre-
dicting an intermediate neurodevelopmental outcome. Rather, an
indeterminate prognosis implies that a range of outcomes is possi-
ble, which could be favorable, intermediate, or poor. We have
included representative imaging for 3 cases in which an indetermi-
nate prognosis was associated with a favorable outcome (Fig 3)
and 3 cases in which an indeterminate prognosis was associated
with a poor outcome (Fig 1).

The most common prenatal diagnosis for pregnancies with an
indeterminate prognosis was VM, which accounted for 46% (24/
52) of the prenatal diagnoses. Of these 24 fetuses with VM given
an indeterminate prognosis, 12 had mild VM, 5 had moderate
VM, and 7 had severe VM. In our study, VM was a challenging
prenatal diagnosis to prognosticate as demonstrated by the 75%
(24/32) of all fetuses with VM and 100% (12/12) of fetuses with
moderate (n = 5) or severe (n = 7) VM given an indeterminate
prognosis. The large proportion of indeterminate prognoses
given to pregnancies with a diagnosis of VM appears justified
because the 24 pregnancies with VM given an indeterminate
prognosis resulted in a wide range of outcomes, including 15 chil-
dren with a favorable outcome, 5 with an intermediate outcome,
and 4 with a poor outcome (including 3 deaths).

The MERIDIAN diagnostic accuracy study is currently the
most exhaustive study of feMRI and its ability to aid in the prena-
tal diagnosis of fetal brain abnormalities.” One component of this
study compared prognostication of postnatal neurodevelopmen-
tal outcome between feMRI and antenatal ultrasound.'® Prenatal
prognosis was categorized as either normal, favorable, intermedi-
ate, poor, or unknown. Postnatal neurodevelopment was assessed
at 2-3years of age and was categorized as either normal, at risk,
or abnormal and was assessed using primarily the Bayley Scales of
Infant and Toddler Development, Third Edition, and the Ages &
Stages Questionnaire, Third Edition, as well as the Strength and
Difficulties Questionnaire, GMFCS, and whether the child devel-
oped cerebral palsy. They concluded that neither feMRI nor ultra-
sound was able to accurately predict abnormal development, but
they did report that feMRI was better than ultrasound at ruling out

feMRI, and in nonsurviving infants,
15% (11/73) were given a favorable or
normal prognosis. In this respect, the
study by Hart et al'® suggested that a
favorable prognosis based on feMRI is less predictive of normal de-
velopment than it was in our retrospective study. This suggestion
could be explained by numerous factors, including differences in
the prognosis categories, outcome assessment, clinical thresholds for
indicating a feMRI, and likely different practices in providing
prognoses.

We also compared feMRI prognostication between 2 GA
groups: <25weeks and =25 weeks. We found that the ability of
feMRI to predict favorable development in pregnancies with a
favorable prenatal prognosis was not influenced by GA, with
92.3% (23/25) agreement for GA <25 weeks versus 95.2% (20/21)
for GA =25weeks. Providing ccurate prognoses to patients is
aparticularly important in the earlier stages of pregnancy
because decisions regarding termination of pregnancy may be
based on these fetal scans. It is, therefore, encouraging to note
that feMRI performed at GA <25 weeks provides a high level
of prognostic accuracy that is not inferior to feMRI performed
at GA =25 weeks.

In our study, there was 1 pregnancy assigned a favorable pre-
natal prognosis that resulted in a poor postnatal outcome. This
was a twin pregnancy with the feMRI for the fetus in question
being unremarkable apart from a fluid-filled cavity above the ten-
torium believed to be an arachnoid cyst. This fetus was given a
favorable prenatal prognosis; however, the child had a poor out-
come with GMFCS II-III and intractable seizures. Postnatal MR
imaging findings at 4 months were unremarkable. The most likely
explanation is that this child had a predisposition to seizures
without any associated intracranial abnormality demonstrated on
feMRI. A large portion of children with seizures do not have any
evidence of intracranial abnormality on postnatal imaging.'> We
therefore do not believe that this poor outcome could have been
predicted on the basis of findings of the feMRI.

A concerning scenario is when the prognosis of a fetus is
determined to be poor and the child has a favorable postnatal
outcome. There was 1 case like this in our study. The fetus had a
vein of Galen aneurysmal malformation seen on feMRI. A poor
prenatal prognosis was made retrospectively from the feMRI
report and images; however, the child’s postnatal development was
favorable, with the vein of Galen malformation redemonstrated on
postnatal MR imaging. Many interventional procedures were
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FIG 2. Prenatal and postnatal images showing examples of discordant imaging findings. A, Axial
T2 feMRI at 27 weeks shows moderate VM, and postnatal axial T2 MRI shows mild VM with sub-
ependymal heterotropia (arrows). B, feMRI at 24 weeks shows mild VM and a preserved cerebral
mantle, and postnatal MRI shows microcephaly and severe ventriculomegaly with thinning of the
cerebral mantle. C, feMRI at 24 weeks shows a thin T2-hypointense cerebral line in the frontal
lobes (arrows) that was overlooked. Postnatal MRI confirmed subcortical band heterotopia.

malformations are known to have vari-
able outcomes, which could explain
why this child developed favorably
despite a poor prognosis by feMRI.
Furthermore, while this child did
meet our criteria for a favorable
postnatal outcome, he did require
several embolizations in the post-
natal period; thus, the postnatal out-
come was not as benign as in
another child with a favorable out-
come who did not require such an
extensive follow-up.

One of the main limitations of
our study, inherent in its retrospective
design, was that in most pregnancies
(68/104), the prenatal prognosis was
established solely on the basis of the
feMRI report and imaging, without any
clinical data that would otherwise be
available in the real world. In the 36
pregnancies for which prenatal consult
notes were available, we demonstrated
that the prognosis determined by the
neurologist was the same as the progno-
sis provided in the prenatal consult
notes. We can therefore be fairly confi-
dent that the prognoses retrospectively
determined by our neurologist likely
represent the prognoses that would be
provided by our institution for all 104
pregnancies included in the prognos-
tic arm of the study. Nonetheless, it
is difficult to distinguish whether the
prognosis was established purely on
the basis of feMRI or if the prognosis
represents the combined efforts of
feMRI coupled with the interpreta-
tion of clinical information by our
pediatric neurologist. Even in the 36
cases for which a prognosis had al-
ready been established, it is entirely
possible that factors beyond the find-
ings of the feMRI influenced the
prognosis that was generated at the
time.

In the postnatal period, our neuro-
developmental assessments were lim-
ited to the GMFCS score and the
presence/absence of seizures because
these were the only outcomes that
could be accurately assessed in our ret-
rospective chart review. We therefore

completed to render the malformation nonhemodynamically sig-  did not perform any assessment of language or social or cognitive

nificant, and apart from decreased endurance and some fine motor  skills. Furthermore, using the GMFCS score, originally designed

difficulties, the child has been developing normally. Vein of Galen ~ to evaluate children with cerebral palsy, in our cohort that was
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FIG 3. Prenatal and postnatal imaging examples of cases in which an indeterminate prognosis
was associated with a favorable outcome. A, Axial single-shot fast spin-echo at 23 weeks with
primitive sulcation and oligohydramnios. Axial T2 at 2 months of age shows normal brain MRI
findings. B, Axial single-shot fast spin-echo at 35 weeks with VM (left 13 and right 12 mm). MRI at 6
years of age shows persistent prominent VM similar to findings on the ultrasound after birth (not
shown). The patient has normal neurologic examination findings. C, Sagittal single-shot fast spin-
echo at 35 weeks with a large cisterna magna versus vermian hypoplasia. Sagittal T1 at 3 days of
life shows a prominent cisterna magna without other abnormalities.

the number of pregnancies that had a
poor prognosis. This size limits our
ability to provide any definitive guid-
ance for pregnancies given a poor
prognosis. Last, our retrospective
study summarizes feMRI data dur-
ing a 10-year period from 2008 to
2018; therefore, we may not have
captured improvements in imaging
techniques in terms of resolution
and the applicability of advanced
techniques during this time. FeMRI
continues to be an evolving technol-
ogy, and novel imaging methods
such as FLAIR, DWI, and DTI may
further increase both diagnostic and

. 12-14
prognostic accuracy.

CONCLUSIONS

Our study confirmed that feMRI pro-
vides a high level of diagnostic accu-
racy (93.0%), which is comparable
with that in previous studies of diag-
nostic accuracy. The principal finding
of our retrospective study was that a
favorable prenatal prognosis based on
feMRI is highly predictive of a favor-
able neurodevelopmental outcome in
the child (93.5% agreement). A large
portion of the pregnancies in our study
were given indeterminate prognoses
(50%), of which a large proportion
had a prenatal diagnosis of VM (46%).
The pregnancies given an indetermi-
nate prognosis resulted in a wide range
of outcomes, 63.5% of which were
favorable. Last, our study found no
differences in prognostication between
feMRI completed at GA <25 weeks
and GA =25 weeks.

Our study adds to the growing
body of literature examining the utility
of feMRI, particularly the work by
Hart et al,'® who were the first to pub-
lish a prospective cohort study com-
paring prognoses based on feMRI
and postnatal neurodevelopmental
outcome. Moving forward, more large,
prospective studies are required to
better understand the role of feMRI
in prognosticating neurodevelopment,
particularly in cases in which the prog-
nosis is indeterminate. These may
eventually allow clinicians to provide

not limited to children with cerebral palsy, has its limitations. We ~ prognoses for these patients with greater certainty of postnatal

also assessed developmental outcomes at a wide range of ages (1-  outcome. Future studies should also aim to recruit large numbers of

10 years of age). Our sample size was relatively small, particularly ~ pregnancies with poor prognoses on feMRI because prognostication
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of outcome in these cases has only been studied in small samples to
date.
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Diffuse Leptomeningeal Glioneuronal Tumor of Childhood

D.A. Lakhani,

ABSTRACT

K. Mankad,

S. Pruthi

S. Chhabda, ““'P. Feizi, ““'R. Patel, “*’A. Sarma, and

SUMMARY: Diffuse leptomeningeal glioneuronal tumor is a newly defined entity under the neuronal and mixed neuronal-glial

tumors category in the 2016 World Health Organization classification of brain tumors. In this series, we report clinical, radiologic,

and histologic findings in 7 cases of diffuse leptomeningeal glioneuronal tumor. Our cases and literature review indicate that the

most characteristic imaging finding is diffuse intracranial and intraspinal nodular leptomeningeal thickening and enhancement. This

is often associated with small cyst-like, nonenhancing lesions. It should be noted that tumors sometimes bear nontypical features,

for example, presenting as a solitary spinal cord mass without leptomeningeal involvement or with a dominant intracranial mass. In

children with characteristic imaging findings and without clinical features of infection, the radiologist has an opportunity to

promptly raise the possibility of diffuse leptomeningeal glioneuronal tumor, and thereby, affect streamlined diagnostic evaluation.

ABBREVIATIONS: DL-GNT = diffuse leptomeningeal glioneuronal tumor; WHO = World Health Organization

Diffuse leptomeningeal glioneuronal tumor (DL-GNT) is a
newly defined neuronal and mixed neuronal-glial tumor
described in the 2016 World Health Organization (WHO)
classification of brain tumors." This entity has previously been
described as disseminated oligodendroglial-like leptomeningeal
tumor, dysembryoplastic neuroepithelial tumor-like neoplasm,
meningeal gliomatosis, diffuse leptomeningeal neurocytoma, dif-
fuse leptomeningeal gangliocytoma, and diffuse leptomeningeal
oligodendrogliomatosis.”

DL-GNT is a rare neoplasm that is more common in male
children. Adult cases are rare.! The exact incidence is unknown,
as only limited cases have been reported in the published litera-
ture. Most of these tumors show slow progression and have been
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managed by surgical resection, radiation therapy, and/or chemo-
therapy. Given the rarity of this tumor, an optimal evidence-
based management strategy has yet to be developed.

Predominant diffuse abnormal nodular leptomeningeal
growth without evidence of a primary intraparenchymal focus
is the most common imaging feature.>* Characteristic diffuse
abnormal leptomeningeal enhancement is most commonly seen
in the basal cisterns and posterior fossa, and along the spinal
cord. Small, nodular T2-hyperintense leptomeningeal lesions
resembling cysts are sometimes seen. Though discrete intrapar-
enchymal lesions are unusual, they have been most commonly
described in the spinal cord.*” The wide spectrum of histologic,
radiologic, and clinical features often mimicking chronic infec-
tion or leptomeningeal carcinomatosis, along with very low
incidence rate can make prospective tumor identification by
imaging challenging.'*

Here, we report the clinical characteristics, imaging features,
and histopathologic findings of DL-GNT in 7 patients with em-
phasis on imaging in hopes of increasing awareness of this entity
and facilitating rapid diagnosis in affected patients.

CASE SERIES

Institutional review board approval was waived and not required
for this retrospective case series. Seven cases were identified from
3 different institutions: Vanderbilt University Medical Center in
Nashville; Great Ormond Street Hospital in London; and
McGovern Medical School, The University of Texas Health
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FIG 1. DL-GNT with diffuse leptomeningeal disease. Axial and coronal postcontrast Tl-weighted (A
and B) MR images demonstrate diffuse intracranial nodular/mass-like leptomeningeal enhancement.
This is most prominent within the basilar cisterns, with masslike enhancement at the level of the
optic chiasm (arrow). Also seen is abnormal enhancement extending along both cranial nerve VIl/
VIIl complexes (arrows). Abnormal enhancement extending along cranial nerves is not uncommon
in this entity. Sagittal Tl-weighted postcontrast fat-suppressed image of the thoracic spine (C)
shows thick, nodular leptomeningeal enhancement predominantly along the dorsal thoracic cord.
The constellation of imaging findings seen in this case is the most commonly described in DL-GNT.

FIG 2. DL-GNT with diffuse “cyst-like” foci of T2 prolongation involv-
ing the brain and spine. Coronal T2-weighted image of the brain (A)
demonstrates numerous foci of T2 prolongation located predomi-
nantly along the leptomeningeal surfaces of the cerebellum. These
did not enhance after contrast administration or suppress on FLAIR
(not shown). Also seen is hydrocephalus with transependymal edema
as evidenced by abnormal periventricular T2 prolongation. Sagittal
T2-weighted image of the cervicothoracic spine (B) in a different
patient shows numerous small cervicothoracic intramedullary cyst-
like lesions expanding the spinal cord. These cyst-like lesions are very
suggestive of DL-GNT.

Science Center at Houston between October 2015 and December
2019.

Electronic medical record review yielded age, clinical presen-
tation, and histopathologic diagnosis. All patients underwent
brain and spinal cord imaging at either 1.5 or 3T with the follow-
ing key sequences obtained in all cases: T2-weighted, FLAIR,
postgadolinium T1-weighted, and diffusion-weighted. All MR
imaging studies were reviewed independently by 2 fellowship-
trained pediatric neuroradiologists (S.P., A.S.).

Clinical data are summarized in On-line Table 1. All patients
were male. Patients presented between 3 and 14 years of age with
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chronic headaches (n = 4), new onset
seizure (n = 2), and gait imbalance
(n = 1). Detailed infectious work-up
including CSF analysis for infection
was negative in all patients. All 7
patients underwent biopsy.

On MR imaging, diffuse nodular
intracranial leptomeningeal thicken-
ing was present in 5 of 7 (72%) cases
(On-line Table 1, Fig 14, -B). One of
the 5 (20%) cases had infratentorial
predominance, while the other 4
(57%) cases demonstrated diffuse
intracranial involvement with all
demonstrating basilar cisterns involve-
ment. Of note, the remaining 2 (29%)
cases showed minimal to no intracra-
nial leptomeningeal disease. Multi-
ple intracranial lesions that did not
on FLAIR

(“cystic-appearing”) were noted in 2 of
7 (29%) cases (On-line Table 1, Fig 2A). Hydrocephalus was noted
in 5 of 7 (71%) cases. A dominant intracranial parenchymal mass
lesion was noted in 1 of 7 (15%) cases (On-line Table 1, Fig. 3A-C).

The patterns of spinal involvement included: diffuse, dorsal-

enhance or suppress

predominant nodular leptomeningeal thickening (On-line
Table 1, Fig 1C) in 5 of 7 (72%) cases, intramedullary spinal
cord mass (On-line Table 1, Fig. 4A-C) in 2 of 7 (29%) cases,
and multifocal cystic spinal cord lesions (On-line Table 1, Fig
2B) in 2 of 7 (29%) cases. Interestingly, 1 patient with cystic-
appearing spinal cord lesions and another patient with a large
intramedullary mass were the ones without associated nodular
leptomeningeal spinal disease.

All the cases underwent biopsy and histopathologic analysis.
Biopsy samples were obtained from cystic lesions in 2 of 7 (29%)
cases, isolated spinal cord masses in 2 of 7 (29%) cases, and lepto-
meningeal nodular lesions in 2 of 7 (29%) cases. Histopathology
demonstrated strong reactivity for OLIG2, MAP2, and S-100,
with variable expression of glial fibrillary acidic protein and syn-
aptophysin. BRAF fusion was noted in 2 of 7 (29%) cases, and de-
letion of chromosome arm 1p was noted in 2 of 7 (29%) cases.
We did not see co-deletion of chromosome 1p19q in any cases
(On-line Table 1).

DISCUSSION

This series describes the clinical, pathologic, and radiologic
features in 7 cases of DL-GNT. Most existing publications on this
topic have been presented in the pathology and oncology litera-
ture, and we believe that this imaging-focused series is the largest
in the radiology literature to date. This is important because
many tumors previously classified otherwise (eg, disseminated
oligodendroglial-like leptomeningeal tumor) are now known to
represent DL-GNT, and this tumor may not be as rare as once
suspected. Furthermore, despite its somewhat distinctive imaging
presentation, the diagnosis frequently remains unsuspected early
in the patient’s clinical course, sometimes resulting in excessive
diagnostic testing for other entities with increased cost and



FIG 3. DL-GNT with dominant intracranial parenchymal mass. Axial noncontrast head CT in a
patient with findings of hydrocephalus (A) shows ill-defined calcification within the right basal
ganglia (arrow). Basal ganglia germinoma was initially considered in the differential diagnosis. Axial
T2-weighted MR imaging (B) shows an ill-defined, slightly expansile area of T2 prolongation within
the right putamen, thalamus, and caudate head overlapping with the calcified region demon-
strated on CT (arrows). Minimal enhancement was seen in the right anterior thalamus (not
shown). Axial Tl-weighted postcontrast image (C) shows numerous foci of nodular supratentorial
leptomeningeal enhancement lining the basilar cisterns. Despite the atypical-appearing mass
involving central gray matter, the presence of characteristic diffuse supra- and infratentorial nod-
ular deposits led to prospective consideration of DL-GNT in the differential diagnosis.

FIG 4. DL-GNT with isolated spinal cord mass. Sagittal TI-weighted postcontrast image of the cer-
vical spine (A) demonstrates a small focal enhancing mass (long arrow) expanding the lower cervical
spinal cord. Scattered areas of linear leptomeningeal enhancement are also seen along the dorsal
(short arrows) and ventral aspects of the cord. Sagittal T2-weighted and Tl-weighted postcontrast
images of the spine (B and C) in another patient demonstrate a large hypointense, enhancing intra-
medullary mass extending from T2 to T5, with associated large, septated syrinx. These 2 examples
highlight that intramedullary masses in DL-GNT can exhibit different appearances.

“glioneural commitment,” embed-
ded in a desmoplastic or myxoid
leptomeningeal stroma. Immuno-
histochemical features of the tumor
cells include strong reactivity for
OLIG2, MAP2, and S-100, with vari-
able expression of glial fibrillary
acidic protein and synaptophysin.
Tumors commonly harbor BRAF
fusions as well as deletions of chro-
mosome arm 1p, either alone or occa-
sionally combined with 19q deletion
(hence previous use of the descriptor
“oligodendroglioma-like”). Immuno-
staining is negative for NeuN, epithe-
lial membrane antigen, and mutant
IDHI, distinguishing DL-GNT from
adult oligodendrogliomas (R132H).'™*
In summary, histopathologically,
DL-GNTs are low-grade neoplasms
with primarily oligodendroglioma-
like features, neuronal differentiating
capacity, and tendency toward exten-
sive leptomeningeal dissemination.

Based on the literature review of
published DL-GNT cases, the median
age at presentation is approximately 4
years and there is a male predilection
(58 0f 91) (64%).%°® In our case series,
all patients were male, with a median
age of 6 years.

On-line Table 2 summarizes fea-
tures of cases previously reported in
the literature. Our case series was
similar to those reported in the liter-
ature in terms of percentage of cases
with diffuse intracranial nodular
leptomeningeal thickening (72% in
our series, 73% in the literature); dif-
fuse intraspinal nodular leptome-
ningeal thickening (72% of cases,
62% in the literature); and intramed-
ullary spinal cord mass (29% of
cases, 20% in the literature). Our se-
ries had a smaller number of cases
with multiple intracranial nonen-

delayed diagnosis. In expeditiously raising suspicion for DL-GNT
when the characteristic appearance is encountered in a patient
without clinical findings of infection, the radiologist has an op-
portunity to facilitate rapid biopsy, diagnosis, and treatment of
affected patients.

Histopathologically, tumor consists of 2 cell populations, neu-
ronal and glial. The neuronal component consists of synaptophy-
sin-positive neurocytes, while the glial component features glial
fibrillary acidic protein-positive astrocytes.* Histologically, DL-
GNTs are low- to moderate-cellularity lesions consisting of
relatively monomorphous oligodendrocyte-like cells with a

hancing lesions with T2 prolongation (29% in our series, 43%
in the literature); and more cases with hydrocephalus (71% in
our series, 29% in the literature).

Although extensive intracranial leptomeningeal tumor has
been considered a defining feature of DL-GNT, 29% of the cases
in our series demonstrated minimal to no obvious intracranial
leptomeningeal involvement (compared with 19% in the litera-
ture). Compared with previously reported studies, our series
had a smaller percentage of cases with multifocal nonenhancing
intramedullary spinal cord lesions with T2 prolongation (29%
of cases, 43% in the literature). A single case in our series was
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associated with extensive intracranial and spinal leptomeningeal
tumor deposits with an ill-defined, minimally-enhancing, calci-
fied mass involving the right putamen, thalamus, and caudate
nucleus; a similar finding has previously been reported by
Gardiman et al.’

The imaging presentation of DL-GNT is not well-understood.
The key MR imaging findings of DL-GNT based on our case
series and literature review include diffuse leptomeningeal thick-
ening and multifocal cystic-appearing lesions in both the brain
and spinal cord. These findings may be present in conjunction
with or without isolated spinal cord mass.

Based on our literature review, DL-GNT was frequently
misdiagnosed as tuberculosis, especially in cases from Europe
and the Asia-Pacific region.'” The broad imaging differential
diagnosis includes infection (eg, bacterial or tuberculous men-
ingitis, neurocysticercosis), other CNS tumors including disse-
minated high-grade and low-grade neoplasms (eg, atypical
teratoid/rhabdoid tumor, high-grade glioma, primary diffuse
leptomeningeal gliomatosis, medulloblastoma, pilomyxoid
astrocytoma), leukemia or leptomeningeal lymphomatosis,
phakomatosis (eg, neurocutaneous melanosis, Sturge-Weber
syndrome), and neurosarcoidosis.

Correlation with clinical features of infection and evalua-
tion of the character of leptomeningeal involvement can help
to differentiate DL-GNT from infection. Bacterial meningitis
tends to have smooth rather than nodular sulcal-cisternal
enhancement, and tuberculous meningitis more often causes
confluent basilar enhancement. The vesicular stage of neuro-
cysticercosis may present with multiple cysts with internal
characteristic scolex “dots” deep within deep sulci, with intense
inflammatory reaction in the adjacent parenchyma, that is not
typical of DL-GNT.

Apart from noninfectious CSF findings, the key in differenti-
ating DL-GNT from other entities is identification of diffuse lep-
tomeningeal involvement of the brain and spinal cord, with or
without multifocal cystic-appearing changes, or the presence of a
solitary solid spinal mass.

CONCLUSIONS

Given the recent changes in classification by the WHO, as well as
the rarity of this neoplasm, many radiologists may not yet be
aware of DL-GNT. Furthermore, this condition may be unex-
pected by referring clinicians caring for patients with a newly dis-
covered leptomeningeal disease process. In recognizing the
various imaging patterns illustrated in this series, the radiologist
may be the first member of the clinical team to suspect this rare
diagnosis.

There should be a high index of suspicion for DL-GNT
when the characteristic findings are observed in the absence
of clinical and laboratory signs of infection, and when a domi-
nant neural axis mass is absent or disproportionately small or
indolent-appearing relative to the marked degree of leptome-
ningeal disease. While these imaging findings are typical,
it should be noted that DL-GNT can also present as a
solitary spinal cord mass without leptomeningeal involve-
ment. When the diagnosis is suspected, prompt biopsy should
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be performed to reduce the time to definitive diagnosis and
appropriate treatment.

Disclosures: Kshitij Mankad—UNRELATED: Expert Testimony: Medicolegal report-
ing in UK; Payment for Lectures Including Service on Speakers Bureaus: Speaker
honoraria — Novartis, Siemens. Asha Sarma—UNRELATED: Royalties: Cambridge
University Press, Comments: Unrelated textbook.
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Variability of T2-Relaxation Times of Healthy Lumbar
Intervertebral Discs is More Homogeneous within an
Individual Than across Healthy Individuals

A. Sharma, ““RE. Walk, “’S.Y. Tang, “'R. Eldaya, ““P.J. Owen, and “*D.L. Belavy

%

ABSTRACT

BACKGROUND AND PURPOSE: When one uses T2 relaxometry to classify lumbar intervertebral discs as degenerated, it is unclear
whether the normative data should be based on other intervertebral discs from the same individual or from a pool of extraneous con-
trols. This study aimed to explore the extent of intra- versus intersubject variation in the T2 times of healthy intervertebral discs.

MATERIALS AND METHODS: Using prospectively acquired T2-relaxometry data from 606 intervertebral discs in 101 volunteers with-
out back pain (47 men, 54 women) in a narrow age range (25-35years), we calculated intra- and intersubject variation in T2 times
of intervertebral discs graded by 2 neuroradiologists on the Pfirrmann scale. Intrasubject variation of intervertebral discs was
assessed relative to other healthy intervertebral discs (Pfirrmann grade, =2) in the same individual. Multiple intersubject variability
measures were calculated using healthy extraneous references ranging from a single randomly selected intervertebral disc to all
healthy extraneous intervertebral discs, without and with segmental stratification. These variability measures were compared for
healthy and degenerated (Pfirrmann grade =3) intervertebral discs.

RESULTS: The mean T2 values of healthy (493/606, 81.3%) and degenerated intervertebral discs were 1211 = 22.5 ms and 915 * 18.6 ms,
respectively (P <<.001). The mean intrasubject variability for healthy intervertebral discs was 9.8 £ 10.7 ms, lower than all intersubject vari-
ability measures (P <.001), and provided the most pronounced separation for healthy and degenerated intervertebral discs. Among inter-
subject variability measures, using all segment-matched healthy discs as references provided the lowest variability (P <.001).

CONCLUSIONS: Normative measures based on the T2 times of healthy intervertebral discs from the same individual are likely to
provide the most discriminating means of identifying degenerated intervertebral discs on the basis of T2 relaxometry.

ABBREVIATIONS: |, X, Xs, Xc, Xcs = various measures of variability in T2 times of intervertebral discs; IVD = intervertebral disc; np = used as a suffix to
indicate measures assumed to represent nucleus pulposus

oss of signal intensity of the central part of intervertebral  continuous measure of IVD health, the T2 time.®” Previous

discs (IVDs) on T2-weighted MR images is a well-estab-

studies have used this technique to identify differences in
lished indicator of underlying degenerative changes.'™* Visual

IVDs from cohorts differing in their Pfirrmann grade, age, and

recognition of the extent of this loss of signal intensity also 7,9-12

presence of back pain.

forms the basis of grading the extent of disc degeneration on Theoretically, T2 relaxometry should be able to indicate patho-

frequently useds grading schemes Suc.h a's_ one p.roposed by logic changes in the IVDs before these become evident to human
Pfirrmann et al.” To overcome the subjectivity of visual assess- . . s
] . o readers. However, this inherently requires a definition of a norma-

ment, T2 relaxometry provides a reliable, objective, and ) . . . .
tive range against which the T2 time of a given IVD should be

- — measured. At present, categorization of a given IVD into healthy
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or degenerated cannot be done with reasonable certainty simply
on the basis of its T2 time. The existing literature not only lacks a
normative definition, but it also fails to establish whether such a
definition should be based on other IVDs from the same individual
or from a pool of extraneous controls. While it has been shown
that the segmental level influences the T2 times of the IVDs," it
remains unclear whether these intersegmental variations between

cohorts of IVDs from different subjects are larger or smaller than



FIG 1. Artistic rendering of a fixed-sized intervertebral disc to which T2 values of all individual
discs were interpolated. For each disc, T2 values of 55 equally sized regions were available that
could be represented by a grid with 11 (left-to-right) columns (C-CT) and 5 anterior-to-posterior
rows (R1-5). To exclude the influence of the outer annulus fibrosus, we used the mean T2 time of
the central 21 regions (shaded yellow) indicated by rows R2—4 and columns C3-9 to represent the
T2 time of any given disc. Of these 21 regions, 11 regions with the highest T2 values were assumed
to represent the core of the disc (asterisk), which would be least affected by the inner annulus
fibrosus. Mean T2 value of these 11 pixels was assumed to represent the mean T2 time of the nu-

cleus pulposus of the disc.

the intrasubject variation in T2 times between lumbar IVDs at dif-
ferent segmental levels.

In this study of pain-free volunteers within a narrow age range
(25-35 years) who were scanned on the same scanner using iden-
tical scan parameters, we aimed to explore the extent of intrasub-
ject-versus-intersubject variation in T2 times of healthy IVDs.

MATERIALS AND METHODS

Participants

This study represents a secondary analysis of the data collected for
a previously reported study performed on 101 participants (47
men, 54 women; age range, 25-35years) without spine disease.
Exclusion criteria included current spinal pain, history of spinal
surgery, history of traumatic injury to the spine, known scoliosis
for which prior medical consultation was sought, current or prior

smoker, known claustrophobia, and possible pregnancy.'*'®

MR Imaging

All studies were performed on the same 3T scanner (Inge-
nia; Philips Healthcare). For T2 mapping, a sagittal spin-echo
multiecho technique was used with 8 TEs (15.75, 36.75, 57.75,
78.75, 99.75, 120.75, 141.75, and 162.75 ms). Additional scanning
parameters were a section thickness of 3 mm, an interslice dis-
tance of 1.5mm, TR of 2000 ms, FOV of 281 x 281 mm, and
image resolution of 0.366 mm per pixel. In addition, sagittal T2-
weighted TSE images were obtained across the lumbar spine with

a slice thickness of 3 mm, interslice
distance of 1.5mm, TR of 2600 ms,
and TE of 70 ms.

Image Analysis

Two board-certified neuroradiologists
with 1 and 16years of practice experi-
ence independently evaluated sagittal
T2-weighted images and graded T12
through S1 IVDs in each participant
according to the Pfirrmann grading sys-
tem.” Differences were resolved by con-
sensus. Only healthy (Pfirrmann grade
2 or 3) or degenerated (Pfirrmann
grade =3) IVDs accepted by both neu-
roradiologists were included for subse-
quent analysis for this study.

For T2 mapping, each IVD was
initially segmented manually on each
image using the native polygon
selections tool in the off-line soft-
ware Image] (National Institutes of
Health). A custom plug-in (ROI
Analyzer;  https://sites.google.com/
site/daniellbelavy/home/roianalyser)
was then used to calculate the T2
time in 5 anterior-posterior regions
across the IVD in each sagittal
image. These values were then inter-
polated to a fixed-sized IVD so that
each IVD, when viewed in an axial
plane, could be represented by a grid of 55 regions represented
by 11 columns (left to right) and 5 rows (anterior to posterior)
(Fig 1). T2 times were then calculated for each of these regions.
Of these, 2 columns on both sides and 1 row each at the ante-
rior and posterior margins of the IVD were excluded from analy-
ses because these regions were likely to include the outer annulus
fibers (Fig 1). An average of T2 times of the remaining central 21
(7 x 3) regions was obtained to represent the T2 time of a given
disc (Fig 1). Because the distinction between the inner annulus and
nucleus pulposus cannot be made visually on T2-weighted images,
to try to minimize the influence of the inner annulus or the abnor-
mal regions within the nucleus pulposus that could have been too
small to affect categorization of the disc as degenerated on the basis
of the Pfirrmann grading, we calculated an additional parameter
(T2np) that represented the average of 11/21 regions with the high-
est T2 values (Fig 1).

Parameters for Intrasubject and Intersubject Variation
For each IVD, we assessed the intrasubject variation (I) of the T2
time by calculating the difference between the T2 time of that IVD
and the average T2 time of other healthy IVDs within T12 through
S1 segments from the same participant. Another measure of the
intrasubject variation, Inp, was calculated similarly using the T2np
time instead.

A number of different measures of intersubject variation were
calculated for each disc. X (and Xnp) represented the difference
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Variation of T2 times of central aspect of lumbar IVDs from various normative reference T2 times®

Mean (ms) SD (ms) 1° Inpb x® anb Xs® Xsnpb Xc® chpb Xcs® Xcsnpb
| 9.8 10.7
Inp n7 13.4 <.001
X 15.8 16.0 <.001 <.001
Xnp 18.6 19.3 <.001 <.001 <.001
Xs 15.5 153 <.001 <.001 123 <.001
Xsnp 18.3 18.6 <.001 <.001 <.001 27 <.001
Xc 17.2 173 <.001 <.001 <.001 .003 <.001 .027
Xcnp 20.2 20.9 <.001 <.001 <.001 .001 <.001 <.001 <.001
Xcs 21.8 20.7 <.001 <.001 <.001 .002 <.001 <.001 <.001 .031
Xcsnp 257 25.2 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001

@ Variability parameters represent the difference between T2 times of the central aspect of the index IVD from the mean T2 times of the other healthy IVDs from same
individual (I), the mean of T2 times of all other healthy lumbar IVDs (X), the mean T2 times of all other healthy lumbar IVDs at the same segmental level as the index IVD
(Xs), T2 time of a randomly selected healthy IVD from a different individual but at the same segmental level as the index IVD (Xcs), the mean T2 times of 6 randomly
selected healthy discs from different individuals (Xc), each representing a particular segmental level between the T12 through SI levels. Inp, Xnp, Xsnp, Xcnp, and Xcsnp
indicate corresponding values calculated using 52.4% of the central IVD regions with highest T2 values.

® P values based on a paired Student t test.

between the T2 (or T2np) time of a given disc and the average T2
(or T2np) times of all other IVDs with same Pfirrmann grade as
that disc. Xs and Xsnp represented similar calculations restricted
to the same segmental level as a given disc. Additional measures
assessed intersubject variation with respect to a single randomly
selected healthy IVD from the same segmental level or an average
of 6 randomly selected healthy IVDs representing the T12-S1
segments (Table).

Statistical Analysis

Interobserver reliability of Pfirrmann grading was tested for the 2
readers, and the Cohen « was calculated. Mean and SDs were cal-
culated for each measure of T2 variability. A paired 2-tailed Student
t test was used to assess differences between various measures of
variability. A nonpaired Student ¢ test was used to assess differences
between the variability measures of IVDs that were categorized as
healthy and degenerated on the basis of the Pfirrmann grading sys-
tem. A P value < .05 was considered significant. A Bonferroni cor-
rection was applied to correct for multiple comparisons.

RESULTS

Of 606 IVDs, 493 (81.4%) were deemed healthy after a consensus
read by 2 radiologists and were included for subsequent analysis.
Of these, 489/493 (99.2%) were assigned grade 2 on the Pfirrmann
scale. Individual reader agreement was excellent (x = 0.84; 95% CI,
0.78-0.89) for categorization of IVDs as healthy or degenerated
and good (k = 0.73; 95% CI, 0.67-0.79) for a specific Pfirrmann
grade. Readers disagreed on the grading of 61/606 (10.1%) IVDs.
Readers were able to reach a consensus on all except 2 IVDs, which
were excluded from subsequent analysis.

Mean T2 and T2np values for all IVDs were 115.5 * 24.6 ms
and 131.5% 30.0 ms, respectively. IVDs graded healthy
(Pfirrmann grades 1 and 2) had higher T2 (121.1 % 22.5 ms)
and T2np (138.6 = 26.8 ms) values compared with correspond-
ing T2 and T2np values of 91.5 = 18.6 ms and 101.0 * 23.3 ms,
respectively, for degenerated IVDs (P < .001 for both).

Intrasubject variability measures (I and Inp) were significantly
lower than any of the corresponding intersubject variability
measures (P<.001 for all, Table and Fig 2). Inp, while being
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significantly lower than all of the intersubject variability measures
(P <.001 for all), was significantly higher than I (P <.001).

Intersubject variability was higher when a single or 6 ran-
domly selected IVDs were used as a comparison rather than all
healthy IVDs in all participants without or with stratification for
the segmental level (P < .001 for all, Table and Fig 2).

Stratification based on the segmental level did not impact the
variability, with no significant difference observed between X and
Xs (P = .12) or between Xnp and Xsnp (P = .27).

DISCUSSION

Many previous studies have suggested that T2-relaxometry can pro-
vide a reliable, objective, and continuous quantitative measure of
the health of lumbar IVDs. Despite these advantages, this technique
has failed to replace traditional subjective assessment of the signal
intensity of IVDs on T2-weighted images for categorization of a
given IVD as healthy or degenerated. The current literature is also
deficient in providing either a T2 value or a measure based on such
a value that could be used to determine normalcy of a given IVD.
Our study was not designed to develop such a measure. Instead, it
aimed to take the first step toward establishing the most appropriate
reference standard. By showing that the T2 time of a given healthy
IVD most closely matched that of other healthy lumbar IVDs from
the same individual (Fig 2), our results suggest that that other
healthy IVDs within an individual, if available, are likely to provide
the most optimal basis of the definition of normal against which a
given IVD should be compared. This suggestion is further high-
lighted because the differences between healthy and degenerated
IVDs were most stark when compared with internal rather than ex-
traneous healthy IVDs (Fig 2). Using internal healthy IVDs as a ref-
erence would also have the advantage of circumventing the
potential of variation in measured T2 times of discs scanned on dif-
ferent scanners.

A recent study highlighted the role of level stratification in
MR imaging-quantification studies using T2 data."> Our analysis
of the same data demonstrated that while the level of stratification
might be important when cohorts of IVDs are being compared,
T2 times of healthy IVDs at other levels in the same individual
are likely to provide a better measure of the health of a given IVD



FIG 2. Plots of differences of T2 time in milliseconds (y-axis) of 604 lumbar IVDs with Pfirrmann grades of =2 (blue), 3 (red), and 4 (green) relative
to mean T2 time (or T2 time when single) of other healthy lumbar IVDs from same individual (l), all other healthy IVDs in 101 study participants
without (X) and with (Xs) stratification for the segmental level, 6 randomly selected healthy IVDs representing T12-S1 segments (Xc), and a single
randomly selected IVD from same segmental levels (Xcs). Horizontal bars show means with standard errors. The variation in T2 times of healthy
IVDs, as represented by the spread along the y-axis, is least for healthy IVDs with Pfirrmann grade of =<2. Notice that the measure | provides the
most and the measure Xcs provides the least discrimination between healthy and degenerated 1VDs with Pfirrmann grades of 3 or 4, as indicated

by separation of means along the y-axis.

than T2 times of a healthy IVD at the same segmental level from
any other given individual or even an average T2 time of a large
number of the same segmental-level IVDs from many other
healthy controls. The reason may be both due to genetic similar-
ities between IVDs from the same individual and the fact that
placement of any given individual within the MR imaging scan-
ner is likely to produce somewhat unique subtle variations in the
magnetic environment that may affect T2 calculations even under
identical scanning equipment and parameters. In addition, com-
parison with other IVDs within the same scan can help overcome
many other confounding factors such as disc hydration status,
time of the day, and loading of the spine, which would be difficult
to control in comparison across individuals but are known to
affect the T2 time of [VDs.'”'®

Of all comparison scenarios studied, T2 values of any given
healthy IVD differed most from a randomly selected healthy IVD
from a different individual but from the same segmental level. It is
likely that the variation in T2 times in healthy IVDs in the popula-
tion are a combination of both the underlying true differences in
T2 times of healthy IVDs across subjects and systematic effects due
to the noise encountered during the process of measuring the T2
times using MR imaging. While the true underlying variability in
T2 times cannot be changed, a greater number of samples can
minimize the contributions of the noise. This feature likely
explains why the interobserver variability decreased as the number
of control discs increased from 1 (Xcs) to 6 (Xc), with a further sig-
nificant reduction when a much larger number of control discs

were used, as was the case for calculation of X and Xs (Table). This
benefit of using a larger number of IVDs to define the T2 value of
healthy IVDs remained irrespective of whether the IVDs were
used from the same segmental level or not. However, despite a rel-
atively small number of intrasubject control discs, such discs pro-
vide a T2 value that may be expected to be most similar to that of a
given healthy IVD.

Certain methodologic details of our experiment merit expla-
nation of the rationale. As opposed to measuring the T2 time of
the entire IVD, as in a previous study,"® we chose to investigate
that of a central aspect of the IVD, deliberately trying to exclude
the outer annulus. While the central portion of the IVD is known
to undergo loss of T2 signal in the presence of pathology, the T2
time of the abnormal annulus (annular fissures) may be expected
to increase. Given that annular fissures often accompany and per-

19.2
20 we propose

haps precede the appearance of IVD desiccation,
that given the opposing effects of degenerative changes in these
components of IVDs, it would be reasonable to exclude the outer
annulus from T2 calculations if the T2 value is to be used to
define the degenerated status of the disc. For the sake of simplic-
ity, some previous studies have used a central hyperintense zone
of IVDs as being representative of the nucleus pulposus.”'®?'
The nucleus pulposus is not readily identifiable on T2-weighted
MR imaging as a distinct structure from the inner annulus.”
While the central hyperintense region on T2-weighted images
that represents a combination of the nucleus pulposus and the

inner annulus fibrosus shows a loss of signal intensity with disc
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degeneration in its entirety, it is possible that there are underlying
subtle differences in the rate of signal loss in these 2 components
of IVDs that are not fully understood. Assuming that the nucleus
pulposus might have inherently higher T2 times given its higher
hydration level relative to that of inner annulus fibrosus, which
slowly decreases from the central to outer aspect of the inner annu-

23,24
lus,

we explored the possibility that a smaller number of
regions with higher intensity might be more representative of the
nucleus pulposus of the IVDs (Fig 1). Accordingly, we analyzed
variability only on the basis of regions skewed toward higher inten-
sity. Notably, variability increased when a smaller number of
regions from the IVDs were used (Table).

The mechanisms for this consistent difference remain unclear.
It is possible that an increase in variation when dealing with a
smaller sample of pixels is simply a function of the increasing influ-
ence of noise that would be expected to be minimized by averaging
a higher number of pixels. It is also possible that this amplified var-
iation results from the fact that the number of regions selected as
possible representations of the nucleus pulposus was arbitrary and
not necessarily restricted to the size of the nucleus pulposus, which
itself is difficult to establish.>** Inclusion of the nucleus pulposus
and variable parts of the inner annulus fibrosus in T2 calculations,
therefore, could have resulted in a higher degree of variation
observed in our study. When it becomes technologically feasible to
allow a reliable segmentation of the nucleus pulposus, it would be
interesting to study the variation among T2 values of the nucleus
pulposus alone in healthy lumbar IVDs.

Our study has some limitations. First, it was restricted to partic-
ipants in a narrow age range. While this was critical in allowing us
to test our hypothesis free from the confounding effects of age, it
does not ensure generalizability of these results to other age groups.
It is known that T2 times of IVDs are affected by age. In the ab-
sence of any previous studies indicating segmental variations in
these effects, we expect our results to be similar in other age
groups. Additional studies would be needed however to test this
expectation. Second, the area of IVDs taken into consideration to
represent IVDs free of the outer annulus was somewhat arbitrary.
However, by demonstrating similar results even when the analysis
was restricted to central pixels skewed toward higher T2 values, we
think that our results were able to overcome this limitation. While
all the participants were free of back pain, we do not think this to
be a significant limitation of the study. Previous studies have
shown that despite a varying burden of overall disc degeneration
in individuals with varying predispositions, disc degeneration
remains a disc-specific process that follows a remarkably similar
natural history irrespective of the presence of symptoms.*’
Furthermore, despite the absence of back pain, a number of IVDs
in our patient population demonstrated evidence of overt disc
degeneration as indicated by their Pfirrmann grades.

CONCLUSIONS

By demonstrating a significantly higher variation in the T2 times
of IVDs across subjects, our study suggests that normative meas-
ures based on the T2 times of healthy lumbar IVDs from the same
individual are likely to provide the most discriminating means of
identifying degenerated IVDs on the basis of T2 relaxometry. If
such a measure could be developed on the basis of a relatively small

2164 Sharma Nov 2020 www.ajnr.org

number of healthy IVDs, T2 relaxometry has the potential to
become valuable not only for comparisons of cohorts but also as a
reliable and objective means of identifying early degeneration of
individual IVDs. While using a large pool of extraneous discs
would be the next-best option, such a measure is likely to lack
widespread utility due to potential variations in T2 quantification
on different scanner types. Further studies are needed to ensure
that these results remain valid across different age groups.
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RELATED: Grant: National Institutes of Health, Comments: grants KOIAR069116
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Cauda Equina and Filum Terminale Arteriovenous Fistulas:
Anatomic and Radiographic Features

K. Namba,

ABSTRACT

Y. Niimi,

T. Ishiguro, ““’A. Higaki, “’N. Toma, and ““’M. Komiyama

SUMMARY: Intradural AVF below the conus medullaris may develop either on the filum terminale or the cauda equina (lumbosacral

and coccygeal radicular nerves). Although not a few filum terminale AVFs are found in the literature, only 3 detailed cauda equina

AVFs have been reported. Here, we analyze the angiographic and MR imaging findings of our cauda equina and filum terminale AVF

cases, supplemented with literature research to characterize the radiologic features of the 2 entities. On angiography, filum termi-

nale AVFs were invariably supplied by the extension of the anterior spinal artery accompanied by a closely paralleling filum termi-

nale vein. Cauda equina AVFs were fed by either a radicular or a spinal artery or both arteries, often with a characteristic wavy

radicular-perimedullary draining vein. On thin-section axial MR imaging, the filum terminale AVF draining vein joined the spinal cord

at the conus medullaris apex, but that of the cauda equina AVF joined above the conus medullaris apex.

ABBREVIATIONS: ASA = anterior spinal artery; FT = filum terminale

he spinal canal below the conus medullaris accommodates
lumbar, sacral, or coccygeal nerve roots (ie, the cauda equina)1
and the filum terminale (FT). Intradural vascular lesions in this
region may affect the cauda equina or the FT. Since the pioneering
work by Djindjian et al,” the FT AVF has gained wide recognition,
but the cauda equina AVF is scarcely known.>” As such, few radio-
logic findings differentiating the 2 diseases are known.”
We present our cauda equina and FT AVF cases supple-
mented by previous reports and discuss the angiographic and
MR imaging features of the 2 diseases.
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CASE SERIES

Patients and Imaging Features

The study followed the policies of each institution’s Research
Ethics Committee. The cases were retrieved from a prospectively
collected spinal vascular malformation database between
November 2012 and April 2017. Four patients with cauda equina
or FT AVF were identified. All patients underwent spinal angiog-
raphy, including bilateral internal iliac and all appropriate seg-
mental arteries.

To observe the ascending draining vein, a precontrast axial
T2-weighted turbo spin-echo (section thickness, 4mm; TE,
105ms; TR, 5000ms) sequence and postcontrast axial T1-
weighted turbo spin-echo (section thickness, 4 mm; TE, 9.30 ms;
TR, 650 ms) sequence 5minutes after a 10-mL IV injection of
gadobutrol (Gadovist; Bayer Schering Pharma) were studied on a
3T scanner (Magnetom Skyra; Siemens). Whereas the radicular
vein accompanies a nerve root that is apart from the spinal cord
at the conus medullaris apex, the FT vein anastomoses with the
anterior spinal vein at the apex. Therefore, a draining vein off the
spinal cord at the conus medullaris apex was interpreted as radic-
ular, whereas the vein on the cord was an FT vein.

Literature Review
A PubMed search on May 1, 2019, was performed using the fol-

» «

lowing terms: “cauda equina AND arteriovenous fistula,” “cauda
equina AND arteriovenous malformation,” “filum terminale
AND arteriovenous fistula,” or “filum terminale AND arteriove-

nous malformation.” The research yielded 36, 62, 50, and 72




FIG 1. Left T9 intercostal artery angiogram in anteroposterior view
shows the extension of the anterior spinal artery (arrows) traveling
caudally to form an AVF at the L2 level (oblique arrow). The ascend-
ing draining vein shows a characteristic wavy pattern (arrowheads).
Note the change in the course and caliber of the ASA at the conus
medullaris apex (large arrow), suggesting a change of the feeding ar-
tery to a radicular artery. Reprinted with permission from Figure 2c in
Tanioka S, Toma N, Sakaida H, et al. A case of AVF of the cauda
equina fed by the proximal radicular artery: anatomical features and
treatment precautions. Eur Spine J 2018;27(suppl 3):281-86.

articles, respectively. Only the articles containing both angio-
graphic figures and surgical confirmation of the fistula were
included. Three cauda equina® and 31 FT>*%?® AVF cases were

eligible, including 1 patient in this study (case 3).”

RESULTS

Patient demographics, angiographic and MR imaging character-
istics, and treatment outcomes are listed in the On-line Table.
We diagnosed 3 cauda equina AVFs (cases 1, 2, 3) and 1 FT AVF

(case 4). The FT and 2 cauda equina AVFs were treated by endo-
vascular embolization and 1 cauda equina AVF by direct surgery.
All the procedures were completed without clinical sequelae. One
embolized cauda equina AVF (case 1) resulted in residual fistula,
but the patient declined further treatment (case 1).

Spinal Angiography

Spinal angiography detected all the AVFs between the L2 and L4
vertebral levels. In 2 AVFs, caudal extension of the anterior spinal
artery (ASA) was the single feeder (cases 3 and 4, Figs 1 and 24),
and a single right S1 radicular artery was the feeder in 1 (case 2,
Fig 3A). Both the extension of the ASA and left S1 radicular ar-
tery were the feeders in 1 (case 1, Fig 44, -B). In cases 1 and 3, the
ASA made changes in the course and caliber at the conus medul-
laris apex (Figs 1 and 4, large arrow), whereas in case 4, the ASA
made a straight descent without changing its caliber.

The ascending draining vein showed a wavy pattern not paral-
leling the feeding artery in 2 cases (cases 1 and 3, Figs 4A and 1)
and a straight ascent in 1 (case 2, Fig 3A) and closely paralleled
the feeding artery in 1 (case 4, Fig 2A).

Case 2 was complicated by multiple AVFs described in detail
in Fig 3.

MR Imaging Features

Thin-section axial T2WI and enhanced T1WI detected the
ascending draining vein in cases 1, 2, and 4 (Figs 4C, 3C, and 2B,
arrows). In cases 1 and 2, the vein was off the spinal cord at the
conus medullaris apex (Figs 4C and 3C, arrowhead) and joined it
at the L1 level (Figs 4C and 3C, large horizontal arrow) and thus
was interpreted as radicular. In case 4, the vein united with the
cord at the conus medullaris apex (Fig 2B, arrowheads) and hence
was an FT vein. In case 3, the MR imaging failed to detect the
vein.

DIAGNOSIS

Based on the angiographic and MR imaging findings, the diagno-
sis of cauda equina AVF was made in cases 1 and 2 and FT AVF
in case 4. In case 3, surgical findings confirmed the diagnosis of
cauda equina AVF.

Literature Review

The literature review yielded 3 and 31>*%°

surgically confirmed
cauda equina and FT AVF cases, respectively. In all the 3 cauda
equina AVF cases, the fistula was fed by a single extension of the
ASA without radicular artery involvement. The ASA changed its
course and caliber at the conus medullaris apex. In 2 cases, the
draining vein showed a wavy pattern, but the other case paralleled
the feeding artery.’

In the 31 FT AVF cases, the ASA invariably fed the fistula and
maintained its straight course and robust caliber at the conus
medullaris apex. All FT AVF draining veins showed the parallel
feeder—drainer pattern. To date, only 4 surgically proved cases with

4,10,16,24
d, 0,16

additional radicular artery supply have been reporte and

no FT AVF with exclusive radicular artery supply is known.
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FIG 2. A, Angiogram of the left L1 lumbar artery in anteroposterior projection demonstrates a
filum terminale AVF at the L4 level. The fistula (oblique arrow) is supplied by the caudal extension
of the anterior spinal artery, which is the artery of the filum, and drained by the vein of the filum.
The ASA does not change its course or caliber at the conus medullaris and maintains its robust
caliber down to the fistula site. Note the parallel feeder and drainer pattern. B, Serial thin-section
gadolinium enhanced TIWI (left column) and T2WI (right column) arranged in caudal (upper) to

FT.2"% These findings may explain the
characteristic parallel feeder-drainer
pattern observed in all the FT AVF

cases. 202

Vascular Anatomy of the Cauda
Equina and Cauda Equina AVF and
Diagnostic Considerations

The cauda equina is supplied from
the segmental radicular arteries origi-
nating from the medial and lateral
sacral arteries, or the iliolumbar ar-
tery. Importantly, Parke et al*® dem-
onstrated that the proximal one-third
of the radicular nerve was supplied by
the spinal artery, mainly the vasa co-
rona, and the peripheral two-thirds
was supplied by the radicular artery.
Consequently, the cauda equina AVF
feeder could be radicular, spinal, or
both.

In the literature, only 3 surgically
proved and 7 angiographic cauda equina
AVF cases have been reported.>™ All 7
angiographic AVFs were reported by
Hong et al* based on the findings that
the feeder was a radicular artery and the
fistula was located off the midline. No
spinal artery involvement was noted in
their series. In contrast, in all 3 surgically
proven AVFs, extension of the ASA was
the sole feeder.>® Our results demon-

cranial (lower) order show the draining vein (arrows) merging with the spinal cord at the apex of

the edematous conus medullaris (arrowhead). This finding suggests that this is the vein of FT.

DISCUSSION

The main findings in the present study were 1) in the FT AVF,
the ASA maintained its course and caliber at the conus medullaris
apex, 2) the FT AVF showed a parallel feeder-drainer pattern, 3)
the cauda equina AVF had variable feeding arteries, 4) the exten-
sion of the ASA involved in the cauda equina AVF changed its
course and caliber at the conus medullaris apex, 5) the cauda
equina AVF showed a wavy draining vein in 3 of 5 cases, and 6)
thin-section axial MR imaging detecting the draining vein may
aid in differentiating cauda equina and FT' AVFs.

Vascular Anatomy of the Filum Terminale and Filum
Terminale AVF and Diagnostic Considerations
Anatomically, the FT artery is the direct caudal continuation of
the ASA,*® and embryologically, the FT is a remnant of the spinal
cord.””?® Therefore, it is reasonable that the cardinal feeder of the
FT AVF should be the extension of the ASA (FT artery), and the
ASA maintained a straight course and robust caliber at the conus
medullaris apex.

Normal and pathologic AVF sections of the FT showed the FT
artery and vein existing side by side throughout the length of the

2168 Namba Nov 2020 www.ajnr.org

strated mixed results as may be expected
from the
anatomy.
In cauda equina AVFs, the ASA
showed changes in the caliber and course at the conus medullaris

cauda equina vascular

apex. These changes may reflect the transition of the ASA into a
radicular artery and were observed only in the cauda equina AVF
and thus may be pathognomonic findings.

The radicular arteries are bound loosely to their nerve fila-
ments by filmy pia arachnoid,” and this may be similar for the
veins. This loose connection may explain the wavy drainage vein
pattern seen in 3 of the 5 cauda equina AVF cases. Because the
feeder—drainer is always parallel in the FT' AVF, the wavy drainer
pattern may also be pathognomonic for cauda equina AVF.

Thin-section axial MR imaging detected the draining vein in
3 of 4 cases. A draining vein joining the spinal cord above the co-
nus medullaris apex (Figs 4C and 3C) was especially suggestive of
a radicular vein. In case 3, in which the MR imaging failed in vein
detection, the examination was conducted within 1 month after a
transient paraparesis. We presume that the lesion was premature
for MR imaging detection.

CLINICAL RELEVANCE
Accurate fistula diagnosis is crucial in treating spinal AVFs. This
prevents disorientation during surgical exploration and incomplete



FIG 3. A, Unsubtracted (left) and subtracted (right) angiograms of the right internal iliac artery. A radicular artery (large arrows) originating from
the right S1 lateral sacral artery forms a fistula (oblique arrow) at the L4 level. Note a second small feeder contributing to the fistula (small
arrows). The straight ascending draining vein (arrowheads) opens into the perimedullary vein at the L1 level (small arrowhead), demonstrated
by the opacification of superficial pial veins (dashed arrows). This finding suggests that the draining vein is a radicular vein. The ASA had no con-
tribution to the fistula (not shown). B, A coexisting L1 level perimedullary AVF supplied from the left L2 radiculopial artery (arrows). An aneurysm
(arrowhead) is seen at the fistulous site (small arrow). Note the faint opacification of the right S1lateral sacral artery, identical to that seen in A,
supplying the L4 level fistula (dashed arrows). Note the descending, then ascending draining vein that is separate from the right S1 radicular
AVF. C, Serial thin-section gadolinium-enhanced TIWI (left column) and T2WI (right column) arranged in caudal (upper) to cranial (lower) order
show the draining vein (arrows) is off the cord at the apex of the conus medullaris (arrowhead). The draining vein eventually merges with the
spinal cord at a higher level (large horizontal arrow). This finding suggests that the draining vein is a radicular vein.

FIG 4. A, Angiogram of the left Tl intercostal artery in anteroposterior view demonstrates a posterior spinal artery supplying the anterior spinal
artery (arrows) via the vasa corona. The ASA extends caudally to form a fistula at the L3 level (oblique arrow). The ascending draining vein shows
a characteristic wavy pattern (arrowheads). Note the change in course and caliber of the descending ASA at the apex of the conus medullaris,
suggesting a switch in the ASA to a radicular artery (large horizontal arrow). B, Medial sacral artery angiogram in anteroposterior view demon-
strates anastomotic opacification of the radicular artery (arrows) from the left S1 lateral sacral artery supplying the L3 level AVF. The same drain-
ing vein seen in A is detected in this study (arrowheads). The L3 AVF in this patient has a dual supply from the ASA and an Sl radicular artery. C,
Serial thin-section gadolinium-enhanced TIWI (left column) and T2WI (right column) arranged in caudal (upper) to cranial (lower) order show the
draining vein (arrows) is off the cord at the apex of the conus medullaris (arrowhead). The draining vein eventually merges with the spinal cord
at the L1 level (large horizontal arrow). This finding suggests that the draining vein is a radicular vein.
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embolization. Also, the vascular anatomy may prefer direct surgery
over an endovascular approach because of a long and narrow feed-
ing artery. More important, treatment to a radicular nerve carries a
higher risk of neuronal damage than a functionally dormant FT.
Therefore, embolization of a cauda equina AVF should be carried
out with discretion.

LIMITATIONS

The small case number and lack of surgically confirmed AVF
except in 1 case prevent us from reaching definitive conclusions.
To overcome these shortcomings, we recruited definitive AVF
cases from the literature and added the venous information by
thin-section axial MR imaging studies. Nevertheless, surgically
confirmed cauda equina and FT AVFs were limited to 3 and 31
cases, respectively. Although the number was limited, MR imag-
ing seemed a promising method that may be added to the existing
diagnostic technique in the future.

CONCLUSIONS
Cauda equina AVF and FT AVF may be radiologically differenti-
ated by combining the characteristic arterial and venous features.

Disclosures: None.
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LETTERS

Chest CT Scanning in Suspected Stroke: Not Always Worth

We read with interest the article by Kwee et al' entitled “CT
Scanning in Suspected Stroke or Head Trauma: Is it Worth
Going the Extra Mile and Including the Chest to Screen for
COVID-19 Infection?” In this study, the authors retrospectively
analyzed 27 patients with suspected stroke or head trauma who
underwent head CT with routine addition of a chest CT in a coro-
navirus disease 2019 (COVID-19)-endemic region in the
Netherlands. Most of these patients had suspected stroke, and 7
(26%) patients were positive on reverse transcriptase polymerase
chain reaction (RT-PCR) for COVID-19. The authors appropri-
ately concluded that suspicious chest CT findings needed to be
interpreted with clinical history and confirmed by RT-PCR testing.

Although the article title implies that using chest CT to screen
for COVID-19 in this patient population may add value, we
believe that the routine addition of a chest CT for patients with
suspected stroke undergoing neuroimaging may not be worth the
extra mile because of the low potential diagnostic yield. We retro-
spectively investigated patients with acute stroke with large-vessel
occlusions at our institution for COVID-19 status (study
exempted by the institutional review board). From March 1,
2020, to April 30, 2020, at the Massachusetts General
Hospital (Boston, Massachusetts), a comprehensive stroke
center, a total of 34 admitted patients had large-vessel occlu-
sions on neuroimaging. This time period includes the rise
and peak of the COVID-19 pandemic in Massachusetts, with
a cumulative total of nearly 67,000 COVID-19-positive cases
reported during those 2 months,” greater than the number of
cases in the Netherlands.? In addition, our hospital saw the
largest number of hospitalized patients with COVID-19 in
Massachusetts.

Of the 34 patients with large-vessel occlusions, only 1 (3%)
was positive for COVID-19 by RT-PCR. Of the remaining
patients, 20 (59%) tested negative for COVID-19 by RT-PCR (av-
erage, 2.2 negative tests per patient) and 13 did not undergo test-
ing. The patients who did not undergo testing were all patients
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the Extra Mile

admitted in March without clinical findings suspicious for
COVID-19. In April, our institution mandated COVID-19 test-
ing for all hospitalized patients. Given the low prevalence of
COVID-19 infection among these patients with stroke, the rou-
tine addition of chest CT at the time of neuroimaging would have
had a low diagnostic yield in this cohort. These findings contrast
with the study of Kwee et al," in which 26% of patients with sus-
pected stroke or head trauma were positive for COVID-19, sug-
gesting a higher possible yield. A possible explanation for this
difference is that although Kwee et al found that 20 of 27 patients
(74%) had symptoms of possible COVID-19 infection (fever,
cough, and/or dyspnea), we found that only 4 of 34 (12%)
patients in our cohort had such symptoms at the time of hospital
admission. This difference in symptom prevalence could be
because our cohort included only patients with large-vessel occlu-
sions, but Kwee et al included any patient with suspected stroke
or head trauma.

Because the diagnostic yield appears to be associated with
symptom prevalence, we advocate for the targeted use of chest
CT informed by clinical history, as opposed to the routine addi-
tion of chest CT to all patients with suspected stroke undergoing
neuroimaging. Given the low positive predictive value of chest
CT for COVID-19 infection as reported by Kwee et al'
(54.6%), the incidental detection of lung parenchymal find-
ings could lead to additional infection control precautions,
diagnostic testing, and personal protective equipment con-
sumption. Nevertheless, in a multi-institutional study of 118
patients with stroke during the height of the COVID-19 pan-
demic in New York City (with greater COVID-19 case num-
bers than Massachusetts or the Netherlands3), 26% of
patients were positive for COVID-19 by RT-PCR.* Thus, it
remains possible that a screening chest CT could be worth-
while in regions of very high disease prevalence.

We thank the authors for sharing their experience, which pro-
vides valuable data for how we can optimize imaging protocols
during the COVID-19 pandemic.
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thank Li and colleagues for their interest in our article “CT

Scanning in Suspected Stroke or Head Trauma: Is it Worth Going
the Extra Mile and Including the Chest to Screen for COVID-19
Infection?”! Our article title is a question, which does not imply that
using chest CT to screen for coronavirus disease 2019 (COVID-19)
in this patient population may add value. The Fleischner Society’s
position article on the use of chest imaging during the COVID-19
pandemic® did not specifically address whether additional chest CT
should be performed to detect COVID-19 in patients who undergo
extrathoracic CT in regions of high COVID-19 prevalence. Our
study’ provides new scientific information, and we address the pos-
sible pros and cons of performing additional chest CT for COVID-
19 detection in patients who undergo head CT for suspected stroke
or head trauma in a COVID-19-endemic region. We clearly stated
that the data from our study may be used to weigh the potential
advantages and disadvantages of performing additional chest CT.
This is up to the readers of our article. However, I certainly appreci-
ate that Li and colleagues are sharing their valuable thoughts. They
relied on reverse transcription polymerase chain reaction (RT-PCR)
testing for diagnosing COVID-19 infection. Unfortunately, RT-PCR
is an imperfect test, with a reported pooled sensitivity of 89% (95%
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CI, 81%-94%).> Even repeat RT-PCR testing may yield a false-nega-
tive result in patients with COVID-19.* Li and colleagues did not
perform chest CT. Therefore, from a scientific point of view, it
remains speculative whether chest CT would truly have had a low
diagnostic yield in their stroke population during the rise and peak
of the COVID-19 pandemic.
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Hemorrhagic Neurologic Manifestations in COVID-19:
An Isolated or Multifactorial Cause?

We read with great interest the article by Nicholson et al'
that described 4 patients with coronavirus disease 2019
(COVID-19) presenting with parenchymal hemorrhages during
their critical care admission. We agree with the authors” proposal
that a thrombotic microangiopathy may cause hemorrhagic neu-
rologic manifestations in COVID-19. This is supported by imag-
ing features of coagulopathy and endothelial dysfunction in
multiple organ systems observed in such patients. However, there
remains a degree of uncertainty with regard to potentially shared
underlying pathophysiologic mechanisms in the critically ill
COVID-19 cohort.

Herein, we present 2 male patients with COVID-19 (48 and
65 years of age) with CT findings of isolated intraventricular
hemorrhage (IIVH) during their prolonged critical care admis-
sion. Both patients were treated for COVID-19-related respira-
tory failure, requiring mechanical ventilation, and were placed on
Continuous Veno-Venous Hemofiltration (CVVH; https://www.
massgeneral.org/medicine/nephrology/treatments-and-services/
cvvh). Neither patient required extracorporeal membrane oxy-
genation. The platelet count, prothrombin level, and activated
partial thromboplastin times were within the normal referenced
ranges. At least 2 weeks into the admission, CT of the head was
performed due to reduced consciousness levels despite a sedation
hold. CT revealed a dependent hyperdense fluid level in the occi-
pital horn, consistent with IIVH. Noninvasive angiography (CT/
MR imaging) did not reveal any underlying vascular abnormality.
Findings of MR imaging of the head (48-year-old patient) showed
cerebral microbleeds (CMB) in the splenium of the corpus cal-
losum and subcortical white matter (Figure). Transient T2-
weighted hyperintensity (resolved on subsequent MR imaging 2
weeks later) was evident in the splenium of the corpus callosum
without diffusion restriction or pathologic enhancement. A trans-
thoracic echocardiogram excluded features of infective endocar-
ditis. Both patients recovered from their acute respiratory illness
sufficiently for hospital discharge.

IIVH as a presenting feature on CT imaging is a compara-
tively rare entity in adults, accounting for about 3% of all
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FIGURE Axial images of the 48-year-old male patient. A, Un-
enhanced CT demonstrates isolated intraventricular hemorrhage
(black arrow). B, Susceptibility-weighted imaging shows microbleeds
in the subcortical white matter, splenium, and genu of the corpus cal-
losum (white arrowhead). C, T2-weighted image shows the splenial
hyperintense lesion (white circle). D, T2-weighted imaging shows reso-
lution after 2 weeks.

intracranial hemorrhages, with coagulopathy as a known risk
factor. No underlying cause may be identified in up to 25%-
46% of patients.” Most interestingly, both patients with ITVH
had normal coagulation parameters. The hyperinflammatory
syndrome or “cytokine storm” strongly associated with
severe COVID-19 infection could explain the transient sple-
nial lesion demonstrated.> The observed CMBs are atypical
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for hypertensive or amyloid angiopathy causes. Instead,
thrombotic microangiopathy and endotheliitis, also
described in relation to COVID-19, may be contributory
factors in sepsis/critical illness-related CMBs. However,
corpus callosal CMBs have been reported in patients with
acute respiratory distress syndrome with a resemblance seen
in CMB-related high-altitude exposure, sharing a common
underlying etiology of hypoxemia.* This resemblance could
similarly explain the findings in our case. Other variables
that may influence the presence and/or extent of microhe-
morrhage in patients with COVID-19 include therapeutic
anticoagulation (for pulmonary embolus or renal support)
and raised cerebral venous pressure due to ventilator
measures to optimize alveolar recruitment and patient
oxygenation.

The exact etiology of the presented cryptogenic IIVH and
CMB demonstrated in patients with COVID-19 remains unclear.
Indeed, it is likely that shared pathophysiologic mechanisms are
responsible for the various neurologic manifestations of COVID-
19, particularly in the critically unwell.

Disclosures: Robert Lenthall—UNRELATED: Payment for Development of Educational
Presentations: The European Course in Minimally Invasive Neurological Therapy
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W e thank the authors for their comments and for their interest
in our paper. We completely agree that although the under-
lying pathomechanism of hemorrhagic manifestations in critically ill
patients with coronavirus 2019 (COVID-19) remains uncertain, it is
likely multifactorial. We have expanded on this series of patients in a
larger cohort (currently under submission), and as the authors sug-
gest, a few broad imaging themes have begun to allude to some of
these potential underlying mechanisms. These imaging features
include cerebral microhemorrhages, venular thrombosis, arterial
infarcts, subarachnoid hemorrhage, petechial or juxtacortical micro-
hemorrhages, leukoencephalopathy, and catastrophic large-volume
hemorrhages (including intraventricular hemorrhages). These myr-
iad imaging findings could all result from downstream pathophysio-
logical outcomes resulting from hypoxemia, hypercoagulability, and
endotheliitis, all of which seem to be more common in patients with
COVID-19. As the authors have correctly stated, the addition of sys-
temic anticoagulation may also be an additional factor leading to
hemorrhage in some of these patients.

Although there is much uncertainty regarding the cause of
these findings at present, with the literature being populated
withrelatively small-series single-center studies (such as our
own), we eagerly await the results of several ongoing large-cohort
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studies to help clarify imaging findings and neurologic outcomes
in these patients. For example, the C-VASC COVID-19 study is a
prospective, pragmatic, longitudinal multicenter Canadian cohort
study looking at stroke outcomes in these patients. Data sharing
from many of these trials is also being harmonized through col-
laborations with organizations such as the Neurocritical Care
Society and other international partners, pointing to the strengths
of the collaborations that arose as a result of the COVID-19 pan-
demic. It is becoming increasingly clear that far from being “just
a respiratory disease,” COVID-19 is, in fact, a multisystem illness
that can have serious consequences for a certain subset of
patients. We therefore look forward to the results of these larger
studies to help us to get a better picture regarding both short-and
long-term neurologic outcomes in these patients.
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LETTERS

Risk of Acute Cerebrovascular Events in Patients with

eurologic symptoms are reported in patients with corona-
N virus disease 2019 (COVID-19) with a higher prevalence
in more severe cases; these symptoms can include altered men-
tal status, dizziness, headache, and anosmia.’ Coagulopathy and
vascular endothelial injury in COVID-19 infection are also
reported and may contribute to multiorgan dysfunction.>® The
risk of acute cerebrovascular events (CVE), however, is poorly
defined.”* A group from Union Hospital, Tongji Medical
College in China detailed in their single-center experience that
the risk of acute CVE, including hemorrhagic and ischemic
stroke, was approximately 5% (11 of 219 patients).* Here, we
report a similar risk of acute CVE at a large academic institution
in the United States.

During a 2-week period between March 27 and April 10,
2020, four hundred sixty-eight patients hospitalized at our insti-
tution tested positive for COVID-19 by real-time polymerase
chain reaction: 105 underwent neuroimaging (CT or MR imag-
ing). The most common indication was altered mental status, fol-
lowed by head trauma and clinical concern of stroke (Table). Six
cases were found to have acute CVE on imaging; 4 cases were
hemorrhagic in nature (lobar intracranial hemorrhage in 2, sub-
arachnoid hemorrhage in 1, and multifocal microhemorrhages in
1); and 2 were ischemic in nature (internal capsule infarct in 1
and subcortical frontal lobe infarct in 1). The acute CVE risk was
5.7% for all patients with COVID-19 who underwent neuroimag-
ing in our study, similar to the 5% acute CVE risk reported by the
Tongji Medical College group from China.* If all patients with
COVID-19 without neuroimaging were presumed to be negative
for CVE, however, the risk would decrease to 1.3%. A challenge
with acute CVE estimates in the general COVID-19 population,
however, is the possibility of missing clinically silent strokes,
especially given the difficulty in clinical detection of stroke in crit-
ically ill patients. A high proportion of patients in our cohort
with acute CVE were critically ill, with 4 of the 6 patients with
acute CVE (67%) admitted to the intensive care unit, 3 of whom
required intubation. Furthermore, 2 of the 6 (33%) patients with
acute CVE in our study died. Overall, these findings are consist-
ent with the current literature suggesting a potentially dysfunc-
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tional inflammatory response, coagulopathy, and endothelial
damage in critically ill patients with COVID-19 infection.>*>

In contrast to previous reports, we found no significant differ-
ences in age and comorbidities between patients with COVID-19
with and without acute CVE (Table).* This finding suggests that
the risk of acute CVE may be increased in general for critically ill
patients with COVID-19 infection and attention should not be
limited to older patients with cerebrovascular risk factors as pre-
viously proposed. This is further supported by a case series
reporting large-vessel stroke in 5 patients with COVID-19
younger than 50 years of age.” Further research on this topic is
needed.

COVID-19 infection appears, therefore, to be associated
with a more diffuse pattern of vascular abnormalities with
multiorgan involvement. Acute CVE should be considered in
critically ill patients with COVID-19 with new neurologic defi-
cits, and despite the logistical challenges posed by this popula-
tion, there should be a relatively low threshold for obtaining
neuroimaging when clinically indicated.
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Kura Oncology, Comments: independent reviewer of head and neck images
for a clinical trial; Expert Testimony: CRICO and other medical insurance
companies, Comments: expert opinion for medicolegal cases involving
neuroimaging.
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Summary of patient characteristics

Patients with COVID-19 with

Patients with COVID-19 without

Characteristics Acute CVE (n = 6) Acute CVE (n = 99) P value
Mean age (yr) 62+ 14 66 £ 17 0.471°
< 50 yrs, n (%) 1017) 14 (14) >0.99°
= 50 yrs, n (%) 5(83) 85 (86)
Sex, n (%) 0.40°
Male 5(83) 57 (58)
Female 1(17) 42 (42)
Indication for neuroimaging, n (%) 0.08°
Altered mental status 1(17) 47 (47)
Trauma 1(17) 24 (24)
Stroke symptoms 4(67) 14 (14)
Headache 0 (0) 7(7)
Seizure 0(0) 3(3)
Syncope 0(0) 3(3)
Dizziness 0 (0) 1(7)
Comorbidities, n (%)
Current smoker 0(0) 7(7) >0.99°
Ex-smoker 1(17) 8(8) 0.42°
Hypertension 3(50) 62 (63) 0.67°
Diabetes 2(33) 38 (38) >0.99°
Obesity 3(50) 20 (20) on®
COPD/asthma/OSA 2(33) 18 (18) 0.32°
Malignancy 0(0) () >0.99°
Cardiovascular disease 1(17) mm 0.53°
Cerebrovascular disease 0(0) 7(7) >0.99°
Requiring ICU admission, n (%) 4 (67) 47 (47) 0.43°
With intubation 3(50) 42 (42) >0.99°
Discharged, n (%) 2(33) 46 (46) 0.69°
Deceased, n (%) 2 (33) (1) 0.16
Note:—COPD indicates chronic obstructive pulmonary disease; OSA, obstructive sleep apnea; ICU, intensive care unit.
“Two-tailed t-test.
® Fisher's exact test.
€ Chi-squared test.
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LETTERS

Break Out the World’s Smallest Violin for an Overwhelmed

hen the world seemingly stopped turning in early March

2020, I anticipated many life changes, most involving iso-
lation and a slowing of routine activities, both professional and
personal. As my husband and I transported my (astoundingly)
heavy Barco monitor and workstation to our weekend place at
the shore, I knew that the sort of elective and semi-elective head
and neck imaging that has made up the bulk of my practice
would likely slow significantly. I am (and sincerely hope I am
still) at a relatively late stage of my career and had been thinking
a lot about how I needed to slow down and carve out some more
time for myself. I imagined extricating myself from all academic
activities that didn’t “spark joy” and spending more time looking
at cases and talking to referrers, my first and primary love in radi-
ology. Maybe I'd finish up the case series manuscript I had started
(mumbles into hand) a number of years ago. I'd certainly catch
up on my reading and exercise. We had been talking a lot about
retiring to the shore and figured that the time spent here during
quarantine would give us an opportunity to see if the local offer-
ings would be enough stimulation for us city folk. In short, I
imagined that this episode would be great practice for upcoming
retirement.

Turns out I could not have been more wrong. Although neu-
roimaging volumes plummeted, my colleagues and I, who now
spoke more via text and Microsoft Teams than we ever did in
person, started to think about COVID-19 and how we could
explain some of the things we were seeing. Where have all the
stroke codes gone? Why can’t people smell—should we look at
the olfactory bulbs? This prompted furious races (with every
other academic physician on the planet) to apply for institutional
review boards, collect data, and start constructing manuscripts.
Never mind that I previously hated writing data-driven papers;
this was something entirely new and completely fascinating!

http://dx.doi.org/10.3174/ajnr.A6786

E94 Letters Nov 2020 www.ajnr.org

Neuroradiologist

Then professional societies started calling. How will we turn our
annual meeting virtual? Will we need to do so for next year as
well? How can we prepare our society for vast changes in its activ-
ities and finances and, hey, how about some webinars? The pro-
liferation of webinars may be the most simultaneously rewarding
and vexing change in our professional landscape. How does
Zoom work? How do I record my lectures in PowerPoint? How
many times do I need to re-record given this annoying hiss and
that choppy transition? Who knew people talked so much
between slides?

In addition to death and taxes, there are some things that you
can always count on, such as on-line training modules for infec-
tion control (ironic), fire safety, information technology phishing,
and so on. Then the medical staff office comes calling with your
recredentialing packet. There are physician time studies and resi-
dent reviews. Somehow, the consults kept coming in despite the
absence of elective surgery (wishful thinking?). When the vol-
umes finally started increasing again, you felt like you never really
had a break. All this on top of shopping and meal prep for 3
meals a day, a challenge for New Yorkers used to eating out as of-
ten as in, and, of course, all that cleaning. So, so much cleaning.

I am, of course, eternally grateful that my loved ones and I are
safe, that I have a wonderful job, that I wake every morning to
the sunrise over the beach and end each day watching the sun set
over our leafy town. Alas, we are only human. We need to
acknowledge that although we may have the best intentions, we
may occasionally succumb to small and sometimes petty annoy-
ances, like the ones listed above. Can you eke out a little sympa-
thy and play me a tune on the world’s smallest violin?

I'd like to acknowledge my husband Doug Phillips both for
his help with edits and for putting up with me during quarantine.

D.R. Shatzkes
Department of Radiology

Lenox Hill Hospital, Zucker School of Medicine at Hofstra/Northwell
New York, New York
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