
JU
N
E
20

24
A
JN

R
V
O
LU

M
E
4
5

�
P
P
6
73

–
8
32



THE JOURNAL OF DIAGNOSTIC AND INTERVENTIONAL NEURORADIOLOGY

Radiologic evaluation of dysraphic malformations of the spine and spinal cord

Time-saving 3D MR imaging protocols for face and neck imaging

Outcomes of emergency MR imaging in dizziness and vertigo

Spot sign in multiphase CTA predicts intracerebral hemorrhage growth

Official Journal ASNR • ASFNR • ASHNR • ASPNR • ASSR
JUNE 2024 | VOLUME 45 | NUMBER 6 | WWW.AJNR.ORG



The ASNR Career Center
The Go-To Job Site for Neuroradiology Employers and Job Seekers

Start here: careers.asnr.org

l	Access to an expanded network of jobs  
 via the National Healthcare Career 
 Network
l	Confidential resume posting
l	Professional online profile

l	Employer resources to help you recruit  
 top talent
l	Multiple pricing options, including free
 Fellowship listings
l	Resume search

For Job Seekers For Employers



 CMEgateway.org
  It’s Easy and Free!
 Log on to CME Gateway to:
• View or print reports of your CME credits from 
 multiple societies from a single access point.
• Print an aggregated report or certifi cate from 
 each participating organization.
• Link to SAMs and other tools to help with 
 maintenance of certifi cation.

 American Board of Radiology 
(ABR) participation!

 By activating ABR in your organizational profi le, 
your MOC–fulfi lling CME and SAM credits can be 
transferred to your own personalized database 
on the ABR Web site. 

 Sign Up Today!
 go to CMEgateway.org

Manage
         your CME Credits Online

Simplify
        the MOC Process

Available to Members of
Participating Societies

American  Board of Radiology (ABR)
American College of Radiology (ACR)
American Roentgen Ray Society (ARRS)
American Society of Neuroradiology (ASNR)
Commnission on Accreditation of Medical 
Physics Educational Programs, Inc. (CAMPEP)
Radiological Society of North America (RSNA)
Society of Interventional Radiology (SIR)
SNM
The Society for Pediatric Radiology (SPR)



I am a global citizen.
I am patient-centered care.
I am an academic neuroradiologist.
I am a researcher.
I am a life-long learner.
I am determined.
I am curious.
I am a collaborative team player.
I am a volunteer.

I am ASNR.
Don’t miss out on the tools, resources and 
relationships you’ve come to rely on. Log in and 
renew your ASNR membership today! www.asnr.org



The digital edition of AJNR presents the print version in its entirety,  
along with extra features including: 

• Publication Preview

• Case Collection

• Podcasts

• The AJNR News Digest

• The AJNR Blog

It also reaches subscribers much faster than print. An electronic table of contents  
will be sent directly to your mailbox to notify you as soon as it publishes.

Readers can search, reference, and bookmark current and archived  
content 24 hours a day on www.ajnr.org.

ASNR members who wish to opt out of print can do so  
by using the AJNR Go Green link on the AJNR Website  
(http://www.ajnr.org/content/subscriber-help-and-services).  
Just type your name in the email form to stop print  
and spare our ecosystem. 

AJNR urges American Society of  
Neuroradiology members to reduce their  
environmental footprint by voluntarily  
suspending their print subscription.
The savings in paper, printing, transportation, and postage  
directly fund new electronic enhancements and expanded content. 

AJNR



Dear AJNR Subscriber:

Towards the end of 2024, AJNR is set to undergo a significant change by fully embracing an  
electronic format, bidding farewell to traditional paper publications. This shift is motivated by the 
necessity to address rising costs linked to printing, shipping, and storage, and our goal to maintain 
financial equilibrium.

The transition to an electronic format brings a host of advantages, presenting more personalized 
content and enriched visual elements. This includes additional images and diverse media types, 
particularly beneficial in the field of neuroradiology. Supplementary content will enhance your 
experience, providing easy access to materials, commentaries, and related resources.

Acknowledging the sentimental value attached to physical copies, we are compelled by both 
practical financial considerations and a commitment to sustainability to embrace technological 
progress. Our emphasis is on maintaining a positive outlook and adaptability throughout this  
transition. To actively engage you in this continual journey, the AJNR wants to hear your  
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email and our online sessions throughout April.

Please reach out directly to me at mw.ajnr.eic@gmail.com with any ideas or suggestions.

Also, please immediately activate your individual subscription account and also consider registering 
for Publish Ahead of Print (including Preprint) and electronic Table of Contents, Case of the Week, 
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REVIEW ARTICLE

International Consensus Statement on the Radiologic
Evaluation of Dysraphic Malformations of the Spine and

Spinal Cord
Ankit Balani, Jai Sidpra, Sniya Sudhakar, Asthik Biswas, Özgür Öztekin, Valeria Capra, Martin Catala,

Andrew J. Copp, Neetu Kumar, Navroop Johal, M. Zubair Tahir, Dominic Thompson, Dachling Pang, David M. Mirsky,
Mai-Lan Ho, Thierry A.G.M. Huisman, Andrea Rossi, and Kshitij Mankad

ABSTRACT

SUMMARY: Dysraphic malformations of the spine and spinal cord (DMSSC) represent a spectrum of common congenital anomalies
typically (though not exclusively) affecting the lower spinal segments. These may be responsible for varying degrees of neurologic,
orthopedic, and urologic morbidity. With advances in neuroimaging, it is now possible to better diagnose and evaluate these disor-
ders both prenatally and postnatally. Neuroimaging, performed at the right time and with technique optimization, is integral in
guiding clinical management. However, the terminology used to describe these lesions has become increasingly confusing, and
there is a lack of consensus regarding the essential radiologic features and their clinical weighting. This variability in radiologic prac-
tice risks unstructured decision making and increases the likelihood of suboptimal, less informed clinical management. In this manu-
script, the first of a series of consensus statements, we outline a standardized international consensus statement for the radiologic
evaluation of children with suspected DMSSC derived from a critical review of the literature, and the collective clinical experience
of a multinational group of experts. We provide recommendations for plain radiography, sonography, CT, and MR imaging in the
evaluation of DMSSC with an emphasis on technique of imaging and imaging protocols.

ABBREVIATIONS: DMSSC ¼ dysraphic malformations of the spine and spinal cord; FS ¼ fat suppression; GRE ¼ gradient-echo; SSFSE ¼ single-shot fast
spin-echo; US ¼ ultrasound

Dysraphic malformations of the spine and spinal cord
(DMSSC) represent a spectrum of congenital malformations

presumed to have their origins in defects of early embryogenesis.
The clinical consequences of these disorders affect the develop-
ment of children worldwide and result in significant personal and
socioeconomic costs.1,2 Despite being relatively common (esti-
mated incidence 1–3/1000 live births), their etiology is largely
unknown.3,4 The terms “spinal dysraphism” or “tethered cord”

are often used as umbrella terms for these disparate malformations;
however, the term “dysraphism” implies a known etiology (anom-

aly of midline fusion) and “tethered cord” implies a known mecha-

nism of clinical deterioration. Because both of these assertions are

incorrect, we use the term DMSSC to encompass these disorders.1

Neuroimaging plays a vital role in the diagnosis, classification,
and management of DMSSC. With competent image acquisition
and interpretation, diagnostic accuracy can be potentially excel-
lent, providing correct anatomic delineation and aid in appropri-
ate management. Despite this, there is currently no consensus as
to how children with suspected DMSSC should be radiologically
evaluated. In the absence of this guidance, clear differences arise
between centers in terms of diagnostic approach, classification
schema, clinical management, and, by virtue, prognosis in terms
of neurologic and urologic outcomes.1 This worrying clinical het-
erogeneity risks unstructured decision making, missed diagnoses,
and potentially suboptimal management of the child.

These challenges highlight the need for an expert-driven mul-

tidisciplinary effort to better understand the radiologic and clini-

cal classification of these disorders. To this aim, we established an

international multidisciplinary DMSSC group with the aims of

disseminating knowledge to the broad medical community,

improving the diagnosis and management of DMSSC, and accel-

erating research in the field.
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In this manuscript, the first of a series of consensus state-
ments, we outline a standardized international consensus state-
ment for the radiologic evaluation of children with suspected
DMSSC derived from a critical review of the literature, and the
collective clinical experience of a multinational group of experts.

MATERIALS AND METHODS
Literature Review
PubMed was systematically queried for papers reporting 1)
radiologic protocols for the investigation of congenital DMSSC
and 2) radiologic findings in congenital DMSSC. The keywords
used in the search were as follows: “spinal dysraphism,” “spine
malformation,” “spinal cord malformation,” “spina bifida,” “mye-
lomeningocele,” “lipomyelocele,” “lipomyelomeningocele,” “termi-
nal myelocystocele,” “nonterminal myelocystocele,” “abortive
myelocystocele,” “split cord malformation,” “neurenteric cyst,”
“diastematomyelia,” “spinal lipoma,” “dorsal lipoma,” “transitional
lipoma,” “caudal lipoma,” “filar lipoma,” “tethered cord,” “thick-
ened filum terminale,” “caudal regression syndrome,” “dermal
sinus tract,” and “limited dorsal myeloschisis.” The most recent
search was performed on April 1, 2022. Following this literature
search, the final reference list was generated on the basis of 1) rele-
vance to the scope of our recommendations and 2) relative impor-
tance and originality within the field.

The Consensus Process
This article represents an international consensus statement
based on 5 meetings of the International DMSSC Consensus
Group: a panel of 17 recognized experts invited to participate in
this modified Delphi consensus process on the basis of prior
scholarship in the field and the need for global representation.
Participating experts are pediatric neuroradiologists (n ¼ 9), pe-
diatric neurosurgeons (n ¼ 3), pediatric urologists (n ¼ 2), and
developmental neurobiologists (n ¼ 3). Delphi rounds were
mediated by an independent, nonparticipating author.

Meetings were held on June 26, 2020; July 24, 2020;
September 25, 2020; November 17, 2020; and January 8, 2021. Of
these meetings, the first 2 contained specific focus discussions on
the radiologic evaluation of congenital DMSSC. Before each
meeting, consensus statements were prepared by a core team
(Asthik Biswas, J.S., S.S., and K.M.) based on evidence from the lit-
erature and expert opinion. During meetings, the panel discussed
consensus statements and agreed on new or modified recommen-
dations for the radiologic evaluation of congenital DMSSC.
Consensus statements were subsequently revised in view of these
discussions, and the process iterated until consensus was achieved.
Consensus was defined as $80% agreement ($14/17 experts).
Unless otherwise stated, all recommendations are reported at this
level of consensus. The final manuscript was revised and endorsed
by all panel members before submission.

In the first Delphi round, all authors voted on 24 recommen-
dation statements. Agreement was reached for 9 statements, and
the remaining 15 revised as per the reasons each author provided
for disagreement. In the second round, all authors voted on 16 re-
vised recommendation statements and consensus was achieved
in all remaining areas.

Consensus Recommendations
This consensus statement should be applied to the radiologic
evaluation of all fetuses, children, and adults with suspected
DMSSC.

Plain Film Radiography
Conventional radiography with anteroposterior and lateral views
is often the first-line screening investigation to assess abnormal-
ities of the vertebral column in children. Findings seen on plain
radiographs may include, but are not limited to, spina bifida, wid-
ened spinal canal, lumbosacral soft tissue swelling, segmentation
anomalies, and the bony spur of diastematomyelia. Plain film
radiographs may also aid the evaluation of associated kyphotic
and/or scoliotic deformities in patients with certain malformations,
such as segmental spinal dysgenesis.5 However, plain radiography
exposes the child to ionizing radiation and images have poor soft
tissue resolution, resulting in low diagnostic sensitivity. In addi-
tion, overlying gas and stool shadows can limit the evaluation of
the spine. Therefore, in the current era, we recommend that plain
radiography should only be used as 1) a preliminary screening
investigation when other imaging modalities are not available, 2)
an adjunct (with the aid of a marker) to aid vertebral counting if
there is uncertainty in determining the lumbosacral junction on
ultrasonography, or 3) where there is a need to evaluate/monitor
associated spinal deformity.6,7

Sonography (Ultrasound)
Ultrasound (US) is the first-line technique for the antenatal diag-
nosis of DMSSC. Despite this, it has a limited role in the postnatal
evaluation of suspected DMSSC.8 The partially ossified, predomi-
nantly cartilaginous, not yet fused posterior vertebral elements in
this age group provide a good acoustic window for detailed visu-
alization of the spinal cord and caudal structures. Studies have
confirmed good concordance between US and MR imaging.
Beyond 3–4 months of age, this acoustic window of opportunity
is lost due to ossification and closure/fusion of the posterior
arches of the vertebral column. After this time, MR imaging
becomes the first-line technique for older children.2,8 Though
individual operator expertise is its main limitation, when per-
formed by an experienced operator, US may be used exclusively
for the evaluation of DMSSC in low-risk infants less than 3–4
months of age.9 The advantages of US are its cost-effectiveness,
wide accessibility, bedside acquisition, and rapid image acquisi-
tion time, which negates the need for sedation. This said, US has
lower resolution than MR imaging, and so we recommend that
MR imaging is performed in all children in whom DMSSC is sus-
pected on US. Cranial US performed in the same setting can also
expedite the diagnosis of associated intracranial anomalies, such
as hydrocephalus and Chiari deformity.10 US may be of further
relevance to exclude other/associated non-neurologic findings,
such as urogenital abnormalities.

US Technique. We recommend feeding the infant before the ex-
amination as a soothing technique. US should then be performed
primarily in the prone position, with the child’s head slightly ele-
vated above the feet to permit better filling of the lower CSF
spaces.11,12 The child’s neck must be slightly flexed when
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evaluating the craniocervical junction; a rolled towel or blanket,
placed under the child’s abdomen or pelvis, may also help to
accentuate the lumbar lordosis and widen the posterior interspi-
nous spaces. Real-time scanning in the lateral decubitus position
results in free movement and clustering of the cauda equina nerve
roots toward the dependent side, thereby permitting the assess-
ment of cord movement.13 Positioning the child in a semi-erect
fashion, with the head held by the sonographer, may enhance the
detection of meningocele.9 US should not be used to image open
DMSSC as this provides limited additional information and
increases susceptibility to infection.14 In open DMSSC, US should
be used to image more rostral parts of the vertebral column for
the assessment of associated anomalies, such as hydrosyringo-
myelia and hydrocephalus.

High-frequency linear-array (7–12 MHz) and curved-array
(8–10 MHz) transducers should be used to evaluate the spine and
spinal cord in the longitudinal and transverse planes with the
study limited to the area of interest, usually lumbosacral and
lower thoracic region with evaluation and characterization of the
filum terminale, cauda equina nerve roots and distal thecal sac,
ossified parts of the bony vertebrae (including its posterior ele-
ments), and any skin lesions or masses. Sonography aids in
assessment of overlying soft tissues for the presence of hemangi-
oma, lipoma, skin covered masses (meningocele), and tracts
extending from the skin surface toward the spinal canal. A thick
layer of coupling gel or a standoff pad may help in better assess-
ment of superficial soft tissues. Color or power Doppler sonogra-
phy may also be used as an adjunct to better characterize soft-
tissue masses (eg, cutaneous hemangiomas) found on the skin or
within the spinal canal.6,7 The study may be extended to include
the entire spinal canal from the craniovertebral junction to the
coccyx. If available, a small footprint sector probe may be used
for detailed evaluation of the craniocervical junction. Panoramic
or extended FOVs can visualize the neonatal spine from T12 to
the coccyx in a single image, potentially permitting full visualiza-
tion of any abnormalities. 3D US is not essential but may be of
use in complex cases for visualization in the additional coronal
plane.15

The position of the conus medullaris should be assessed by
identifying the lumbosacral junction and thus the location of the
L5 vertebra at the lordotic angle between the lumbar and sacral
vertebrae and should be confirmed by counting the vertebral level
down from rib 12 or counting cephalad from S5 (rounded or tri-
angular shape of first coccygeal segment when ossified).6,7,9,12,15

In neonates, wherein the acute angle may not be seen clearly, flex-
ion and extension movements of the pelvis may help to identify
the point of motion of the sacrum. Alternatively, comparison
with a marked lateral plain radiograph may be used.

Antenatal US. Imaging plays a crucial role in the prenatal diagno-
sis and classification of DMSSC, as emphasized by recent advan-
ces in intrauterine repair.16 2D and 3D US is invariably the first-
line technique for the morphologic study of the fetus.17 Second
trimester US, in particular, has a high sensitivity for the detection
of DMSSC and is employed in routine screening programs across
the world, making it possible to suspect and detect neural tube
defects early in gestation.18 Maternal serum alfa-fetoprotein

screening can also help to identify high-risk children and define
the need for more detailed fetal imaging (US or MR imaging)
and/or invasive tests, namely, amniocentesis.19 As such, the
radiologic investigation of suspected DMSSC should always be
interpreted in tandem with maternal serum alfa fetoprotein
levels.20

To screen for suspected DMSSC, the fetal head and entire
length of the fetal spine should be studied in the coronal, parasag-
ittal, and transverse planes.21 US is particularly sensitive in the
evaluation of the skin, soft tissues, vertebral body ossification cen-
ters, brain for features of Chiari II deformity, in addition to any
mass lesions, sacral anomalies, and sac(s), if present. Antenatal
US is more sensitive for the diagnosis of open DMSSC than for
closed DMSSC.18

In cases of myelomeningocele, the anatomic level of the lesion
is important both for prognostication and, these days, as an eligi-
bility criterion for possible fetal surgery. Studies have confirmed
the comparable accuracy of fetal US and MR imaging in ascer-
taining level of myelomeningocele defect.22 Additionally, antena-
tal sonography also has the advantage of detecting associated
anomalies, including cardiac, renal, and bowel anomalies, which
are important in determining eligibility for fetal surgery.
Antennal US also aids in diagnosis of lower limb abnormalities
(eg, equinovarus feet, vertical talus) and assessment of lower limb
movements of the fetus, adding a functional perspective to this
imaging technique.

MR Imaging
MR imaging is the technique of choice for the evaluation of sus-
pected DMSSC because of its excellent spatial and contrast reso-
lution with multiplanar and multicontrast capabilities in the
absence of ionizing radiation.

Sedation. One of the main challenges in pediatric MR imaging
acquisition is the varying abilities of children to tolerate the envi-
ronment of the scanner and the requirements of imaging,
namely, the need to remain stationary. In neonates and young
infants, imaging during spontaneous sleep following feed with
the baby wrapped up in a blanket (feed-and-swaddle or feed-and-
wrap) is a viable option and obviates the need for sedation in this
age group.23 Attempts to keep the baby awake, hungry, and due
for feed before the scheduled examination help to increase the
likelihood of a spontaneous sleep following feeding. Similarly, the
availability of dedicated quiet rooms for patient preparation and
subsequent awakening greatly improves the chances of success
for imaging small infants without sedation. Children aged 4 years
and older may be sufficiently cooperative, especially with the sup-
port of a child life specialist, including mock-MR training, though
this may vary because of acute illness and the developmental
stage of the child.2,24 Younger or severely ill children will typically
require sedation, administered according to local guidelines.
Cardiorespiratory monitoring with MR imaging–compatible
equipment is required in all sedated children. Further techniques
to minimize sedation during MR imaging, including fast sequen-
ces, motion correction, noise reduction, and reducing scan time,
are beyond the scope of this manuscript and are discussed in
detail in previously published literature.25
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Scanner Magnetic Field Strength. Both 1.5T and 3T scanners are
suitable for imaging suspected DMSSC. As such, the choice of
magnetic field strength depends on local availability and radiol-
ogist preference. 1.5T scanners remain the most widely avail-
able.26 Advantages of 3T MR imaging include higher spatial and
contrast resolution; the potential for reduced scan times without
compromising image quality; and reduced motion artifacts with
higher temporal resolution.27 3T scanners are, however, more
costly, and artifacts caused by field inhomogeneity, magnetic
susceptibility, vascular pulsation, and chemical shift are exagger-
ated. Spinal imaging remains particularly challenging at 3T de-
spite technical advances, such as thin section imaging, parallel
imaging, and increasing the receiver bandwidth.27

Standardized Spinal MR Imaging Protocol. In cases of myelo-
meningocele or syndromes associated with dysraphism (eg,
VACTERL, cloacal exstrophy), whole spine imaging is required.
In isolated, closed dysraphic states, there is limited clinical utility
in imaging beyond the lumbosacral region.28 Optimized MR
imaging protocolling is crucial to maximize diagnostic yield and
reduce scanning time, thereby limiting the necessity or duration
of sedation. We recommend imaging of the whole spine at base-
line, including dedicated, high-resolution imaging of the area of
the suspected abnormality. Given the inherent challenges of MR
imaging in children, essential sequences should be acquired first,
with optional sequences acquired subsequently as required.

The standardized spinal MR imaging protocol for DMSSC
evaluation is presented in Table 1. Following localizer or scout
imaging, high-resolution T1- and T2-weighted TSE images of the
whole spine are acquired in the sagittal plane without fat suppres-
sion (FS). Advances in MR imaging, the use of multichannel
phased array coils, and the combination of multiple images into a
single full FOV have enabled visualization of the entire spine,
from the craniocervical junction to the coccyx, in a single image,
thereby permitting panoramic appraisal and the counting of ver-
tebral levels to identify the exact level of abnormality. In addition,
1 panoramic coronal sequence (T2-weighted TSE [T2-TSE]) with
FS (T2-TSE FS, Dixon, or short tau inversion recovery [STIR]) is
acquired of the whole spine. T2-weighted FS is preferred because
of its inherently high signal-to-noise ratio, good visualization of
small anatomic detail, and shorter acquisition time.29 Axial acqui-
sition on T1-weighted imaging without FS is then used to study
specific regions as indicated by clinical findings or by findings on
the previously acquired sagittal images (block acquisition and not
at the level of intervertebral discs). The section thickness for these
sequences should be #3.0 mm with submillimeter in-plane reso-
lution and intersection gaps of 0.30–0.50 mm.2,30 A volumetric
acquisition of high-resolution heavily T2-weighted images in the
sagittal plane with retrospective multiplanar reconstructions
should also be performed, either driven equilibrium (DRIVE),
CISS, or FIESTA. These provide exquisite delineation of the
cord/root/CSF interfaces and are particularly useful for evaluating
subtle structural abnormalities, such as those found in DMSSC.

Table 1: Recommended MR imaging sequences and parameters for the assessment of children with suspected DMSSC
Sequence Plane Imaging Parameters Notes

Essential sequences
3 plane scout/localizer Axial, sagittal, coronal For subsequent planning
T1-weighted TSE whole spine Sagittal 3.0mm thickness (TR, 600ms,

TE, 30ms)
—

T2-weighted TSE whole spine Sagittal 3.0mm thickness (TR, 3000ms,
TE, 120ms)

—

T2-weighted FS, Dixon, or STIR Coronal 3.0mm thickness (TR, 3000ms,
TE, 40ms)

FS preferred over STIR; whole spine

T1-weighted TSE Axial #3.0mm thickness Lumbosacral region (conus and
filum terminale) and the
suspected area of abnormality
(group of axial images through
the disc level not applied)

T2-weighted DRIVE, CISS, or
FIESTA

Sagittal 0.6mm thickness Sagittal acquisition centered on the
area of suspected abnormality
with 3D reconstructions

Optional sequences
T2-weighted TSE Axial 3.0mm thickness, non-fat-

suppressed
Suspected area of abnormality
(group of axial images through
the disc level not applied)

T1-weighted TSE Coronal 3.0mm thickness Centered onto and along the major
axis of the sacrum (for suspected
sacral abnormalities)

T1-weighted FS Sagittal 3.0mm thickness Confirmation of lipoma
T1-weighted FS C1 Axial, sagittal, coronal 3.0mm thickness Suspected infections/tumors
DWI Axial or sagittal 3.0–4.0mm thickness Suspected dysontogenic

abnormalities, epidermoids,
dermoids, abscesses

T2-weighted GRE or EPI-GRE Axial 3.0mm thickness Evaluation of bony septum in
diastematomyelia

T1-weighted TSE C1 Axial, sagittal, coronal 3.0mm thickness Suspected mass lesions, dysontogenic
abnormalities, or infections

Note:—DRIVE indicates driven equilibrium; C1 ¼ postcontrast.
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Routine DWI is not required in children with DMSSC, but it
should be performed for the identification and assessment of dys-
ontogenetic mass lesions. The high lesion conspicuity of postop-
erative inclusion epidermoids/dermoids after repair of a spinal
dysraphism on DWI may be advantageous. Similarly, gradient-
echo (GRE) or EPI-GRE are useful for the evaluation of the bony
septum in children with diastematomyelia.

The intravenous injection of gadolinium-based contrast
agents is not routinely indicated and should only be used to eval-
uate suspected infections and mass lesions inadequately charac-
terized on noncontrast MR imaging. MR angiography may also be
used for preoperative identification of the artery of Adamkiewicz
(great anterior radiculomedullary artery).

Additional screening of the cranial vault should be considered
to exclude associated cerebral and/or cerebellar abnormalities.
Other optional sequences may be added to the protocol depend-
ing on clinical indication, findings on initial imaging, and
national guidance.

With the advances in imaging, it is now possible to decrease
examination times while maintaining diagnostic performance
which is of paramount importance in radiologic evaluation of
DMSSC. These advances include faster sequences, powerful com-
puters for faster image reconstruction, 3D sequences, acceleration
techniques, such as parallel imaging, simultaneous multislice
imaging, compressed sensing, and deep learning reconstructions.
Parallel imaging is the most used technique, available in most
modern scanners without the need for specialized software or
hardware. In simultaneous multislice imaging, excitation of more
than 1 section is done at a time and uses the same coil technology
and reconstruction methods as parallel imaging. Both these tech-
niques allow acceleration to a factor up to 2 times without
degrading the image quality and when used in combination, can
provide an acceleration factor of 4 with similar signal-to-noise ra-
tio and contrast-to-noise ratio. Further, deep learning models can
reconstruct the undersampled data to simulate the fully sampled
reconstructions.31

Follow-up MR Imaging. At follow-up, imaging can be limited to
the area of interest with screening T2-weighted images of the
whole spine without FS.2

Fetal MR Imaging
Fetal MR imaging is the preferred second-line technique (after
prenatal sonography) for imaging of the fetus.32,33 Though not
indicated in all children because of availability and technical limi-
tations, it is a powerful adjunct to prenatal US, providing addi-
tional information crucial for prenatal counseling, assessing
eligibility for prenatal surgery, predicting neurologic outcomes,
and guiding perinatal management.34

DMSSC become more evident on fetal MR imaging in the sec-
ond trimester. This fortunately coincides with the optimal age for
MR imaging. We recommend waiting until 17–18 gestational
weeks (15–16 weeks postfertilization) before performing fetal MR
imaging because of the potential risks posed to the developing fe-
tus and the current technical limitations of fetal MR imaging in
younger fetuses due to their smaller size and even greater fetal
motion. Pregnant women should only undergo MR imaging

earlier in their pregnancy if the risk-benefit ratio to the child is
favorable and if other nonionizing imaging modalities are inad-
equate. In all instances, it is important to counsel parents on the
likelihood of diagnosing a DMSSC in their child and of the
potential effects this may have on their child’s development.

Fetal MR imaging aims to identify pertinent anatomic features
of DMSSC, such as the level of the spinal defect, by 1) establishing
the most caudal hyperintense spinal disc space as L5–S1 and the
lowest horizontal vertebral body as L5, and 2) counting the verte-
bral bodies superior to the highest level of the absence of the pos-
terior elements at the bone/skin defect. Fetal MR imaging can
also define and characterize the presence or absence of a spinal
cord syrinx; diastematomyelia; and sac; and the continuity of cu-
taneous soft tissues with the neural tube sac.35,36 Associated
anomalies of the fetal extremities and intracranial anomalies may
also be detected on fetal MR imaging, including the severity of
the Chiari II deformity according to the degree of posterior fossa
hindbrain herniation, lateral ventricular size, and third ventricu-
lar size.36

Standardized Fetal MR Imaging Protocol. Before undergoing fe-
tal MR imaging, child-bearing women must empty the urinary
bladder. A phased array body surface coil is then wrapped around
the mother’s pelvis and centered over the fetal ROI. Maternal
comfort is the priority; both supine and left lateral decubitus posi-
tions are acceptable and should be adopted as per maternal
preference.37

Prenatal imaging of the fetus is a dynamic process that starts
with an initial scout or localizer followed by a series of sequences
with each sequence acting as a localizer for the next. Images are
acquired in all 3 anatomic planes with respect to the fetus. The
main challenge of fetal MR imaging is fetal motion artifact. If per-
sistent and severe, it may be necessary to prioritize image acquisi-
tion on planes that best visualize the anatomy in maximizing the
yield of the study. Due to this, monitoring by the radiologist is
essential.

The standardized fetal MR imaging protocol for DMSSC eval-
uation is presented in Table 2. Fetal MR imaging should be per-
formed at 1.5T or 3T depending on local availability and
radiologist preference. 3T is superior to 1.5T for the visualization
of cartilage and spine because of the use of single-shot turbo
spin-echo and steady-state free precession sequences. The fetal
head and entire length of the fetal spine should be studied on all
3 planes (axial, sagittal, and coronal) by using T2-single-shot fast
spin-echo (T2-SSFSE) or HASTE and balanced fast-field echo or
FIESTA at 3–4 mm section thickness with no intersection gaps
and the smallest FOV possible.38 A minimum of 2 stacks of
images in each plane should be obtained (which may be omitted
in case of excessive fetal motion). Gradient-echo sequences (ie,
EPI and true FISP) have greater ferromagnetic susceptibility and
provide greater resolution of bony and vascular structures, espe-
cially in fetuses aged less than 27 gestational weeks.

Optional sagittal and coronal T1-weighted spoiled gradient-
echo acquisition of the fetus with section thickness 5 mm and
with no intersection gaps may also be performed and should have
the smallest possible FOV.35 Prenatal imaging (including T1-
weighted images) does not adequately demonstrate fat within the
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defect of closed dysraphism. This is attributable to several fac-
tors, including low spatial resolution of T1-weighted images in
the fetus, underdevelopment of fetal fat in early gestational age,
and relatively increased proportion of brown fat in the fetus and
neonate that has slightly different signal characteristics than
white fat on MR imaging. Furthermore, optional cine imaging
may convey an idea of the motility of fetal extremities, offering
an insight into the child’s postnatal prognosis.

CT
CT is of limited value for the evaluation of DMSSC because of its
poor soft tissue resolution and correspondingly poor sensitivity,
exposure of the child to ionizing radiation, and invasiveness in
the case of CT myelography.2,39 This said, we support the use of
CT for several specific indications:

1) Vertebral anomalies where there is a need to define bony
anatomy, eg, as part of preoperative planning prior to instru-
mented fixation.

2) Identification of the bony septum in diastematomyelia.
3) Preoperative identification of the artery of Adamkiewicz

(great anterior radiculomedullary artery) via CT angiography
when MR angiography either fails to identify the vessel or is
not feasible.40

4) Patients with absolute contraindications to MRI.

Standardized CT Protocol. We recommend that children
undergo a low-dose noncontrast CT of the spinal area of interest
(section thickness #2 mm), acquired continuously in the axial
plane with no intersection gaps. Multiplanar 2D- and 3D-recon-
structions in bone and soft kernel should also be performed as
they have been shown to increase the sensitivity and specificity of
the study.41 As CT is reserved for the elucidation of specific fea-
tures, it should, therefore, always be performed with the mini-
mum possible FOV and not extended beyond the region of the
abnormality to minimize radiation exposure, as per the as low as
reasonably achievable principle.2,42

CT has limited soft tissue contrast; thus, evaluation of the thecal
sac and its contents is limited. Intrathecal injection of iodinated
contrast media in CT myelography may facilitate visualization of
the thecal sac and its contents. However, the use of CT myelogra-
phy is not recommended when MR imaging is available as CT my-
elography is invasive, less sensitive, and exposes the child to
ionizing radiation.2,39

Imaging Guideline Adaptations and Further
Considerations
The challenges of imaging children vary across institutions and
countries depending on 1) clinical management and 2) the avail-
ability of resources given the expense of additional imaging and
the cost and risk of sedation if required. Therefore, the principal
adaptation to this consensus statement is for clinical settings
without routine access to MR imaging, in which we recommend
that children are referred to institutions with MR imaging; how-
ever, we do agree that it may not be possible in certain resource-
limited care environments. CT should not be performed in lieu
of MR imaging given its markedly reduced diagnostic accuracy.
US is the first-line technique for the antenatal diagnosis of
DMSSC and has a significant but limited role in the evaluation of
neonates and infants with suspected DMSSC. US is the first
method of screening for infants up to 3–4 months of age before
ossification of the vertebral bodies. MR imaging is the technique
of choice for the evaluation of suspected DMSSC because of its
excellent spatial and contrast resolution.

We recommend imaging patients with combined cutaneous
stigmata (combination of 2 or more midline cutaneous lesions)
or an atypical skin dimple with MR imaging; however, US may
be used in some cases. Atypical dimples are larger than 5 mm
and located within 25 mm of the anus. Other criteria include
deep dimples, dimples located cranially to the gluteal crease or
outside the midline, and multiple dimples. On the other hand, a
simple sacral dimple is smaller in size (,5 mm in diameter) with

Table 2: Recommended MR imaging sequences and parameters for the assessment of fetuses with suspected DMSSC
Sequence Plane Imaging Parameters Notes

Essential sequences
3 plane scout/localizer Axial, sagittal, coronal — For subsequent planning
T2-weighted TSE maternal pelvis Sagittal — To assess the position of the

fetus; reposition the coil if
the fetal ROI is not in the
center of the coil

T2-weighted SSFSE or HASTE Axial, sagittal, coronala 3-4 mm thickness, no
intersection gaps (TR, 2000–
3000 ms, TE, 150 ms), FOV
340mm, flip angle 160°

Provides excellent anatomic
detail

T2-weighted EPI-GRE or true FISP Axial, sagittal, coronala 4 mm thickness, no intersection
gap (TR, 4.22ms, TE, 1.75ms),
FOV 380mm, flip angle 65°

Evaluation of bony and vascular
structures

Optional sequences
T1-weighted SPGR Sagittal, coronal 5 mm thickness, no intersection

gaps (TR, 600 ms, TE, 30 ms),
FOV 340mm

Improves spatial resolution with
increasing gestational age

Cine imaging Volumetric acquisition — Assesses fetal extremity
mobility

Note:—SPGR indicates spoiled gradient recalled-echo.
a Acquisition of all 3 planes in T2-weighted SSFSE (HASTE) and T2-weighted true FISP may not be feasible if the fetus is moving excessively; and in such a scenario, the
protocol can be curtailed with T2-weighted SSFSE in axial and coronal planes (providing anatomic detail) and T2-weighted true FISP in sagittal plane (providing assess-
ment of osseous structures).
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a midline placement within 25 mm of the gluteal crease from the
anus and has no other cutaneous abnormalities (such as asymme-
try of the gluteal crease, capillary hemangioma, hypertrichosis,
dermal sinus tract, lipoma, subcutaneous dermoid cyst, pseudo-
tail, or true tail).43,44 In patients with combination of less than 2
cutaneous stigmata, atypical dimple, and deviation of gluteal cleft,
we recommend performing an US during the first month of life;
if anomalies are detected, MR imaging should be performed. In
patients with sacral dimple alone, pigmentary nevus, and little he-
mangioma, we recommend regular clinical follow-up and to per-
form MR imaging only in the presence of neurologic or
orthopedic alterations.43

CONCLUSIONS
Neuroimaging is central to the multidisciplinary evaluation of
children with suspected DMSSC. It is our hope that this interna-
tional consensus statement will provoke the standardization of
image acquisition and evaluation, thereby increasing the diagnos-
tic yield of studies and improving care for children worldwide.

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

Perspectives on Remote Robotic-Assisted Stroke Treatment:
A Commentary Paper

Arturo Consoli, Nicole Mariantonia Cancelliere, Guillaume Charbonnier, Julian Spears, Thomas R. Marotta, and
Vitor Mendes Pereira

ABSTRACT

SUMMARY: The proved feasibility of robotic-assisted endovascular treatment of intracranial aneurysms has stimulated the idea of
a potential application of remote robotics for the treatment of acute ischemic stroke. The possibility of developing a more
advanced remote-controlled robotic system capable of performing a complete mechanical thrombectomy procedure would help
bridge the health care gap of lack of technical expertise in isolated areas. This possibility could allow a more equitable access to
mechanical thrombectomy to a larger number of patients and be a breakthrough for acute ischemic stroke care worldwide. Many
aspects around the technical, human, financial, and regulatory requirements should be discussed to implement remote robotic-
assisted procedures. In this State of Practice article, we aimed to outline the major challenges that must be considered, as well as
proposed solutions. However, different solutions may be applied in different health care systems on the basis of the availability of
human and financial resources.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; GA ¼ general anesthesia; MT ¼ mechanical thrombectomy; RRAP ¼ remote robotic-assisted procedure

The development of endovascular robotics in the past decade
may represent a major advance in minimally invasive treat-

ment of vascular diseases. Some advantages have been previously
described, such as the reduced radiation exposure and orthopedic
strain on the operators,1-3 as well as enhanced technical accuracy
and precision.4 In 2019, embolization of an intracranial aneurysm
using the Corindus CorPath-GRX system (Siemens) marked the
first human robotic-assisted procedure in the neuroendovascular
field.5 This soon stimulated thought and discussion of a future
application for remote robotic-assisted procedures (RRAPs) for
acute ischemic stroke (AIS) treatment.1,6-8 The aim of this article
was to discuss what additional challenges should be considered to
build a proper roadmap for new generations of robotic systems
and remote procedures. We propose a streamlined discussion on
the following topics: geosocial unmet needs, remote site prepara-
tion and remote team selection, procedural challenges, training,
postprocedural management, and regulatory issues.

Geosocial Unmet Needs
One of the main drivers for the development of remote robotic
neurointerventional procedures is to address the unequal access in
AIS care to mechanical thrombectomy (MT) for patients living in
isolated or rural territories. Indeed, most United States9,10 and
European populations do not have timely access to MT treatment,
particularly those living in rural areas.11,12 This geographic prob-
lem is exacerbated in larger countries with wider distances between
cities. The inhomogeneous geographic distribution of stroke cen-
ters,1 the risk of creating new low-volume centers,7 the challenges
of low-income countries for the needed expertise,4 and the lack of
human resources are the most accredited causes of this inequality.
Therefore, the implementation of RRAP could be considered a
potential response to this inequality. However, several issues must
be addressed before bringing RRAP for stroke to actuality.

Procedural Challenges
Telepresence System. The physical distance between the remote
operator and bedside team will demand effective real-time com-
munication between sites. A telecommunication system that can
reliably transmit audio and visual information between sites,
including the live radiographic imaging, will be required for the
remote operation to be performed safely. Minimum telepre-
sence system (Cisco) requirements will need to be defined, such
as the number and positions of cameras and microphones to
give the operator full confidence and maximum safety during the
intervention. We suggest a minimum requirement of a moveable,
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side camera above the patient to allow the remote operator to
assess the condition of the catheters and devices, to monitor the
incision site, and to assess the patient for changes in symptoms.
An ideal setup would also include a camera for room view and a
second side camera to visualize the robotic arm and supervise
loading and unloading maneuvers and perfusions. Also, a private
audio feed between the remote operator and bedside technologist
will be important to effectively communicate the next steps of the
procedure, such as when to exchange devices. A room micro-
phone and speaker may be useful to provide the remote operator
additional information on the room environment and the possi-
bility of communicating to the whole team or other team mem-
bers than the bedside technologist. We strongly believe that these
challenges should not be overlooked and should be balanced with
the safety limits of defined transmission lag.

Angiographic Imaging Control.During a neuroendovascular pro-
cedure, the C-arm can be controlled by the local physician or an
x-ray technologist. Fluoroscopy and intermittent DSA runs must
be acquired for navigation, and appropriate working projections
must be selected to facilitate navigation through tortuous vascular
anatomy. Communication of these desired processes may be
more challenging in a remote scenario, so the idea of providing
remote control of the angiographic system to the remote physi-
cian is suggested to make procedures faster, reduce the radiation
dose (for both the patient and the bedside technologist), and
improve safety. Autonomous control of working projections by
an intelligent system may also aid faster navigation, though no
specific solutions are currently available.

Robotic System. Finally, the minimum requirements of robotic
capabilities should be considered for maximum remote safety
and success. The current version of the Corindus CorPath-GRX
system allowed simultaneous control of only 1 microcatheter
with 1 guidewire or device. This control means that a local physi-
cian was required to perform navigation of the aortic arch to
place the guide catheter in the internal carotid or vertebral artery
at the neck. It also precludes the ability to use a combined
approach or contact aspiration for MT.2,13 Robotic control of a
full triaxial system composed of 4 devices should be considered
for maximum safety in the next-generation robotic systems.
Additional functionality such as control of aspiration or inflation
of balloons should also be considered to give the physician full
control of the stroke intervention.

The robotic-assisted approach for neurovascular disease treat-
ment has been mostly used for intracranial aneurysm emboliza-
tion, and for these procedures, all patients were under general
anesthesia (GA).4,5 The choice of GA for future RRAPs, or at least
in the early phases, is suggested to ensure patient safety during
the procedure, because movement of the patient with a fixed
robotic system may carry an increased risk of dissection. A sec-
ondary advantage of using GA would be to use the imaging to
improve artificial intelligence–based algorithms for automatic
correction of the robotic movements, which require minimum
motion artifacts. Indeed, engineering and mechatronic imple-
mentation are adding a large contribution to the robotic-based
approach with encouraging results in terms of automated

navigation to reduce the occurrence of unexpected movement of
the devices,3 which may be of great use in a remote setting.

Connectivity. The RRAP will be entirely based on connection
systems ensuring a reliable, fast, and stable transmission of data.
Although RRAPs have been performed, none of these ever
included a remote neuro-endovascular procedure. Five RRAPs of
percutaneous coronary interventions were successfully performed
in India in 2018,14 using an optical fiber connection with the
CorPath-GRX system, whereas 5G has been successfully used for
orthopedic screw placement between Beijing and Zhejiang
through the TiRobot system (Tinavi Medical Technologies Co.,
Beijing, China).15 Some groups have tested latency requirements
for RRAP, and thresholds of non-perceptibility ranged between
,40016 and,250ms;17 however, these should be validated in the
context of a stroke procedure because neurosurgical procedures
carry higher risks. Furthermore, in our opinion, these studies were
incomplete because latency is not the only metric that will define
safety. Other parameters such as bandwidth, jitter, the use of virtual
private networks, and the transmission pathway affect the network
performance1,8 and should be comprehensively studied. We foresee
a rigorous testing in each new remote location to find the most reli-
able and effective connectivity network to link to the operator site
with an acceptable latency (,250ms). A primary network should
be used as a default and tested constantly, and a secondary network
should be in place in case the first one fails during a procedure.

Nevertheless, several questions should be addressed before
accurately assessing latency. These include but are not limited to
the telecommunication system requirements, the quality of the
angiographic images to be transferred, the transmission pathway,
the digital weight of the new-generation robot control, and other
potential tools to be added (such as the remote C-arm control).
Indeed, these will determine the number of data packages to be
transmitted, which will affect overall latency.

Remote Site Preparation and Team Selection
The preliminary in situ development of robotic-assisted proce-
dures helped to define the basic requirements for a novel approach
to neuroendovascular procedures, which demanded new work-
flows and a procedural setup.4 Although RRAPs could spread the
expertise of interventional stroke to remote areas in need,7 a physi-
cal distance would be added between the robotic operator and the
remote site. Thus, this would require the presence of a stroke care
environment (including a Stroke Unit, Intensive Care Unit, and
vascular neurology support) at the remote site to properly manage
the acute and subacute phases of patients with AIS. Rehabilitation
services should also be available to assist patients who do not make
a full recovery after endovascular treatment.18

Future versions of endovascular robotic systems should over-
come the limitation of current, approved robotic systems that do
not support all steps of a MT procedure, thus requiring some
steps to be performed manually by an on-site operator, including
obtaining vascular access, navigation of the guiding catheter,
stent placement, and/or angioplasty maneuvers.1,2,7 Some authors
have suggested that any type of interventionalist, not necessarily
on-site but on-call, could be a plausible solution.7 Some of these
tasks, such as obtaining vascular access, could be performed by
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another qualified member of the on-site team. In a remote sce-
nario where the operating physician is not in the room, there will
need to be a shift in roles for the bedside team. In our opinion,
the core team for RRAPs should include the following: a remote,
experienced robotic operator, a trained robotic bedside technolo-
gist, a supporting physician, an anesthesiologist, and a stroke
neurologist locally or on telestroke (https://www.mayoclinic.org/
tests-procedures/stroke-and-telemedicine/about/pac-20395081).
In this new scenario, the remote operator would be linked to a
local “clinical coordinator” or telestroke for patient selection and
to a “technical coordinator” (the bedside technician) to plan the

setup for the procedure. Our suggestions for the various team
members’ roles in a local-versus-remote robotic-assisted scenario
are shown in Figs 1 and 2.

Training
RRAP will require more rigorous training for both the remote
operator and the on-site team. It is mandatory to create a solid
bond of trust6 and develop effective communication between the
2 teams to ensure proper management during the procedure. We
suggest that simulated rehearsals be regularly performed to main-
tain familiarity with the robotic system and the remote workflow.

FIG 1. Current scenario and description of the roles of each member involved in neuroendovascular procedures for acute stroke.
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These will also be important to establish communication proto-
cols, verify proper functioning of the robotic system, and practice
safety protocols such as the workflow for manual takeover.5

Simulation-based technology could represent a viable solution
for training to flatten the learning curve and reduce technical
complications.19 However, a precise logbook and a definite train-
ing protocol20 will be necessary for future RRAPs.

Regulatory Hurdles
Although the technical feasibility of RRAPs is currently being
tested with some encouraging results, several regulatory consider-
ations must be discussed. State licensing and facility credentialing
have already represented a limitation for remote imaging in the
past and should be considered for remote procedures as well.
Although the cost-effectiveness of RRAPs cannot yet be assessed
due to lack of data, some simulation-based models have sug-
gested that the introduction of remote stroke care has the poten-
tial to improve clinical outcomes and reduce stroke-related costs
to the health care system.21

Human feasibility studies should be performed after rigorous
technical and clinical validation, and clinical trials for stroke
RRAP treatment could then be designed with the support from
the regulatory bodies to show the noninferiority of remote proce-
dures.6 Indeed, the management of potential intraprocedural
complications would require the presence of an on-site or on-call

interventionalist,7 whereas clear indications about the medical/
technical responsibility will need solid and constructive discus-
sions.1 Furthermore, comprehensive guidelines will necessarily
have to be redacted under the guidance of the international scien-
tific societies, to account for all the possible political and regula-
tory issues.

CONCLUSIONS
We are not yet ready for prime time. There are various considera-
tions in preparation for RRAPs, including telecommunication sys-
tem and robotic system requirements for increased remote control
capabilities, such as triaxial control, and understanding of safety
limits. Remote stroke treatment simulations should be performed
before a clinical attempt. The potential benefit of remote stroke
intervention is real, and it can be transformative. Remote areas in
countries with vast geographies or in developing countries with
lack of centers and professionals may have a unique opportunity to
finally have access to acute stroke care.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
NEUROVASCULAR/STROKE IMAGING

Cortical Hyperperfusion on MRI Arterial Spin-Labeling during
the Interictal Period of Patients with Migraine Headache

Masami Shimoda, Kaori Hoshikawa, Shinri Oda, Masaaki Imai, Takahiro Osada, Rie Aoki, Azusa Sunaga, and
Chiaki Shinohara

ABSTRACT

BACKGROUND AND PURPOSE: Concentrations of calcitonin gene-related peptide, a neuropeptide and potent endogenous vasodi-
lator, are reportedly higher in patients with migraine than in healthy subjects, both during and between migraine attacks, reflecting
ongoing activation of the trigeminal nervous system. In this prospective study, we measured CBF during the interictal period of
patients with migraine after considering insomnia and depression and examined the effects of ongoing activation of the trigeminal
nervous system, including during the interictal period, on CBF.

MATERIALS ANDMETHODS: In a total of 242 patient with migraine (age range, 18–75 years), CBF was measured by MR imaging arte-
rial spin-labeling during the interictal period and was compared with results from 26 healthy volunteers younger than 45 years of
age as control subjects (age range, 22–45 years). Cortical hyperperfusion was defined as identification of $2 cerebral cortical
regions with regional CBF values at least 2 SDs above the mean regional CBF in control subjects.

RESULTS: The overall frequency of cortical hyperperfusion was significantly higher in patients with migraine (115 of 242, 48%) than
in control subjects (1 of 26, 4%). Multivariable analysis revealed the 18- to 40-year age group and patients with migraine without
insomnia as significant positive clinical factors associated with cortical hyperperfusion. Among patients with migraine without
insomnia, the frequency of cortical hyperperfusion was .92% (89 of 97). One-way ANOVA showed that in all ROIs of the cortex,
regional CBF was significantly higher in patients with migraine without insomnia than in patients with migraine with insomnia or
control subjects. In patients with migraine without insomnia, cortical hyperperfusion findings showed a sensitivity of 0.918 and a
specificity of 0.962 for migraine in the interictal period, representing excellent accuracy. In contrast, among patients with migraine
with insomnia, sensitivity was only 0.179 but specificity was 0.962.

CONCLUSIONS: Patients with migraine without insomnia may have cortical hyperperfusion during the interictal period; however,
the findings of the present study need to be prospectively validated on a larger scale before clinical applicability can be considered.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; AIS ¼ Athens Insomnia Scale; AI ¼ asymmetry index; ASL ¼ arterial spin-labeling; BDI-II ¼ Beck
Depression Inventory, second edition; CGRP ¼ calcitonin gene-related peptide; CHP ¼ cortical hyperperfusion; HIT-6 ¼ Headache Impact Test-6; MHDs ¼ monthly
headache days; PCA ¼ posterior cerebral artery; PM ¼ posterior part of the territory of the MCA; PPV ¼ positive predictive value; rCBF ¼ regional CBF

Previous studies have provided suggestive-but-fragmentary
knowledge about regional CBF (rCBF) during migraine

attacks and auras.1,2 This issue is because CBF fluctuates dynami-
cally during a migraine attack and significant results are difficult
to obtain from sporadic rather than continuous measurements.
Furthermore, migraine has been widely shown to be associated
with depression and insomnia.3 Depression and insomnia are

interrelated, and both may be independently associated with
decreased CBF and impaired CBF autoregulation.4,5 Moreover,
CBF autoregulation in patients with migraine is also impaired.6

Different results would, therefore, seem likely when studying
CBF during attacks in patients with migraine without consider-
ing the presence or absence of depression or insomnia.

Calcitonin gene-related peptide (CGRP) is an important neu-
rotransmitter in the migraine headache-generating trigeminovas-
cular system and is believed to play a crucial role in migraine
pathophysiology.7 CGRP, a highly potent microvascular vasodila-
tor, is the most abundant neuropeptide in the trigeminal system,
and is found in capsaicin-sensitive C fibers that follow the cere-
bral and meningeal arteries to innervate tissues.8 CGRP induces
endothelium-independent vasodilation via direct actions on vas-
cular smooth-muscle cells in the cerebral and coronary vascular
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beds. CBF autoregulation is, in part, mediated by CGRP.9 CGRP
concentrations in plasma, tears, and saliva are reportedly higher
during migraine attacks as well as in patients with migraine dur-
ing nonattacks than in healthy subjects.10,11 In addition to CGRP,
molecules such as vasoactive intestinal peptide and nitric oxide,
which are intricately related to the pathologic mechanism of mi-
graine, are all involved in vasodilation of the intracranial vascula-
ture.12 We have previously encountered findings on interictal
MR imaging and arterial spin-labeling (ASL) in migraineurs that
resemble cortical hyperperfusion (CHP) seen immediately after
epileptic seizures.13,14 These findings may have been due to the
effects of vasodilator molecules related to the pathophysiology of
migraine described above.

Many image-analysis studies using fMRI have been conducted
on patients with migraine but have only aimed to elucidate the
pathophysiology of migraine. The advantages of ASL compared
with SPECT and PET include absolute quantification, repeatability,
avoidance of IV contrast administration and, overall, superior spa-
tial resolution and sensitivity.2 Additionally, because functional
near-infrared spectroscopy is a noninvasive method for measuring
cerebrovascular reactivity, it is more suitable for evaluating the vas-
cular effects of migraine drugs rather than for diagnostic imaging.15

Studies of ASL performed during the interictal period also
reported that patients with migraine showed hyperperfusion of the
some gyri, compared with healthy subjects.2,16 These ASL studies
attempted to identify migraine-specific imaging markers that reflect
brain tissue perfusion through voxel-based CBF analysis. However,
clinically useful image findings have not yet been obtained.
Although the main purpose of MR imaging is to exclude second-
ary headaches, structural changes in the brains of patients with
migraine are known to include an increase in cortical thickness,
which reflects abnormal neuron hyperexcitability.17 However,
because there are individual differences in baseline cortical thick-
ness depending on factors such as age, structural MR imaging
findings are not suitable for diagnosing migraine itself.

In this prospective study, we measured CBF during the inter-
ictal period of patients with migraine using minimally invasive
MR imaging ASL and compared the findings with those of

healthy volunteers as control subjects. Given the results, we con-
sidered the factors of depression and insomnia in patients with
interictal migraine and examined whether there are cerebral cir-
culation characteristics such as CHP findings due to ongoing acti-
vation of the trigeminal nervous system, including during the
interictal period.

MATERIALS AND METHODS
Institutional Review Board Approval
All study protocols were approved by the Institutional Review
Board for Clinical Research (approval no. 22R-078) and the
Conflict of Interest Management Committee (approval No. 22–
168) at our university. The study protocol was implemented in
accordance with the Declaration of Helsinki, and all patients pro-
vided written informed consent before participating in the study. In
all patients with migraine, written informed consent for participa-
tion was obtained for the prospective study of data acquired during
routine medical treatments based on national legislation and insti-
tutional requirements. Our report complies with the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE)
statement for cohort studies.

Patients
All patients with migraine fulfilled the diagnostic criteria for mi-
graine established in the third edition of the International
Classification of Headache Disorders by the International
Headache Society.18 Each patient with migraine showed normal
results from neurologic examinations, MR imaging, and MRA.
Excluded were patients younger than 18 years of age; smokers;
patients with diabetes mellitus, epilepsy, cardiovascular disorders,
ongoing treatment with calcium blockers or beta blockers, alcohol
abuse, cerebrovascular disease; or those with known systemic diseases
such as anemia and hypertension. None of the patients had received
Botulinum Toxin injections or CGRP inhibitors.

Of the 266 patients with migraine attending our facility during
the study period, 242 patients (age range, 18–75 years; male/female
ratio: 27/215) with a clinical diagnosis of migraine who were

SUMMARY

PREVIOUS LITERATURE: Concentrations of calcitonin gene-related peptide (CGRP), a neuropeptide and potent endogenous vaso-
dilator, are reportedly higher in patients with migraine, during both attacks and interictal periods, reflecting ongoing activation
of the trigeminal nervous system. This state of high endogenous CGRP levels, including during interictal periods, likely causes
cortical hyperperfusion (CHP) on MR imaging arterial spin-labeling (ASL). Migraine is associated with depression and insomnia,
both of which are independently associated with decreased CBF. Therefore, studies during migraine attacks, when CBF fluctua-
tions are dramatic or studies that do not take into account the presence or absence of depression and insomnia have not
yielded useful results.

KEY FINDINGS: Patients with migraine may have CHP on ASL during the interictal period. Especially in patients with migraine
without insomnia, the frequency of CHP (89 of 97, 92%) was significantly higher than in control subjects (1 of 26, 4%). This find-
ing demonstrated excellent diagnostic accuracy for interictal migraine.

KNOWLEDGE ADVANCEMENT: The present study suggests that findings of CHP on ASL during the interictal period as the only
characteristic imaging findings of migraine at present may be clinically very useful as an auxiliary diagnostic tool in addition to
medical history.
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outpatients at our institution between October 2022 and May
2023 were included in this prospective cross-sectional study.

Patients with migraine were compared with a control group
of 26 healthy volunteers (age range, 22–45 years; male/female ra-
tio: 9/17) selected from our hospital staff with no history of head-
aches, insomnia, and depression using exclusion criteria identical
to those for the groups of patients with migraine.

MR Imaging Perfusion Protocols
CBF studies using MR imaging ASL were performed for all
patients with migraine during the interictal period (at least
48 hours after the last attack and migraine treatment such as trip-
tanes). The upper limit from the last migraine attack to the scan
was 7 days (168 hours). Consumption of caffeine was forbidden
on the day of MR imaging ASL. We performed all MR imaging
studies at our hospital on a 1.5T MR imaging scanner (Signa
Explorer; GE Healthcare) with an Express head-neck array coil. All
MR imaging examinations were completed within 16–18minutes
and included conventional axial T1WI, FLAIR, DWI, MRA, and
ASL. The total scanning time of the ASL sequence was approxi-
mately 2minutes 30 seconds. In addition to routine imaging
sequences, we acquired 3D pulsed continuous ASL (also known
as pseudocontinuous ASL) images with background suppression
using the following parameters: TR, 4548ms; TE, 10.5ms; FOV,
24 cm; 512 sampling points on 6 spirals (matrix size, 512� 6);
spatial resolution, 5.0mm; section thickness, 4mm; number of
sections, 30; excitations, 2; bandwidth, 62.50Hz; and labeling
time, 1.5 seconds. On the basis of a recently published white pa-
per,19 pseudocontinuous labeling, background suppression, a seg-
mented 3D readout without vascular crushing gradients, and
calculation and presentation of both label/control difference
images and CBF in absolute units using a simplified model are
recommended for optimal default implementation of ASL. The
ASL performed in this study used the latest ASL sequence by GE
Healthcare, which meets all these recommended conditions. We
routinely used 2 postlabeling delays (short ASL, 1525ms; delayed
ASL, 2525ms). In this study, a postlabeling delay of 1525ms was
used for the CBF analysis because no patients with severe cere-
brovascular stenosis were included. Another reason is that longer
postlabeling delays reduce the SNR due to relaxation of T1.

For the quantitative ROI analysis of the ASL map, we used the
fully-automated ROI-based analysis software 3D stereotaxic ROI
template (3DSRT Neuro; FUJIFILM) for the positioning or selec-
tion of an ROI offering objectivity and excellent reproducibility.20

The obtained quantitative CBF images were registered anatomi-
cally to the standard brain atlas. The 3D stereotaxic ROI template
software has ROIs predefined on the standard brain atlas and
provides rCBF values for each of the right and left sides of the fol-
lowing 9 regions: callosomarginal, precentral, central, parietal,
angular, temporal, posterior cerebral, pericallosal, and thalamus.
We determined rCBF in the territories of major cerebral arteries
as previously described (Online Supplemental Data).21

We confirmed that there was no significant laterality in rCBF
by calculating the asymmetry index (AI) for control subjects and
patients with migraine. If there was no significant lateral differ-
ence in rCBF, we averaged the left and right regional CBFs and
calculated the mean (SD).

AI was calculated for the rCBF as follows:

Asymmetry index ¼ ðROIright � ROIleftÞ
ðROIright þ ROIleftÞ � 100:

An absolute AI value of.10 indicated asymmetric perfusion.14

In this study, as with the diagnostic criteria for hyperperfusion
immediately after an epileptic seizure or postoperative Moyamoya
disease, an ROI was defined as exhibiting hyperperfusion if CBF in
the ROI was at least 2 SDs higher than the mean reference value
for CBF in control subjects.13 CHP was considered present if $2
hyperperfusion cortical ROIs were identified in each cerebral lobe
in the unilateral hemisphere.13

Variables, Data Extraction, and End Points
The primary end point of this study was to identify the appear-
ance of CHP findings on MR imaging ASL as a feature of the cer-
ebral circulation in patients with migraine during headache-free
periods.

One or 2 months before performing MR imaging, we
extracted the number of monthly headache days (MHDs) from
headache diaries. A headache day was defined as any day on
which a patient recorded any type of headache. Moreover, we
extracted the following characteristics from the patient medical
records: sex; age; age range (in groups of 18–40, 41–60, and 61–
75 years of age); episodic migraine; chronic migraine; aura;
Headache Impact Test-6 (HIT-6)22; morning migraine; Athens
Insomnia Scale (AIS);23 Beck Depression Inventory, second edi-
tion (BDI-II);24 menstrual migraine; weather-related migraine;
medication overdose headache; tension-type headache; selective
serotonin reuptake inhibitor use; and concomitant prophylactic
treatment. We defined “morning migraine” as waking up in the
morning with a migraine caused by dehydration, sleep depriva-
tion, or stress. Insomnia was defined as AIS$ 4, and depression,
as BDI-II$ 11.

Statistical Analysis
All statistical analyses were performed using commercially
available software (SPSS Statistics for Windows, Version
27.0; IBM).

Distributions of each variable were checked for normality
using the Shapiro-Wilk test. The significance of clinical factors
potentially associated with a finding of CHP on MR imaging ASL
was determined using the Fisher exact test. Continuous variables
(age, MHDs, HIT-6, AIS, and BDI-II) were tested using an inde-
pendent samples Student t test. The homogeneity of variance was
analyzed using the Levene test. Values of P, .05 were considered
statistically significant. All data are presented as mean (SD) unless
otherwise specified. Sensitivity, specificity, positive predictive
value (PPV), and negative predictive value were calculated using
standard formulas.

RESULTS
Frequencies and Clinical Features of CHP in Patients with
Migraine
No lateral differences in rCBF were identified according to AI in
any patient with migraine. We, therefore, averaged left and right
local CBF on the basis ROIs in control subjects and patients with
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migraine and then calculated the mean (SD). The baseline CBF
values for hyperperfusion obtained from the mean (SD) of rCBF
for each cortical region (anterior cerebral artery [ACA], anterior
part of the territory of the MCA, posterior part of the territory of
the MCA, posterior cerebral artery [PCA]) in control subjects
were$60 in all regions (Table).

The overall frequency of CHP was significantly higher in
patients with migraine (115 of 242, 48%) than in control subjects
(1 of 26, 4%) (Online Supplemental Data).

Clinical features associated with CHP in patients with mi-
graine are shown in the Online Supplemental Data. Because data
for MHDs and HIT-6 were not normally distributed, nonpara-
metric tests were used for analyses. As a result, the clinical factor
significantly associated with CHP in patients with migraine was
the age group of 18–40 years as a positive factor. Negative factors
for CHP findings were the age group of 41–60 years, morning mi-
graine, AIS, AIS$ 4, BDI-II scale, BDI-II$ 11, and the use of an
oral selective serotonin reuptake inhibitor (Online Supplemental
Data). Episodic migraine, chronic migraine, and aura were not sig-
nificantly associated with CHP findings.

Clinical factors with a significance level of P, .10 were
subjected to multivariable logistic regression analysis with the
presence of CHP as the dependent variable. Multivariable anal-
ysis revealed that significant positive clinical factors associated
with CHP in patients with migraine were the age group of 18–
40 years (OR ¼ 2.985; 95% CI, 1.381–6.452; P¼ .005) and
AIS,4 (absence of insomnia) (OR ¼ 53.598; 95% CI, 22.519–
127.57; P, .001). In multivariable analysis, the association
between patients with migraine with depression and CHP was
not significant.

Comparison of CBF in Patients with Migraine with/without
Insomnia
Among 145 patients with migraine with insomnia, 70 (48%) had
depression. Of the 76 patients with migraine with depression, 70
(92%) also had insomnia.

Patients with migraine were subgrouped according to the
presence or absence of insomnia and/or depression, and rCBF
during headache-free periods in each ROI was compared with
that in control subjects (Table and Online Supplemental Data).
Because our data for CBF were normally distributed, we used
1-way ANOVA for analysis of multiple comparisons to test for
significant differences in CBF data between the clinical groups.
Homogeneity of variance was analyzed by using the Levene test.
Equal variance of CBF data from each clinical group was con-
firmed, so the significance of ANOVA was determined by the
Tukey honestly significant difference test (Table and Online
Supplemental Data). Consequently, in all ROIs, rCBF was signif-
icantly higher in patients with migraine without insomnia than
in patients with migraine with insomnia or control subjects.
However, no significant differences in rCBF were seen between
patients with migraine with insomnia and control subjects in
any ROIs (Fig 1). Typical CHP findings on ASL in patients with
migraine without insomnia, patients with migraine with insom-
nia, and healthy controls are shown in Fig 2.

Similarly, in all ROIs, rCBF was significantly higher in patients
with migraine without depression than in patients with migraine
with depression or control subjects. Moreover, in all ROIs, rCBF
was significantly higher in patients with migraine without both
insomnia and depression than in patients with migraine with ei-
ther insomnia or depression or control subjects.

FIG 1. Values of rCBF during the interictal period in patients with mi-
graine with/without insomnia. These plots are graphical representa-
tions of the data presented in the Table. In bar graphs of mean
rCBF, black bars indicate migraine without insomnia, dotted bars
indicate migraine with insomnia, and white bars indicate healthy
controls. THA indicates rCBF in the territory of the thalamus; AM,
anterior part of the territory of the MCA; PM, posterior part of the
territory of the MCA.

Comparison of CBF using MR imaging of ASL in control subjects and patients with migraine with and without insomnia and/or depressiona

Cases ACA AM PM PCA Tha
Healthy control 26 48 (SD, 6)b 49 (SD, 7)b 48 (SD, 6)b 47 (SD, 6)b 45 (SD, 6)b

Baseline for hyperperfusion 60 63 60 59 57
Migraine without insomnia 97 62 (SD, 6) 64 (SD, 5) 63 (SD, 5) 61 (SD, 5) 56 (SD, 6)
Migraine with insomnia 145 51 (SD, 7)b 52 (SD, 7)b 51 (SD, 7)b 50 (SD, 8)b 48 (SD, 6)b

Migraine without depression 166 57 (SD, 8) 59 (SD, 8) 58 (SD, 8) 56 (SD, 8) 53 (SD, 7)
Migraine with depression 76 51 (SD, 8)b 53 (SD, 8)b 52 (SD, 8)b 51 (SD, 8)b 49 (SD, 7)c

Migraine without both insomnia and depression 91 62 (SD, 6) 64 (SD, 5) 63 (SD, 5) 60 (SD, 5) 56 (SD, 6)
Migraine with either insomnia or depression 151 51 (SD, 8)b 53 (SD, 8)b 52 (SD, 8)b 50 (SD, 8)b 49 (SD, 7)b

Note:—Tha indiates thalamus; AM, anterior part of the territory of the MCA; PM, posterior part of the territory of the MCA.
aData are means. Insomnia was defined as a score of$4 on the AIS. Depression was defined as a score of$11 on the BDI-II. The unit for CBF is mL/100 g/min. rCBF data
in migraineurs without insomnia (or depression) were compared with those in healthy controls and migraineurs with insomnia (or depression) and evaluated by ANOVA
followed by the Tukey honestly significant difference test.
bP, .001.
cP¼ .01.
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The statistical significance of pair-wise comparisons against rCBF
data in patients with migraine was evaluated with ANOVA followed
by the Tukey honestly significant difference test. Comparison of
patients with migraine with insomnia, depression, and those
with migraine with either insomnia or depression, and healthy
controls showed no significant difference in rCBF in any ROI.

Accuracy of Migraine Diagnosis Based on Hyperperfusion
on MR Imaging ASL
In patients with migraine without insomnia, regarding the diag-
nostic accuracy of CHP findings for migraine in the interictal pe-
riod, sensitivity was 0.918, specificity was 0.962, and PPV was
0.989, showing excellent accuracy. In all cases and patients with
migraine with insomnia, the sensitivity was low at 0.475 and
0.179, respectively, but the specificity was 0.962 and 0.962, respec-
tively, and the PPV was good at 0.991 and 0.963, respectively.

DISCUSSION
Mechanisms of CHP in Patients with Migraine
This study showed that patients with migraine, especially those
without insomnia, may have interictal CHP. Functional MR
imaging is useful for identifying changes in functional connec-
tivity in migraine that are thought to be related to cortical
spreading depolarization. However, because blood oxygenation
level–dependent signals obtained from fMRI do not directly
reflect cerebral perfusion,16 there are no studies that can be
used as a reference for considering the mechanism of CHP in
migraine. We speculate that cortical hyperexcitability, which
plays an important role in the development of migraine in the
trigeminal nerve-thalamocortical pathway, is the cause of CHP.
In fact, a previous study of voxel-based CBF analysis of ASL
during the interictal period reported high CBF levels in visual,
somatosensory, multisensory integration cortices, superior
frontal gyri, and postcentral gyri in interictal ASL in patients
with migraine with aura.16

The mechanism of CHP may also involve vasodilatory neuro-
transmitters that are associated with migraine development.
CGRP mediates CBF autoregulation, in part, by inducing endo-
thelial-independent vasodilation through direct effects on cere-
bral vascular smooth-muscle cells.9 Moreover, CGRP released
from the trigeminal perivascular nerve is also a potent direct

vascular smooth-muscle dilator that counteracts vasoconstriction
and hypoperfusion of the cerebral vascular bed as a rescue mech-
anism in cerebral ischemia.9,25,26

Concentrations of CGRP in plasma, tears, and saliva are
reportedly higher in patients with migraine both during
attacks and during the interictal period compared with
healthy subjects.10,11 Thus, the presence of elevated CGRP lev-
els not only during headache attacks but also during the inter-
ictal period indicates that the trigeminal nervous system is
continuously activated during headache attacks and during
the interictal period.10 Normally, endogenous CGRP does not
change CBF at the steady state. However, migraine,6 insom-
nia, and depression are never steady states due to impaired
CBF autoregulation. Therefore, a state of high endogenous
CGRP levels resulting from ongoing activation of the trigemi-
nal nervous system, including during interictal periods, likely
causes CHP on ASL.

ASL Findings in Patients with Migraine Headache with
Insomnia and Depression
A common neurophysiologic mechanism underlying both
insomnia and depression is hyperactivation of the hypothala-
mic-pituitary-adrenal axis, which indirectly results in impaired
CBF autoregulation.4,27 There have also been reports of decreased
local CBF in the frontal medial, occipital, and parietal cortices and
basal ganglia in patients with insomnia.5,28 Studies of CBF in mi-
graine that do not consider the presence or absence of depression
or insomnia would thus seem unlikely to yield results in consensus.

CGRP may be involved in the pathophysiology of depression,
and a significant increase in CGRP levels has been reported in
patients with migraine with depression.11 Thus, although CGRP
concentration is known to be high in depression, CBF in this
study was low among patients with migraine with depression,
and the vasodilatory effects of CGRP were not reflected. Previous
studies have shown that homocysteine levels in patients with
depression were significantly higher.29 Elevated plasma levels of
homocysteine resulted in reduced nitric oxide bioavailability
and hypertrophy of vascular smooth-muscle cells, which could
decrease the ability of vascular dilation.4,30 On the basis of these
findings, we think that because the vasodilatory ability is
reduced in depression and/or insomnia, which is strongly

FIG 2. Findings from MR imaging ASL. A, Typical CHP findings in a 41-year-old woman with episodic migraine without insomnia. B and C, Normal
findings without CHP in a 48-year-old woman with chronic migraine complicated by insomnia (B) and a 30-year-old woman from the healthy
control group (C).
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associated with depression, the vasodilatory effect of CGRP is
less likely to occur. As a result, the frequency of CHP may be
low in migraine complicated with depression and/or insomnia.
In the future, we believe it is important to study how insomnia
and depression affect the trigeminovascular system, CGRP lev-
els, and CBF autoregulation in patients with migraine.

Neuroradiologic Diagnosis of Migraine by CHP Findings on
ASL
Previous migraine studies using ASL did not emphasize the pres-
ence of CHP.2,16 In contrast, because the strengths of our study
compared with previous studies include the large sample size,
grouping analysis by presence or absence of insomnia and
depression, and strict interictal ASL implementation, we were
able to clarify the presence of CHP as a characteristic finding of
ASL in patients with migraine.

The CHP findings in this study were more frequent and clini-
cally useful in patients with migraine without insomnia and
depression. Moreover, because the CBF value in CHP was
$10mL/100 g/min higher than that in healthy controls, the
hyperperfusion pattern for the cortex on ASL images is visu-
ally impressive. CHP, therefore, seems to allow an easy one-
shot diagnosis without checking the CBF value. In addition, if
migraine is clearly diagnosed according to the diagnostic cri-
teria, but no CHP findings are evident, insomnia or depres-
sion should be suspected, and clinical/psychological medical
examinations should be required. These will allow headache
specialists to treat migraines more precisely. On the basis of
the above, we emphasize that CHP findings on ASL are clini-
cally very useful as one of the supplementary diagnostic tools
in addition to interviews, as the only impressive imaging find-
ing for migraine at present.

The differential diagnosis for CHP includes nonconvulsive
status epilepticus.13,14 Additionally, those with typical aura with-
out headache18 and patients with a family history of migraine
may also present with CHP findings, and this possibility is cur-
rently under investigation.

Limitations
This study has some limitations. First, it relied on indirect evi-
dence from previous studies, because we were unable to test our
hypothesis by simultaneously measuring CGRP levels in both
patients with migraine and control subjects and correlating them
with ASL findings.

Second, relatively low SNR and low temporal resolution, as
the key limitations of ASL, have been overcome due to technical
advances in MR imaging.1 However, ASL remains vulnerable to
head-movement artifacts, so the existence of cases that compro-
mised the reliability of CBF values cannot be ruled out. In addi-
tion, ASL perfusion findings may be influenced by various
factors, such as the MR magnetic field (1.5T versus 3T) and limi-
tation of using single delay, sex, age, and the effect of medications
on CBF measures.

Third, the reproducibility of CBF measured with ASL was not
assessed. In the future, repeat interval scans will need to be per-
formed to confirm that the results of this study are a consistent
phenomenon rather than obtained by chance.

Fourth, because the main purpose of this study was to
demonstrate that migraine can be diagnosed on the basis of
the finding of CHP on ASL, we did not perform a group-level
voxelwise CBF analysis to look for the spatial extent of the
abnormalities.

CONCLUSIONS
Patients with migraine without insomnia may have CHP during
the interictal period; however, the findings of the present study
need to be prospectively validated on a larger scale before clinical
applicability can be considered.
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Timing of Spot Sign Appearance, Spot Sign Volume, and
Leakage Rate among Phases of Multiphase CTA Predict

Intracerebral Hemorrhage Growth
MacKenzie Horn, Ericka Teleg, Koji Tanaka, Abdulaziz Al Sultan, Linda Kasickova, Tomoyuki Ohara, Piyush Ojha,

Sanchea Wasyliw, Sina Marzoughi, Ankur Banerjee, Girish Kulkarni, Kennedy Horn, Amy Bobyn, Anneliese Neweduk,
Nishita Singh, Wu Qiu, David Rodriguez-Luna, Dar Dowlatshahi, Mayank Goyal, Bijoy K. Menon, and

Andrew M. Demchuk

ABSTRACT

BACKGROUND AND PURPOSE: The presence of spot sign is associated with a high risk of hematoma growth. Our aim was to
investigate the timing of the appearance, volume, and leakage rate of the spot sign for predicting hematoma growth in acute intra-
cerebral hemorrhage using multiphase CTA.

MATERIALS AND METHODS: In this single-center retrospective study, multiphase CTA in 3 phases was performed in acute intrace-
rebral hemorrhage (defined as intraparenchymal 6 intraventricular hemorrhages). Phases of the spot sign first appearance, spot sign
volumes (microliter), and leakage rates among phases (microliter/second) were measured. Associations between baseline clinical
and imaging variables including spot sign volume parameters (volume and leakage rate divided by median) and hematoma growth
(.6mL) were investigated using regression models. Receiver operating characteristic analysis was used as appropriate.

RESULTS: Two hundred seventeen patients (131 men; median age, 70 years) were included. The spot sign was detected in 21.7%, 30.0%,
and 29.0% in the first, second, and third phases, respectively, with median volumes of 19.7, 31.4, and 34.8ml in these phases. Hematoma
growth was seen in 44 patients (20.3%). By means of modeling, the following variables, namely the spot sign appearing in the first phase,
first phase spot sign volume, spot sign appearing in the second or third phase, and spot sign positive and negative leakage rates, were
associated with hematoma growth. Among patients with a spot sign, the absolute leakage rate accounting for both positive and nega-
tive leakage rates was also associated with hematoma growth (per 1-ml/s increase; OR, 1.26; 95% CI, 1.04–1.52). Other hematoma growth
predictors were stroke history, baseline NIHSS score, onset-to-imaging time, and baseline hematoma volume (all P values , .05).

CONCLUSIONS: The timing of the appearance of the spot sign, volume, and leakage rate were all associated with hematoma growth.
Development of automated software to generate these spot sign volumetric parameters would be an important next step to maximize the
potential of temporal intracerebral hemorrhage imaging such as multiphase CTA for identifying those most at risk of hematoma growth.

ABBREVIATIONS: ICH ¼ intracerebral hemorrhage; mCTA ¼ multiphase CTA

Stroke is one of the leading causes of morbidity and mortality
worldwide. Spontaneous, nontraumatic intracerebral hemorrhage

(ICH) is the most severe form of stroke, with a mortality rate of 40%

at 1month from onset.1,2 The growth in hematoma volume occurs in
approximately one-third of patients with acute ICH within 6hours
and is associated with early neurologic deterioration and functional
outcome.3,4 Therefore, identifying patients with the highest risk of he-
matoma growth would be beneficial in clinical practice by further
refining the ideal target population for intensive antihypertensive or
promising hemostatic treatment. The spot sign is$1 foci of enhance-
ment within the hemorrhage in contrast-enhanced CT, which is pre-
dictive of hematoma growth and poor prognosis in patients with
acute ICH.5,6 Biologic underpinnings of the spot sign generally are

Received November 27, 2023; accepted after revision January 23, 2024.

From the Foothills Medical Centre, Departments of Clinical Neurosciences (M.H., E.T.,
K.T., A.A.S., P.O., K.H., A. Bobyn, A.N., N.S., B.K.M., A.M.D.), Radiology (B.K.M., M.G., A.M.D.),
and Community Health Sciences (B.K.M.), and Hotchikiss Brain Institute (M.G., B.K.M.,
A.M.D.), Cumming School of Medicine, University of Calgary, Calgary, Canada;
Department of Neurology (L.K.), University Ostrava, Ostrava, Czech Republic; Department
of Neurology (T.O.), Kyoto Prefectural University of Medicine, Kyoto, Japan; Department
of Medicine (S.W.), Division of Neurology, University of Saskatchewan, Saskatoon,
Canada; Department of Medicine (S.M.), Division of Neurology, University of British
Columbia, Vancouver, Canada; Department of Medicine (A. Banerjee), Division of
Neurology, University of Alberta, Edmonton, Canada; Department of Neurology (G.K.),
National Institute of Mental Health and Neurosciences, Bengaluru, India; Department
of Neurology (D.R.-L.), Vall d’Hebron University Hospital, Barcelona, Spain; Department
of Biomedical Engineering (W.Q.), Huazhong University of Science and Technology,
Wuhan, China and Department of Medicine (D.D.), Division of Neurology, University of
Ottawa, Ottawa, Canada.

M. Horn, E. Teleg, and K. Tanaka contributed equally to this work.

Please address correspondence to AndrewM. Demchuk, MD, Departments of
Clinical Neurosciences and Radiology, and Hotchikiss Brain Institute, Cumming school
of Medicine, University of Calgary, Calgary, Canada, 1403 29 St N.W., Calgary, AB, T2N
2T9 Canada; e-mail: ademchuk@ucalgary.ca

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A8254

AJNR Am J Neuroradiol 45:693–700 Jun 2024 www.ajnr.org 693

https://orcid.org/0000-0002-1472-3977
https://orcid.org/0000-0001-6501-4057
https://orcid.org/0000-0003-2849-5386
https://orcid.org/0000-0001-7659-0383
https://orcid.org/0000-0003-3647-0904
https://orcid.org/0000-0001-7827-8270
https://orcid.org/0000-0001-8053-4536
https://orcid.org/0000-0003-1379-3612
https://orcid.org/0000-0001-9060-2109
https://orcid.org/0000-0002-3466-496X
https://orcid.org/0000-0002-4930-7789
mailto:ademchuk@ucalgary.ca


contrast leakage from the source bleeding arteriole or peripheral
small vessels surrounding the hematoma that bleed due to me-
chanical effect/tearing.7,8

Imaging studies such as dynamic CT have revealed temporal
characteristics of the spot sign, in which contrast appeared in the
arterial phase and dispersed into the hematoma in later phases.7,9

Multiphase CTA (mCTA) is another form of dynamic/temporal
imaging that uses 3 phases and has been adopted by many centers
primarily for ischemic stroke, evaluating collateral blood flow,
and occlusion detection (region of delayed washout).10 Some of
these centers have also used mCTA for ICH to detect the first
appearance of the spot sign by phase, improving the prediction
ability for hematoma growth.11,12 Recent studies using mCTA
demonstrated that hematoma growth was greater in cases with
the spot sign detected in the arterial phase than those detected in
the venous phase.13,14 Given that spot signs represent ongoing
bleeding, volumetric analysis of the spot sign across time may
improve the predictive performance for hematoma growth; how-
ever, associations between the spot sign volume parameters and
hematoma growth remain unclear. In this study, we aimed to
investigate volumetric characteristics of the spot sign for predict-
ing hematoma growth and outcome in patients with acute ICH
who underwent mCTA.

MATERIALS AND METHODS
Study Design
This was a single-center retrospective study comprising consecu-
tive patients with acute ICH who underwent mCTA between
February 2012 and May 2020 at the Foothills Medical Centre in
Calgary, Alberta, Canada. Confirmed cases with acute ICH by
NCCT immediately underwent mCTA unless they had contrain-
dications (no baseline MRIs were performed). Patients under-
went follow-up imaging by NCCT or MR imaging between 12
and 72hours. Patients younger than 18 years of age, who under-
went surgery without imaging before surgery, those having only
intraventricular hemorrhage, or with a secondary cause of ICH
(eg, tumor, trauma, or AVM-related) were excluded. This study
was approved by the ethics committee at the University of
Calgary beginning in 2017. Radiologic data assessment was com-
pleted by study members blinded to the clinical information. Any
disagreements among reviewers were resolved by consensus.

Study Participants
Patients’ clinical characteristics were collected from the medical
charts. These included age, sex, history of stroke, prior antithrom-
botic medication (antiplatelets and/or anticoagulants including
warfarin, direct oral anticoagulants, or low-molecular weight hep-
arin), and vascular risk factors including hypertension, diabetes
mellitus, current smoking, and alcohol consumption. Blood pres-
sure measurement and routine blood chemistry examinations
were performed on admission. The severity of neurologic symp-
toms was assessed by the NIHSS score. Onset-to-imaging time
was defined as the time from symptom onset or last known well
to the first CT scan. Anticoagulation reversal treatment was per-
formed if indicated. Functional outcome was assessed at 90 days
by mRS. Unfavorable outcome was defined as mRS$3.

mCTA Protocol
The center for the research uses 2 distinct mCTA imaging proto-
cols for acute stroke using Revolution or Discovery 750 HD (GE
Healthcare). The ischemic stroke protocol scans the neck first
and then the brain 3 times, 8 seconds apart.10 The mCTA ICH
protocol scans the brain only (no neck imaging) in 3 phases after
contrast material injection. In the mCTA ICH protocol, from the
beginning of the first phase to the start of the second phase is 10–
11 seconds; and from start of second phase to the start of the third
phase, 16–18 seconds. This protocol represents peak arterial, peak
venous, and late venous phases. Seventy milliliters of contrast ma-
terial (68% ioversol, Optiray 320; Mallinckrodt) was injected at a
rate of 6mL/s for both protocols. The axial images were acquired
with a 0.625-mm section thickness and reconstructed at 1-mm
overlapping sections. Scanning parameters were a tube voltage of
120 kV and the tube current set to automatically modulated, with
a minimum of 200mA and a maximum of 625mA. The total
radiation dose per our mCTA ischemic stroke protocol was 1450
and 770 mGy for the mCTA ICH stroke protocol.

Imaging Analysis and Definition of Hematoma Growth
Imaging analysis was performed using semiautomatic segmenta-
tion software, Quantomo, Version 1 (Cybertrial, Calgary, Canada).15

Quantomo allows seeding the volume by selecting a single
pixel and then correcting the spot sign volume manually.
Semiautomation of Quantomo is the seeding feature. Manual-
correction tools include a pencil for additions, an eraser for
subtraction, and a blocking tool to reject incorrect seeding.
Quantomo-generated volume measures up to 2 decimal places.
Quantomo files were converted and input into ITK-SNAP
software Version 3 (www.itksnap.org) to determine volume in
microliters. The time between the phases differed in the 2 mCTA
protocols and was considered when calculating the interval
between phases. The leakage rate was calculated by the volume
difference between phases (microliter)/interval between the
phases (seconds). Because the leakage rate can be negative if the
spot sign disperses or disappears, we calculated the absolute leak-
age rate, accounting for both positive and negative leakage rates.
The absolute leakage rate was calculated by (jleakage rate between
first and second phasesj1 jleakage rate between second and third
phasesj)/2. Hematoma volume was measured on baseline NCCT
and follow-up NCCT.

ICH included both intraparenchymal hemorrhage and intra-
ventricular hemorrhage. For patients who underwent only MR
imaging, hematoma volume was measured in either FLAIR (TR/TE
range, 8421–10,934/85–126ms) or T2 sequences (TR/TE range,
4030–10,162/94–120ms). SWI or gradient-echo was not used given
concerns for blooming artifacts.16 In patients who underwent both
T2 and FLAIR, we chose either one. The location of the hematoma
was classified as deep cerebral (globus pallidus, putamen, thalamus,
caudate, or combined), lobar, or infratentorial (brainstem or cere-
bellum). Hematoma growth was defined as an increase in ICH vol-
ume of .6mL.17 The spot sign was defined according to the
following criteria: 1) serpiginous or spotlike appearance within the
margin of a parenchymal hematoma without connection to an out-
side vessel; 2) contrast density of.1.5mm in diameter in at least 1
dimension; 3) contrast density (Hounsfield units at least double
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those of the background hematoma); and 4) no hyperdensity at the
corresponding location on NCCT.18

Statistical Analysis
Statistical analysis was performed using STATA software, Version
18.0 (StataCorp). Data were expressed as medians and interquartile
ranges for continuous variables and counts and percentages for
categoric variables. Intraclass correlations coefficients (1-way and
2-way random effects models) were calculated for the reliability of
measurement of the spot sign volume among 3 readers (A.A.S. and
K.T., experienced researcher and neurologist with.6 and 11 years
of neuroimaging experience; and M.H., medical student/research
assistant with.5 years’ experience in spot sign detection and volu-
metric software measurements) using a sample of 20 cases and 60
images (20 images for each phase). A value of zero was assigned
for spot sign volume if it disappeared in later phases. Univariable
(x 2 test, Fisher exact test, Wilcoxon rank-sum test as appropriate)
and multivariable analyses (logistic regression) were performed to
identify variables associated with hematoma growth. All clinical
characteristics (see Study Participants section) and imaging param-
eters were included in univariable analysis. Five different multivari-
able models were built, each including a different prespecified spot
sign parameter as an independent variable: 1) spot sign presence in
first phase (single-phase CTA equivalent, model one); 2) the phase
of first appearance of spot sign (mCTA, model two); 3) spot sign
volume in first phase (divided by median, model three); 4) spot
sign positive/negative leakage rate between phases (model four);
and 5) spot sign absolute leakage rate (patients with a spot sign,

model five). These models are conceptually different by focusing
on individual elements of spot sign imaging characterization
such as timing, volume, and leakage rate. Collinearity among
the various spot sign parameters means that they cannot all be
included in the same models.

The model performance was evaluated by the area under the
receiver operating characteristic curve (C-statistic), the Akaike in-
formation criterion, or the Bayesian information criterion. The
Delong test was performed to compare C-statistics in each model.
Sensitivity analyses were performed defining hematoma growth
as .12.5mL and as .33% from baseline to follow-up imaging4

and unfavorable outcome. Finally, a mixed-effects regression model
was used to model the relationship between spot sign growth across
time assessed using mCTA and ICH growth, with the spot sign vol-
ume in each phase as a repeated measures independent variable,
phase acquisition time in seconds with phase 1 acquisition time as
time ¼ 0 seconds as a fixed effects variable, “patient” as a random
effects variable, and ICH growth between baseline to follow-up
imaging in 3 categories: no hematoma growth, hematoma growth
of#6mL, and.6mL as the dependent variable. A 2-sided P value
, .05 was considered statistically significant.

RESULTS
Characteristics of Patients with and without Hematoma
Growth
A total of 350 patients were screened during the study period
with 217 patients included in the analysis (flow chart in Fig 1).
One hundred thirty-one of the included patients were men, with
a median age of 70 years and a median NIHSS score on admission
of 10. The median onset-to-CT imaging time was 225minutes
(interquartile range, 109–392minutes), and the median baseline
ICH volume was 18.9mL (interquartile range, 5.4–34.4mL).
Additional baseline characteristics are shown in the Table 1.

The primary outcome of hematoma growth (defined as.6mL)
was seen in 44 patients (20.3%). Hematoma growth, when defined
as.12.5mL, was seen in 33 (15.2%) patients and, when defined as
.33% hematoma growth, was seen in 39 (18.0%) patients. Thirty-
seven patients received anticoagulants including 24 on warfarin, 12
on direct oral anticoagulants, and 1 on low-molecular-weight hepa-
rin. Anticoagulation reversal treatment was initiated in 27 patients,
including prothrombin complex concentrate (n¼ 23), coagulation
factor VIIa (n¼ 4), and/or protamine (n¼ 1). Follow-up imaging
was performed at a median of 21.9hours from baseline imaging,
and hematoma volume was evaluated by CT in 154 patients; FLAIR,
in 57 patients; and T2, in 6 patients.

A history of stroke (20.5% versus 6.9%, P¼ .018), NIHSS on
admission (median, 18.5 versus 8, P ,. 001), onset-to-imaging
time (median, 151 versus 243minutes, P¼ .008), and baseline
hematoma volume (median 28.7 versus 12.8mL, P , .001)
were associated with hematoma growth on univariable analy-
sis. All these variables were also associated with hematoma
growth in multivariable analysis (Online Supplemental Data).

Spot Sign Parameters in Association with HematomaGrowth
One hundred seventy-seven patients were scanned at baseline
using the ICH mCTA protocol, and 40 patients were scanned
using the ischemic mCTA stroke protocol. A median 11-second

FIG 1. Patient inclusion/exclusion flow chart. Patients were screened
according to the inclusion/exclusion criteria of the study. Of the 350
patients screened, 217 patients were included in the study.
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interval was noted between the first and second phases, and
18 seconds, between the second and third phases. Sixty-nine
patients (31.8%) had a spot sign in any phase of mCTA. The spot
sign was seen in 47 patients in the first phase (21.7%), 65 (30.0%)
in the second phase, and 63 (29.0%) in the third phase. Two
patients had a spot sign only in the first phase, and another 2
patients had a spot sign only in the third phase. Figure 2 shows

representative slices of the spot sign in each phase. Contrast dis-
persal was seen in some spot signs at the third phase, which may
affect the spot sign volume and leakage rate in later phases. In the
sample of 20 cases, inter- and intrarater reliability assessed using
the intraclass correlation coefficient for the spot sign volume in
the first phase was 0.84 and 0.62; in the second phase, it was 0.77
and 0.92; and in the third phase, it was 0.76 and 0.86, respectively.

Table 1: Baseline characteristics stratified by presence or absence of hematoma growtha

Variable Total (n = 217)
Hematoma Growth

P ValueYes (n = 44) No (n = 173)
Age (yr) 70 (59.5–80) 75 (61–83) 69 (59–79) .209
Sex (male) 131 (60.4) 27 (61.4) 104 (60.1) .880
History of stroke 21 (9.7) 9 (20.5) 12 (6.9) .018

Ischemic 16 (7.4) 8 (18.2) 8 (4.6)
Hemorrhagic 5 (2.3) 1 (2.3) 4 (2.3)

Hypertension 182 (83.9) 39 (88.6) 143 (82.7) .491
Diabetes mellitus 41 (18.9) 10 (22.7) 31 (17.9) .467
Current smoking 23 (10.6) 3 (6.8) 20 (11.6) .583
Alcohol consumption 9 (4.2) 1 (2.3) 8 (4.6) .690
Prior antithrombotic medication 59 (27.2) 17 (38.6) 42 (24.3) .056
Antiplatelets 26 (12.0) 8 (18.2) 18 (10.4) .192
Anticoagulants 37 (17.1) 11 (25.0) 26 (15.0) .116

SBP (mm Hg) 190 (171–205) 200 (174–210) 190 (168–200) .160
Hemoglobin (g/L) 141 (131–153) 141 (132–148) 142 (131–154) .432
Serum glucose (mmol/L) 6.9 (5.7–8.2) 6.9 (5.7–8.2) 6.7 (4.9–8.1) .751
International normalized ratio 1 (1.0–1.1) 1 (1.0–2.4) 1 (1.0–1.1) .146
NIHSS score on admission 10 (5–20) 18.5 (9–23) 8 (3.25–17) ,.001
Onset-to-imaging time (min) 225 (109–392) 151 (102–248) 243 (134–422) .008
Baseline ICH volume (mL) 18.9 (5.4–34.4) 28.7 (13.7–58.8) 12.8 (4.2–30.9) ,.001
Hematoma location .150
Deep cerebral 115 (53.0) 26 (59.1) 89 (51.5)
Lobar 80 (36.9) 17 (38.6) 63 (36.4)
Infratentorial 22 (10.1) 1 (2.3) 21 (12.1)

Timing of spot sign appearance ,.001
No spot sign 148 (68.2) 10 (22.7) 138 (79.8)
First appearing in the first phase 47 (21.7) 26 (59.1) 21 (12.1)
First appearing in the second phase 20 (9.2) 8 (18.2) 12 (6.9)
First appearing in the third phase 2 (0.9) 0 (0) 2 (1.2)

Note:—SBP indicates systolic blood pressure.
a Hematoma growth is defined as a .6-mL increase in volume of the hematoma from baseline. Data are presented as No. (%) or median (interquartile range).

FIG 2. Representative slices of the spot sign in each phase of mCTA. A, Noncontrast CT shows a hematoma in the left putamen. B, mCTA shows a
spot sign in the hematoma in the first phase (arrow). C, Segmentation of the spot sign in each phase. The volume of the spot sign in the first phase
increases in the second phase. In the third phase, the contrast seems to partially disperse into the hematoma, and the volume of the spot sign
decreases.
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An association between spot sign volume parameters and he-
matoma growth is shown in the Table 2. The median volume of
the spot sign in each phase was 19.7, 31.4, and 34.8ml, respec-
tively. Among patients with the spot sign in the first phase, the
leakage rate was a median of 2.6ml/s between the first and second
phases and a median of 0.2ml/s between second and third phases.
Among patients with the spot sign first appearing in the first
phase, those with hematoma growth had larger volumes of the
spot sign in the first phase (32.7 versus 6.7ml, P¼ .033) and a
larger leakage rate between the first and second phases (3.8 versus
1.2ml/s, P¼ .034) compared with those without it. The absolute
leakage rate was a median of 1.02ml/s, which was larger in
patients with hematoma growth than those without it (2.4 versus
0.7ml/s, P ¼ .002). The frequencies of hematoma growth by the
spot sign parameter were separated by more than or equal to the
median and are shown in the Online Supplemental Data.

Hematoma growth was seen in 8
(36.4%) of 22 patients with the spot
sign first appearing in the second or
third phase. Among patients with the
spot sign first appearing in the first
phase, hematoma growth was seen in
16 (66.7%) of 24 patients with a volume
of $19.7ml, and 23 (65.7%) of 35
patients with absolute leakage rate of
$1.02ml/s. The relationship between
the spot sign volume across time/phase
and hematoma growth is shown in Fig 3.
The spot sign volume increased more in
patients with hematoma growth than in
those without it. The spot sign volume
increased significantly after the first
phase acquisition in patients with he-
matoma growth, while it did not
increase or was absent throughout the
entire acquisition in those without he-
matoma growth.

Multivariable Analysis of Spot Sign
Parameters for Hematoma Growth
Evaluation of variables associated with
hematoma growth (Table 3) included
the prespecified spot sign imaging varia-

bles of interest in separate statistical models, given the collinearity
among the phase of appearance, volume, and leakage rate. In model
1, the spot sign in the first phase (OR, 10.5; 95% CI, 5.0–22.7) was
associated with hematoma growth. In model 2, the spot sign first
appearing in the first phase (OR, 17.1; 95% CI, 7.2–40.4) and the
spot sign first appearing in the second or third phase (OR, 7.9; 95%
CI, 2.7–23.2) were associated with hematoma growth. In model 3,
the spot sign first appearing in the first phase with volume,19.7ml
(OR, 10.6; 95% CI, 3.7–30.9) and$19.7ml (OR, 27.6; 95% CI, 9.9–
84.6), and the spot sign first appearing in the second or third phase
were associated with hematoma growth. In model 4, both positive
(OR, 10.1; 95% CI, 4.2–24.1) and negative (OR, 23.0; 95% CI, 8.1–
65.5) leakage rates were associated with hematoma growth. In
model 5, the absolute leakage rate was associated with hematoma
growth among patients with the spot sign (per 1-ml/s increase; OR,
1.26; 95% CI, 1.04–1.52) (Fig 4). The C-statistic in model 2 was

Table 2: Spot sign parameters when compared with hematoma growth

Spot Sign Volume Parameter Totala

Spot Sign First Appearing
in the First Phase

Spot Sign First Appearing
in the Second Phase

Hematoma Growth P
Value

Hematoma Growth P
ValueYes (n = 26) No (n = 21) Yes (n = 8) No (n = 12)

Volume in the first phase (mL) 19.7 (5.7–64.3) 32.7 (12.9–74.3) 6.7 (4.4–59.0) .033
Leakage rate between first and
second phases (mL/sec)

2.6 (0.6–7.7) 3.8 (1.1–9.7) 1.2 (0.4–6.5) .034

Volume in the second phase (mL) 31.4 (7.4–108.8) 95.9 (44.1–172.0) 19.7 (8.2–133.0) .017 17.0 (5.8–40.3) 6.3 (4.8–14.4) .216
Leakage rate between second
and third phases (mL/sec)

0.1 (�0.2–1.3) 0.4 (�0.1–2.5) 0.0 (�2.1–2.1) .153 0.6 (�0.1–2.1) 0.1 (0.1–0.5) .396

Volume in the third phase (mL) 34.8 (10.0–129.0) 58.0 (32.9–172.6) 34.8 (7.3–156.7) .121 31.5 (1.9–79.1) 10.8 (6.2–18.5) .440
Absolute leakage rate (mL/sec) 1.02 (0.5–4.7) 3.5 (1.0–8.1) 0.9 (0.5–3.8) .017

a The number of patients was 47 for volume in the first phase and leakage rate between the first and second phases, 67 for volume in the second phase and leakage rate
between second and third phases, and 69 for volume in the third phase. Data are presented as median (interquartile range).

FIG 3. Predicted spot sign volume by mCTA phase time stratified by hematoma growth category.
A mixed-effects regression model estimated a change in spot sign volume across time stratified
by different ICH growth category. The x-axis measures time in seconds under the assumption
that phase 1 of the mCTA is acquired at time¼ 0 seconds, and the relationship between the pre-
dicted spot sign volume change and time are shown in patients without hematoma growth and
hematoma growth of#6mL and.6mL. The area shows 95% CIs.
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superior to that in model 1 (single-phase CTA versus mCTA spot
sign, P¼ .010). C-statistics were not statistically different among
models 2, 3, and 4 (mCTA spot sign parameters, P¼ .312).

Analysis by Hematoma Growth Definition, mCTA
Protocol, and Follow-up CT Only
Sensitivity analyses using other definitions of hematoma growth
are reported in the Online Supplemental Data and show similar
results. We performed the same analysis including only patients who
underwent mCTA using the ICH mCTA protocol (n¼ 177) and
only patients who underwent follow-up imaging by CT (n¼ 154),
but the results were unchanged (Online Supplemental Data).

Spot Sign Parameters and Functional Outcomes
Functional outcomes at 90 days were available in 155 patients,
and unfavorable outcomes were seen in 94 patients (60.6%). The

frequency of unfavorable outcomes was 52.8% (57 of 108 patients)
in patients without the spot sign and 93.8% (15 of 16 patients) in
those with the spot sign first appearing in the first phase with a
volume of $19.7ml and an absolute leakage rate of $1.02ml/s.
The associations between spot sign parameters and functional
outcomes are shown in the Online Supplemental Data.

DISCUSSION
This study has shown that the timing of the spot sign appearance,
spot sign volume, and spot sign leakage rate using temporal imag-
ing of mCTA predict hematoma growth. This study is the first to
both measure the spot sign volumes and investigate changes in
volume (leakage rate) of the spot sign by mCTA. The volume of the
spot sign generally increased early and then plateaued thereafter.

Our study revealed that the spot sign volume in the first phase
and absolute leakage rate were the key imaging parameters
strongly associated with hematoma growth regardless of the defi-
nition of that growth. Our findings indicate that earlier and larger
spot signs represent more active bleeding. With 2-phase CTA,
Kim et al19 showed an increase in size and Brouwers et al20 showed
enlargement in the volume of spot sign–predicted hematoma
growth. Significant associations of both positive and negative leak-
age rates with hematoma growth in this study indicate that the dis-
persion of the spot sign can be another predictor of hematoma
growth. Some previous studies suggest that the pathophysiology of
the spot sign differs according to phase patterns: active bleeding
without homeostasis in earlier phases and process of pooling of
blood accumulation, with better hemostasis in later phases.7,20

Therefore, spot signs appearing in later phases may represent a
slower and smaller leak, resulting in a marginal utility of spot sign
parameters in the third phase.

The negative results from the spot sign in positive hemostatic
trials21 and the modest accuracy of the spot sign for predicting
hematoma growth in large spot sign collaborations may be
explained by the limitations of using the spot sign with single
phase CTA. mCTA can provide dynamic information of the spot

Table 3: Logistic regression analysis for hematoma growth

OR (95% CI) P value C-Statistic BIC AIC
Model 1 0.735 190.2 183.5
No spot sign in the first phase (reference) 1.0
Spot sign in the first phase 10.5 (5.0–22.7) ,.001

Model 2 0.798 182.8 172.7
No spot sign (reference) 1.0
Spot sign first appearing in the first phase 17.1 (7.2–40.4) ,.001
Spot sign first appearing in the second or third phase 7.9 (2.7–23.2) ,.001

Model 3 0.807 185.6 172.3
No spot sign (reference) 1.0
Spot sign first appearing in the first phase with volume ,19.7 mL 10.6 (3.7–30.9) ,.001
Spot sign first appearing in the first phase with volume $19.7 mL 27.6 (9.9–84.6) ,.001
Spot sign first appearing in the second or third phase 7.9 (2.7–23.2) ,.001

Model 4 0.800 182.4 172.2
No spot sign (reference) 1.0
Spot sign with positive leakage rate between phases 10.1 (4.2–24.1) ,.001
Spot sign with negative leakage rate between any phases 23.0 (8.1–65.5) ,.001

Model 5a 0.713 95.4 99.9
Absolute leakage rate (per 1-mL/sec increase) 1.26 (1.04–1.52) .019

Note:—AIC indicates Akaike information criterion; BIC, Bayesian information criterion.
aModel 5 includes only patients with the spot sign (n ¼ 69).

FIG 4. Hematoma growth probability as predicted by absolute spot
sign leakage rate. The probability of hematoma growth of .6mL is
predicted by the absolute spot sign leakage rate ([jleakage rate
between first and second phasesj 1 jleakage rate between second
and third phasesj]/2). The area shows 95% CIs.
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sign with fixed timing for image acquisitions and a faster and eas-
ier manner. C-statistics were not statistically different among spot
sign parameters (models 2, 3, and 4), which may be because of the
correlations among these parameters. Despite no statistical signifi-
cance, models including a volume or leakage rate had higher
C-statistics than the model including phase-only information,
suggesting that volumetric analysis of the spot sign is a promising
method for identifying patients with a high risk of hematoma
growth in acute ICH. We may not have been able to show statisti-
cal significance because these comparisons may have been under-
powered. The consistency of the results in different thresholds of
hematoma growth of .6mL, .12.5mL, or .33%, supports the
utility that can help better stratify patients at risk of hematoma
growth in different decision-making scenarios, including clinical
trials for hemostatic treatment. We also found a higher frequency
(93.8%) of unfavorable outcomes in patients with the spot sign
first appearing in the first phase, volume of$19.7ml, and absolute
leakage rate of $1.02ml/s, suggesting that the volumetrics of the
spot sign are promising in predicting functional outcomes, though
the sample size was underpowered for multivariable analysis.

This study has several limitations. First, it was a retrospective
design from a single center with multiple years of experience per-
forming mCTA. Differences by sex may have confounded our
analysis, though biologic plausibility for such confounding is con-
sidered low.22,23 Twenty-six patients with active bleeding were
excluded from the analysis because surgery was performed before
follow-up imaging could be obtained. Second, we used last-
known-well time, which may have resulted in a long onset-to-
imaging time in this study (median, 225minutes) and therefore a
reduced proportion of positive CTA spot signs and overall pre-
dictive ability for hematoma growth, which was higher in the ear-
lier time strata.24 Third, due to the small volume of the spot sign
with the unit of microliters, it may be difficult to eliminate mea-
surement error, though interrater reliability was very good.

Moreover, other spot sign characteristics (number, shape, loca-
tion, or density) were not studied. Establishing automated mea-
surement methods using artificial intelligence algorithms could
eliminate such measurement errors, advance spot sign parameter
evaluation, and improve hematoma growth prediction. Fourth,
follow-up timing and imaging technique (CT versus MR imaging)
were not uniform, which might impact comparisons with baseline
volumes. Fifth, the mCTA ischemic stroke/ICH protocol adds radi-
ation exposure,25 albeit minimal. A comparative study between
mCTA and dynamic CTA derived from CTP could be performed,
but this would need to be justified ethically, given the additional
3.5-mSv radiation dose of CTP in acute ICH. Finally, 90-day clinical
outcome was not available in all patients. Our results need to be
validated in a multicenter cohort for generalizability.

CONCLUSIONS
Timing of the spot sign appearance, spot sign volume, and spot
sign leakage rate are each important predictors of hematoma
growth. Volumetric analysis of the spot sign may provide addi-
tional predictive performance for hematoma growth in acute
ICH. However, automated software would be needed to allow
fast determination of these parameters in a clinical setting. These
parameters could also be incorporated into mCTA spot sign

grading by more simplified approaches for clinicians. These strat-
egies are important next steps before we can practically apply
mCTA to better predict hematoma growth and direct ICH treat-
ment decision-making.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Contrast Staining in Noninfarcted Tissue after Endovascular
Treatment of Acute Ischemic Stroke
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Bindu N. Setty

ABSTRACT

BACKGROUND AND PURPOSE: Contrast staining is a common finding after endovascular treatment of acute ischemic stroke. It
typically occurs in infarcted tissue and is considered an indicator of irreversible brain damage. Contrast staining in noninfarcted tis-
sue has not been systematically investigated. We sought to assess the incidence, risk factors, and clinical significance of contrast
staining in noninfarcted tissue after endovascular treatment.

MATERIALS ANDMETHODS:We conducted a retrospective review of consecutive patients who underwent endovascular treatment
for anterior circulation large-vessel occlusion acute ischemic stroke. Contrast staining, defined as new hyperdensity on CT after
endovascular treatment, was categorized as either contrast staining in infarcted tissue if the stained region demonstrated restricted
diffusion on follow-up MR imaging or contrast staining in noninfarcted tissue if the stained region demonstrated no restricted dif-
fusion. Baseline differences between patients with and without contrast staining in noninfarcted tissue were compared. Logistic
regression was used to identify independent associations for contrast staining in noninfarcted tissue after endovascular treatment.

RESULTS: Among 194 patients who underwent endovascular treatment for large-vessel occlusion acute ischemic stroke and met the
inclusion criteria, contrast staining in infarcted tissue was noted in 52/194 (26.8%) patients; contrast staining in noninfarcted tissue, in 26
(13.4%) patients. Both contrast staining in infarcted tissue and contrast staining in noninfarcted tissue were noted in 5.6% (11/194). Patients
with contrast staining in noninfarcted tissue were found to have a higher likelihood of having an ASPECTS of 8–10, to be associated
with contrast staining in infarcted tissue, and to achieve successful reperfusion compared with those without contrast staining in nonin-
farcted tissue. In contrast staining in noninfarcted tissue regions, the average attenuation was 40 HU, significantly lower than the con-
trast staining in infarcted tissue regions (53 HU). None of the patients with contrast staining in noninfarcted tissue had clinical worsening
during their hospital stay. The median discharge mRS was significantly lower in patients with contrast staining in noninfarcted tissue than
in those without (3 versus 4; P¼ .018). No independent predictors of contrast staining in noninfarcted tissue were found.

CONCLUSIONS: Contrast staining can be seen outside the infarcted tissue after endovascular treatment of acute ischemic stroke,
likely attributable to the reversible disruption of the BBB in ischemic but not infarcted tissue. While generally benign, understand-
ing its characteristics is important because it may mimic pathologic conditions such as infarcted tissue and cerebral edema.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; CS ¼ contrast staining; CS-I ¼ contrast staining in infarcted tissue; CS-NI ¼ contrast staining in noninfarcted
tissue; EVT ¼ endovascular treatment; HU ¼ Hounsfield unit; IQR ¼ interquartile range; LVO ¼ large-vessel occlusion

Accurate interpretation of the imaging findings after endovascu-
lar therapy (EVT) for acute ischemic stroke (AIS) is important

for appropriate management and prognostication. Hyperdensities
on NCCT head scans are common findings after EVT, having been
described in up to 84% of patients.1-5 Although these hyperdensities
may represent extravasated blood products or other hemorrhagic
complications, most are due to retained iodinated contrast material
from intra-arterial iodine contrast injection, a phenomenon termed
contrast staining (CS).
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Brain ischemia is known to induce gradual and time-depend-
ent changes in the integrity of the BBB. which is impermeable to
contrast molecules in a physiologic state.6-8 Varying degrees of
increased permeability permit the fluid and plasma protein leak-
age seen in cerebral edema, contrast material leakage causing CS,
and the blood product extravasation seen in hemorrhagic trans-
formation.6,7,9 The increased duration and severity of the ische-
mic insult are associated with a higher degree of microvascular
injury and BBB disruption, while collateral circulation in the
involved region may protect the microvasculature.6,10,11

The presence of CS has been considered an indicator of irre-
versible brain injury and has been associated with the develop-
ment of symptomatic intracranial hemorrhage and poor clinical
outcome.12-15 However, CS may also occur in noninfarcted terri-
tories and may resolve without sequelae. This phenomenon of
transient CS in noninfarcted tissue poses radiologic and manage-
ment challenges because it may mimic pathologic conditions
such as infarcted tissue, extravasated blood products, intracranial
hemorrhage, and cerebral edema. Prior studies that demonstrated
the association of CS with irreversible injury focused on staining
in areas of core infarct, and, to our knowledge, CS in the nonin-
farcted tissue has not been systematically investigated. This study
aimed to characterize the incidence of CS in noninfarted tissue
(CS-NI), its radiologic characteristics, potential risk factors, and
its clinical and imaging outcomes.

MATERIALS AND METHODS
Ethics approval was obtained from Boston University institutional
review board. According to institutional protocol, written
informed consent for EVT was obtained from patients and/or
their legal representatives. Anonymized data are available from
the corresponding author on reasonable request. This article fol-
lowed the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines.

Study Design and Patient Selection
We performed a retrospective review of a prospectively main-
tained neuroendovascular database of consecutive patients who
presented with anterior circulation large-vessel occlusion AIS
(LVO-AIS) and underwent EVT between January 2016 and
January 2022. Patients were included in the analysis under the
following conditions: 1) an NCCT was obtained within 24hours
after EVT, 2) a follow-up MR imaging of the brain was obtained
within 72hours after EVT, and 3) clinical follow-up was available
3 months after EVT. Patients were excluded if they had posterior
circulation stroke, complete infarction of the affected vascular
territory, and subarachnoid or parenchymal hemorrhage, as deter-
mined by SWI.

Clinical, Radiologic, and Endovascular Data Collection
Patient demographics (age, sex), vascular risk factors (diabetes
mellitus, hypertension, atrial fibrillation, coronary artery disease,
kidney disease, heart failure, smoking), preprocedural stroke and
imaging characteristics, procedural details, follow-up imaging
data, and outcome data are presented as detailed in the Online
Supplemental Data and Tables 1 and 2. In addition, blood pres-
sure measurements at presentation and intraprocedurally, NIHSS

shift at 24 hours after the procedure, NIHSS at 1 week or dis-
charge if earlier, and the mRS at 90 days after EVT were recorded.
Clinical worsening postprocedure was defined as neurologic dete-
rioration of$ 4points on the NIHSS from baseline.

Imaging Analysis
All NCCTs within 24 hours after EVT and follow-up MR imaging
within 72 hours after EVT were independently evaluated by 2
board-certified neuroradiologists with 5 (M.A,) and 15 (B.N.S.)
years of experience who were blinded to treatment details. CS
was defined as new parenchymal hyperdensities on early CT
imaging performed within 24hours after EVT without evidence
of blood products on SWI. CS was categorized as contrast stain-
ing in infarcted tissue (CS-I) if the stained region demonstrated
restricted diffusion on follow-up DWI. CS was categorized as CS-
NI if the stained region demonstrated no corresponding signal
abnormality on T2, FLAIR, or DWI.

For patients with CS, the Hounsfield unit (HU) of the attenu-
ation of the stained tissue was measured using the free-form ROI
and compared with the contralateral symmetric normal region.
CT and MR imaging were also analyzed for associated signs of in-
farction (loss of the gray-white matter, gyral swelling, and sulcal
effacement) and signs of intracranial hemorrhage.

Statistical Analysis
The descriptive analysis compared demographics, medical comor-
bidities, radiographic details, and procedural details between
patients with and without CS-NI. Continuous variables were
expressed as mean (SD) and median (interquartile range [IQR])
and were compared using the Student t test or Mann-Whitney
U test, as appropriate. Differences in categoric variables were
examined with the x 2 test or Fisher exact test. Variables achiev-
ing P# .1 in univariable analyses and a priori selected variables
based on prior literature (eg, hypertension and diabetes mellitus)
were carried forward into a multivariable logistic regression to
evaluate potential independent factors associated with CS-NI. To
account for sparse data, all logistic regression models used the
Firth adjustment.16 All statistical analyses were performed on
SAS, Version 9.4 (SAS Institute). All tests were 2-sided, and a
P value, .05 was considered significant.

RESULTS
Among 254 patients who underwent EVT for LVO-AIS during
the study period, 194 patients were included after the exclusion
of 60 patients due to complete territorial infarct (n ¼ 10), paren-
chymal or subarachnoid hemorrhage (n ¼ 30), posterior circula-
tion stroke (n¼ 17), or lack of imaging follow-up (n¼ 3) (Fig 1).

Among the 194 included patients, CS-I was noted in 52
(26.8%) patients, and CS-NI was noted in 26 (13.4%) patients.
Both CS-I and CS-NI were noted in 5.6% (11/194) of patients
who underwent EVT in our study. Examples of CS-NI are
depicted in Figs 2 and 3. In the overall cohort, the median age
was 72 (IQR, 59–82) years, 48.5% were men, and the median
baseline NIHSS was 18 (IQR, 13–21), with no difference between
groups. Other baseline demographic and clinical characteristics
of patients with or without CS-NI are shown in the Online
Supplemental Data.
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Imaging and Procedural
Characteristics
The most common occlusion site was
the M1 segment of the MCA (45.9%,
89/194). There was no difference in
lesion location between those with and
without CS-NI (P¼ .21). The most
common first-line technique of EVT
was a stent retriever (74.7%, 145/194),
and a balloon guide catheter was used
in 78.9% (153/194) of cases. In 84.5%
(164/194) of cases, #3 passes were
completed. Patients with successful
reperfusion, defined as an expanded
TICI of $2b, were more likely to de-
velop CS-NI than those without suc-
cessful reperfusion (16.2% versus 0,
P¼ .01). Patients with ASPECTS of 8–
10 on preprocedural CT were also more
likely to have CS-NI than those with
ASPECTS of 5–7 (16.2% versus 5.8%,
P ¼ .059); however, this difference did
not reach statistical significance. There
was no difference between the median
volume of contrast used during theFIG 1. Eligibility criteria for study inclusion are demonstrated.

FIG 2. Noncontrast head CT (A) and perfusion imaging map (B) of a patient who presented with an acute left M1 occlusion stroke, showing pre-
served brain parenchyma and a large area of penumbra (in green, B). Angiogram before (C) and after (D) mechanical thrombectomy shows com-
plete recanalization of the left MCA territory. Note good leptomeningeal collaterals in the contrast-stained region. NCCT performed after the
procedure (E) shows contrast staining with increased attenuation and sulcal effacement in the left cerebral convexity, which was completely
effaced on the virtual noncontrast dual-energy CT (F). MR imaging follow-up shows normal findings on MR images with no corresponding signal
abnormality on DWI (G) and FLAIR (H) images.
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procedure, the mean systolic blood pressure, or blood pressure
variability between those with and without CS-NI. There was no
statistical significance in the duration of the procedure between
patients with or without CS-NI. There was a higher incidence of
CS-NI observed in patients with kidney disease; however, the
increase did not reach statistical significance.

NCCT was performed at a median interval of 517 (IQR, 400–
767) minutes after EVT, with no difference between those with
and without CS-NI. In CS-NI regions, the average mean attenua-
tion was 40 HU, and the average maximum attenuation was 53
HU, which was greater than the average mean (32 HU) and average
maximum attenuation (43 HU) in the contralateral normal hemi-
sphere (P, .001). For patients with both CS-NI and CS-I (11
patients), HU values were higher in CS-I regions than in CS-NI
regions for both the average mean (53 versus 40; P¼ .027) and the
average maximum (70 versus 52; P¼ .014). In Hounsfield unit

measurements in areas considered nor-
mal, CS-I or CS-NI were calculated and
are shown in Table 3. While there was a
trend suggesting a higher incidence of
CS-NI in patients with CS-I, CS-NI was
identified in 22.2% (11/52) of patients
with CS-I compared with 10.6% (15/
142) in patients without CS-I; this dif-
ference did not reach statistical signifi-
cance. In our cohort, only 8 of the 194
patients underwent CT perfusion, and
2 of them exhibited CS-NI.

Outcomes
None of the patients with CS-NI had
clinical worsening after EVT compared
with 12.5% of patients with CS-I (0%
versus 12.5%; P¼ .08). There was no
difference in the median NIHSS at
24 hours post-EVT (12 versus 13;
P¼ .77) or median NIHSS at discharge
(6 versus 9.5; P¼ .08) between patients
with and without CS-NI. The median
discharge mRS was significantly lower
in patients with CS-NI compared with
those without (3 versus 4; P¼ .018),
and there was no difference in median
3-month mRS between the 2 groups (3
versus 3; P¼ .06) (Table 1).

Univariable and Multivariable
Analysis
In univariable analysis, no significant
differences between patients with and
without CS-NI were observed by sex,
comorbidities, NIHSS, administration
of IV thrombolysis, occlusion site, lat-
erality, time of postprocedural CT,
endovascular technique, contrast vol-
ume, or blood pressure measurements.
In multivariable analysis, there was a

trend toward a higher incidence of CS-NI with higher ASPECTS
(8–10) and higher reperfusion (TICI 2b–3), but it did not achieve
statistical significance. Otherwise, no independent association for
CS-NI was found (Table 2).

DISCUSSION
In this retrospective analysis of 194 patients who underwent EVT
for anterior circulation LVO stroke, we describe a phenomenon
of CS-NI that consists of a benign and transient parenchymal
enhancement on early NCCT after EVT, without evidence of
infarct on follow-up imaging. CS-NI was identified in 13.4% (26/
194); CS-I was observed in 26.8% (52/194); and both, in 5.6%
(11/194) of patients who underwent EVT in our study. In con-
trast to CS-I, indicating permanent brain injury and poor out-
comes, patients with CS-NI in our series showed a favorable
clinical course with no post-EVT worsening.12,17-20

Table 1: Clinical outcomes by contrast staining status

All
With
CS-NI

Without
CS-NI P Value

NIHSS (24 hr) No. (median, IQR) 94 (12.5, 3–19) 15 (12, 5–17) 79 (13, 2–20) .77
NIHSS (discharge) No. (median, IQR) 170 (9, 3–19) 22 (6, 2–9) 148 (9.5, 3–20.5) .08
mRS (discharge) No. (median, IQR) 194 (4, 3–5) 26 (3, 2–4) 168 (4, 3–5) .02
mRS (3mo) No. (median, IQR) 183 (3, 2–5) 25 (3, 1–3) 158 (3, 2–5) .06
Worsening postprocedure, No.

(column %)
.08

No 173 (89.2) 26 (100.0) 147 (87.5)
Yes 21 (10.8) 0 (0.0) 21 (12.5)

FIG 3. Transient contrast staining of noninfarcted regions in the right cerebral convexity after
endovascular treatment of a right M1 MCA occlusion (A–C) and left M1 MCA occlusion (D–F),
manifesting as increased parenchymal attenuation and effacement of the cortical sulci (A and D)
on the early posttreatment CT imaging. Repeat CT imaging 48–72 hours later (B and E) shows nor-
malization of the brain parenchyma and cortical sulci. DWI (C and F) shows normal brain paren-
chyma with no restricted diffusion in the previously stained region.
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CS-NI is likely linked to a reversible, milder BBB disruption,
differing from the more severe, potentially irreversible BBB dis-
ruption seen in CS-I. In addition to the BBB breakdown, the no-
reflow phenomenon could contribute to contrast staining outside
of the infarcted tissue. The no-reflow phenomenon describes a
lack of blood flow at the capillary level despite established flow on
the macrovascular level, preventing blood washout in the micro-
circulation and resulting in contrast retention and staining.21 The
potential contribution of the glymphatic system to this phenom-
enon cannot be excluded.22 Existing evidence indicates that the
functionality of the glymphatic system might be significantly
compromised following AIS, resulting in reduced glymphatic
perfusion and inadequate molecular clearance.23 We believe that
CS is distinct from contrast-induced neurotoxicity/encephalop-
athy, which results from hyperosmolarity and direct neurotoxic
effects caused by extravasated contrast and is marked by more
pronounced and diffuse contrast enhancement, accompanied by
abnormal MR imaging findings in the affected regions.24

No existing literature demonstrates the association between
BBB integrity and the degree or type of contrast staining on con-
ventional cross-sectional imaging. However, several studies, including

perfusion imaging and electron micro-
scopic examinations, have explored the
regional heterogeneity of BBB disruption
in AIS.25-27 Krueger et al27-29 found,
through electron microscopic and im-
munofluorescence studies, that BBB
injury extends to the penumbral areas,
which showed less structural BBB dam-
age than core infarct regions. Other stud-
ies revealed regional variations in BBB
disruption between the core infarct and
the penumbra on perfusion imaging, with
the penumbra regions showing reduced
BBB disruption.30

In the current study, CS-NI is charac-
terized by mild parenchymal enhance-
ment on noncontrast CT, with an average
HU of 40, which was significantly lower
than the CS-I (53 HU) and lower than
what is typically described in the literature
for contrast staining after EVT (mean,

63.4 [SD, 17.0] HU; range, 39–140 HU).9 Furthermore, CS-I is typi-
cally seen in the basal ganglia, whereas CS-NI was exclusively located
in the cerebral convexities, which typically represent ischemic but not
infarcted regions due to leptomeningeal collaterals (ie, penumbra).6,31

Parenchymal enhancement in CS-NI in our series was typically
accompanied by increased attenuation in the CSF spaces, which
could be related to the progressive clearance of the extravasated
contrast molecules to the CSF spaces and/or the glymphatic sys-
tem.23 Staining of the parenchyma and sulci in a given region can
mimic cerebral edema and may be mistaken for irreversible tissue
damage/infarction (Figs 2 and 3). CS-NI on CT may represent a
phenomenon similar to that of the hyperintense acute reperfusion
marker, which is a delayed enhancement of the subarachnoid or
subpial space observed on postcontrast FLAIR MR imaging.32

Despite the statistical nonsignificance, the increased incidence
of contrast staining in patients with kidney disease might also
result from the direct effects of kidney disease on the integrity of
the BBB or due to impaired renal function with a significantly
prolonged half-life of the contrast medium (exceeding 16hours
compared with around 2 hours in patients with normal kidney
function).33,34 Additionally, sustained exposure to microvascular
risk factors, including kidney disease, hypertension, diabetes mel-
litus, amyloid angiopathy, and inflammatory conditions, may
potentiate the effects of ischemia on the cerebral microvascula-
ture and increase the risk of staining.6,21,35 Most interesting, no
association was found between the occurrence of CS-NI and the
use of IV thrombolysis, the duration of the procedure, or the vol-
ume of contrast injected, which have been described to poten-
tially compromise the integrity of the BBB.6,36-38

There are several limitations to our study. First, the retrospec-
tive and single-center study design introduces selection bias.
Despite using the Firth regression adjustment, the small sample
size may not have the statistical power to expose potential small
effects. Additionally, preprocedural perfusion imaging was not
obtained for most of the included patients, preventing us from
assessing the perfusion status of brain regions that developed CS-

Table 2: Crude and adjusted odds of contrast staining outside the infarcted tissuea

Univariable Multivariable P Value
Hypertension
No Ref Ref
Yes 1.76 (0.69–4.41) 0.24 1.81 (0.68–4.85) .23
Diabetes mellitus
No Ref Ref
Yes 1.78 (0.74–4.26) 0.19 1.71 (0.60–4.87) .23
Kidney disease
No Ref Ref
Yes 2.50 (0.95–6.57) 0.06 1.66 (0.54–5.12) .37
Time to CT scan (min) 0.999 (0.998–1.0) 0.21 0.999 (0.997–1.0) .16
ASPECTS
5–7 Ref Ref
8–10 2.78 (0.85–9.06) 0.09 3.46 (0.96–12.53) .06
Core infarct staining
No Ref Ref
Yes 2.28 (0.98–5.31) 0.06 1.74 (0.70–4.34) .23
Contrast volume 1.01 (0.999–1.02) 0.09 1.01 (0.999–1.02) .01
Recanalization score
TICI 0–2a Ref Ref
TICI 2b–3 13.10 (0.75–229.98) 0.08 12.10 (0.77–190.21) .08

a Data are OR (95% CI).

Table 3: Hounsfield units in healthy controls, penumbra, and
core tissuea

No. HU Value CSP P Value
Hounsfield units (mean) ,.0001
Control 26 32.35
Penumbra 26 40.12
Hounsfield units (max) ,.0001
Control 26 42.42
Penumbra 26 52.96
Hounsfield units (mean)
Penumbra 11 39.73 .027
Core 11 53.09
Hounsfield units (max)
Penumbra 11 52.45 .014
Core 11 69.73

Note:—Max indicates maximum; CSP, contrast staining in penumbra.
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NI. Moreover, we could not evaluate collateral circulation because
we performed only single-phase CTA in our patients. Furthermore,
we relied on restricted diffusion on MR imaging as a surrogate for
irreversible infarction (core infarct) without considering the possi-
bility of restricted diffusion reversibility after EVT. Finally, system-
atic recording of microcatheter contrast injection distal to the
occluded side was not performed.

CONCLUSIONS
CS can be seen outside the infarcted tissue after EVT of AIS and
is likely due to a reversible milder degree of BBB disruption.
Although potentially benign, knowing its characteristics is impor-
tant because it may mimic pathologic conditions such as infarcted
tissue and cerebral edema. Further studies are required to compre-
hend the role of the BBB after ischemic stroke and its potential
role as a target for neuroprotection after stroke therapy.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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CLINICAL REPORT
NEUROVASCULAR/STROKE IMAGING

Concurrent Moyamoya-like Intracranial Steno-Occlusive
Disease and Dural Arteriovenous Fistulas

Vaishnavi L. Rao, Jee Won Shin, James P. Klaas, and Giuseppe Lanzino

ABSTRACT

SUMMARY: The simultaneous presentation of intracranial steno-occlusive disease, Moyamoya disease, or Moyamoya-like vasculop-
athy and dural arteriovenous fistulas (DAVFs) has been documented in very few case reports worldwide. We aimed to better char-
acterize this association by reviewing the clinical and radiologic findings of 4 patients with concurrent intracranial steno-occlusive
disease or Moyamoya-like vasculopathy and DAVFs evaluated in our institution. All 4 patients were of Asian descent. One patient
presented with ischemic stroke secondary to intracranial stenosis, 2 presented with symptoms related to the DAVF, and the diag-
nosis was incidental in the fourth patient. Three patients underwent embolization of the DAVF, which was followed by surgical li-
gation in 2. One patient underwent extracranial-intracranial bypass for Moyamoya-like intracranial steno-occlusive disease. One
patient is being managed conservatively with close follow-up. Our case series details findings in 4 patients with associated intracra-
nial steno-occlusive disease and DAVFs. Further studies and reporting of similar cases are necessary to establish whether this is
pure coincidence or if there is indeed a relationship between these 2 conditions, especially in certain ethnic groups.

ABBREVIATIONS: DAVF ¼ dural arteriovenous fistula; MMD ¼ Moyamoya disease

Moyamoya disease (MMD), Moyamoya-like vasculopathy,
and intracranial steno-occlusive disease are cerebrovascu-

lar conditions with a higher incidence in East Asian countries
than in the Western Hemisphere.1 Dural arteriovenous fistulas
(DAVFs) are relatively uncommon cerebrovascular entities char-
acterized by abnormal shunting between the meningeal arteries
and the dural venous sinuses or subarachnoid veins,2 accounting
for 10%–15% of intracranial vascular malformations,3 with an
incidence as high as 0.29 per 100,000 person-years in Japan.4

There have been very few case reports worldwide documenting
the co-occurrence of these 2 disease entities before surgical inter-
vention or head trauma. Here, we describe an institutional series
of 4 patients presenting with concurrent Moyamoya-like vascular
changes or intracranial steno-occlusive disease and DAVFs.

CASE SERIES
We identified all patients with intracranial steno-occlusive dis-
ease, Moyamoya, Moyamoya-like vasculopathy, and DAVFs

from a prospectively maintained database of cases evaluated
and/or treated by the senior author (G.L.) at our institution
between January 2008 and 2023. The diagnosis of idiopathic
Moyamoya or Moyamoya-like vasculopathy was made on the
basis of the presence of both stenosis or occlusion of the termi-
nal ICA or the proximal middle and/or anterior cerebral artery
and an abnormal network of blood vessels on cerebral angiogra-
phy, according to the 2021 diagnostic criteria for MMD pub-
lished by the Ministry of Health, Labor and Welfare in Japan.5

More recently, patients underwent high-resolution MR imaging
with vessel wall enhancement to distinguish eccentric (more
consistent with intracranial atherosclerosis) from concentric
(more consistent with idiopathic vasculopathy) enhancing pat-
terns.6,7 The Cognard system was used to classify the type of
DAVF, because it is useful for predicting the associated risk and
guiding management decisions.8

This retrospective study was reviewed and approved by our
institutional review board (19–001663), and all protocols were fol-
lowed in accordance with institutional review board guidelines. A
common denominator of these patients was their Asian ethnicity.
Demographics, clinical presentation, and treatment are summar-
ized in the Online Supplemental Data. Angiographic findings are
presented in Figs 1–4. MR vessel wall imaging was available for
cases 2 and 4, which presented more recently after vessel wall
imaging was incorporated into practice at our institution. For
these patients, vessel wall imaging demonstrated circumferential
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vessel wall enhancement involving the distal left ICA in case 2 and
lack of any vessel wall enhancement whatsoever in case 4, suggest-
ing a steno-occlusive picture outside intracranial atherosclerosis.
For cases 1 and 3, we elected to treat the DAVFs because they
were symptomatic, while in case 2, we attempted treatment of the
DAVF because of the retrograde cortical venous drainage/venous
hypertension and its potential role in aggravating perfusion issues
related to the steno-occlusive disease. For case 4, we elected for
observation of the DAVF because of its asymptomatic status/inci-
dental finding and potential risks associated with embolization
(ie, compromise of retinal blood flow supply) or surgical therapy
(brain manipulation in the setting of steno-occlusive disease and
marginal perfusion). The steno-occlusive disease in each patient
was medically managed with aspirin monotherapy, while patient
2 underwent surgical revascularization for recurrent left-hemi-
spheric infarcts.

DISCUSSION
We describe 4 patients of Asian ethnicity with concomitant idio-
pathic Moyamoya disease, Moyamoya-like vasculopathy, or
steno-occlusive disease and intracranial DAVFs. The rare concur-
rent appearance of intracranial steno-occlusive disease and
DAVFs as seen in our 4 cases has been previously documented in
only a few single case reports and usually after surgical therapy or
trauma. De novo formation of DAVFs in patients with
Moyamoya-like vasculopathy has been observed in a delayed fash-
ion following direct bypass,9,10 indirect bypass,11 and head
trauma;12 however, there have been a very few cases of simultane-
ous presentation in the absence of prior surgery or trauma. These
include a patient with unilateral MMD who presented with intra-
ventricular hemorrhage and was found to have an ipsilateral
transverse-sigmoid DAVF, which was ultimately treated with
endovascular embolization,13 similar to case 3 in our series, as

FIG 1. Case 1. A 57-year-old Asian man who presented with several weeks of progressive myelopathy. A, Conventional angiography shows a cra-
niocervical junction AVF (white circle) with a large arterialized draining vein (arrowhead) arising from the dura adjacent to the point where the
vertebral artery pierces the dura, supplied by branches of the left vertebral artery (arrow). B, The same injection demonstrates the venous drain-
age of the fistula down the anterior and posterior spinal veins, which are filled early (arrowhead). C, A right ICA injection, anterior-posterior
view shows incidental occlusion of the M1 segment with Moyamoya-like collaterals (white circle) reconstituting the distal MCA territory in addi-
tion to leptomeningeal collaterals (arrowhead) from the distal anterior cerebral artery. He underwent surgical ligation of the fistula after failed
embolization. The asymptomatic MCA occlusion was treated medically.

FIG 2. Case 2. A 63-year-old Asian man who presented with multiple left-hemisphere infarcts during 1 year. A, A left common carotid artery
injection shows a left sphenoparietal DAVF (circle) supplied by the left middle meningeal artery with exclusive retrograde cortical venous drain-
age (arrowheads). B, There is delayed filling of the left ICA (arrow), which is occluded distal to the origin of the ophthalmic artery (arrowheads).
C, Selective right ICA injection, lateral view, shows severe stenosis of the right supraclinoid ICA (arrows). The patient underwent partial emboli-
zation of the DAVF followed by surgical ligation and left superficial temporal artery–to-MCA bypass.
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well as ipsilateral cavernous and tentorial DAVFs observed in
patients with MMD in China14 and Spain,15 respectively.

A proposed mechanism for the formation of DAVFs in these
patients is that aberrant flow dynamics in intracranial steno-occlu-
sive disease leads to an increased demand and decreased perfusion,
with the subsequent ischemia triggering an angiogenic response in
the dural vasculature, resulting in arteriovenous shunting.16 Indeed,
increased expression of proangiogenic factors has been reported in
the dura of patients with MMD, including vascular endothelial
growth factor17 and fibroblast growth factor.18 These factors are
also involved in the formation of DAVFs.19

Of note, all 4 patients in our series are of East Asian ethnicity,
suggesting that a genetic association may potentially exist in cases

of concurrent intracranial steno-occlusive disease and DAVF. None
of the previous case reports we came across specified the patients’
ethnicity, so we could not confirm such an association on the basis
of prior literature. Nevertheless, variants of the HLA genes and the
RNF213 susceptibility gene have been found to be associated with
East Asian patients with MMD.20,21 Unfortunately, the patients
included in our study did not undergo genetic testing to evaluate
these pathogenic variants; however, this association would be an
interesting area of future study. Overall, intracranial stenosis is
more prevalent in Asians,22 often with a younger mean age of onset
and independent of vascular risk factors compared with Caucasians.23

In our small institutional case series, we describe the simultane-
ous presentation of the two entities of Moyamoya pattern/steno-

FIG 3. Case 3, A 74-year-old Asian woman who presented with episodic vision loss, papilledema, and cognitive decline. A, Conventional angi-
ography, selective left ICA injection, shows an incidental left supraclinoid ICA occlusion as well as a left transverse-sigmoid junction DAVF
with arterial feeders from the left meningohypophyseal artery (arrows). B, External carotid artery injection, lateral view, shows a high-flow
transverse-sigmoid sinus DAVF. The DAVF was occluded via a transvenous approach with resolution of symptoms at follow up. Low-dose as-
pirin was prescribed for the incidental carotid occlusion.

FIG 4. Case 4. A 42-year-old Asian man with right-sided headache. A, Selective right ICA injection, anterior-posterior view, early arterial phase,
shows occlusion of the MCA with a Moyamoya network (white circle). B, Selective right ICA injection, lateral view, early arterial phase, shows a
lack of opacification in the MCA territory and early filling of the superior sagittal sinus (arrowheads). C, Right ICA selective injection, magnified
oblique view, shows enlarged and tortuous distal ophthalmic artery branches (arrowheads) feeding a dural/pial AVF (white circle), with early
opacification of a cortical vein draining into the superior sagittal sinus.
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occlusive intracranial disease and DAVF in 4 patients of East Asian
descent. While our series does not establish causality, future report-
ing and study of similar cases may further determine whether a
potential relationship exists between ethnicity and the concurrence
of these cerebrovascular phenomena. As more patients like
these are identified, the pathophysiology of these two conditions
can be more clearly elucidated and the presence of an underlying
genetic association can be investigated.
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ORIGINAL RESEARCH
NEUROINTERVENTION

Lesion-Filling Index from Quantitative DSA Correlates with
Hemorrhage of Cerebral AVM

Ruinan Li, Yu Chen, Pingting Chen, Li Ma, Heze Han, Zhipeng Li, Wanting Zhou, Xiaolin Chen, and Yuanli Zhao

ABSTRACT

BACKGROUND AND PURPOSE: Rupture is the most life-threatening manifestation of cerebral AVMs. This study aimed to explore
the hemodynamic mechanism of AVM rupture. We introduced a new quantitative DSA parameter that can reflect the degree of
intranidal blood stasis, called the lesion-filling index.

MATERIALS AND METHODS: This study examined patients with AVMs who had undergone both DSA and MR imaging between
2013 and 2014. Clinical presentations, angioarchitecture, and hemodynamic parameters generated from quantitative DSA were analyzed
using univariate and multivariable logistic regression. The lesion-filling index was defined as the arterial diagnostic window divided by the
volume of the AVM. To assess the correlation between the lesion-filling index and rupture, we incorporated the lesion-filling index into
2 published prediction models widely recognized for predicting AVM rupture risk, R2eD and VALE. The DeLong test was used to examine
whether the addition of the lesion-filling index improved predictive efficacy.

RESULTS: A total of 180 patients with AVMs were included. The mean lesion-filling index values in the ruptured group were higher
compared with the unruptured group (390.27 [SD, 919.81] versus 49.40 [SD, 98.25]), P , .001). A higher lesion-filling index was signifi-
cantly correlated with AVM rupture in 3 different multivariable logistic models, adjusting for angioarchitecture factors (OR¼ 1.004,
P¼ .02); hemodynamic factors (OR¼ 1.005, P¼ .009); and combined factors (OR¼ 1.004, P¼ .03). Both R2eD (area under the curve,
0.601 versus 0.624; P¼ .15) and VALE (area under the curve, 0.603 versus 0.706; P, .001) predictive models showed improved predictive
performance after incorporating the lesion-filling index and conducting 10-fold cross-validation.

CONCLUSIONS: The lesion-filling index showed a strong correlation with AVM rupture, suggesting that overperfusion is the hemo-
dynamic mechanism leading to AVM rupture.

ABBREVIATIONS: ADW ¼ arterial diagnostic window; AUC ¼ area under the curve; FWHM ¼ full width at half maximum; LFI ¼ lesion-filling index;
QDSA ¼ quantitative DSA; TRV ¼ transnidal relative velocity

Cerebral AVMs involve abnormal tangles of brain arteries and
veins, posing a risk of intracranial bleeding and neurologic

issues. Among these symptoms, hemorrhage stands out as the

most life-threatening manifestation, remarkably affecting patients’
quality of life.1,2 A comprehensive understanding of the mecha-
nism of AVM rupture is crucial. Previous research has revealed
that hemodynamics could play a pivotal role as a risk factor for
rupture.3-5 The most influential early research was conducted by
Spetzler et al,3 in 1992, in which they used micropipette direct
puncture pressuremeasurement techniques to substantiate the impact
of perfusion pressure on AVM rupture. Nevertheless, the intraproce-
dural puncture of feeding arteries, being an invasive procedure, entails
certain risks and operational complexities. Consequently, contem-
porary research in hemodynamics now places greater emphasis on
noninvasive investigative approaches.

Noninvasive hemodynamic measurement techniques such as
quantitative DSA (QDSA) have been proved to assist in assessing
rupture risk and planning treatments.5-10 QDSA is a medical
imaging technique used to assess the structure and function of
blood vessels. It builds on conventional DSA by providing
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quantitative measurements of blood-flow dynamics. Previous
studies had proposed several hemodynamic parameters associ-
ated with AVM rupture, such as MTT, the Stasis Index, and
transnidal relative velocity (TRV), demonstrating the correlation
of QDSA with AVM rupture6,9,11 However, regrettably, these pa-
rameters did not consider the supply arteries, draining veins, and
the nidus as a unified entity in their hemodynamic analysis,
somewhat compromising the reliability of these parameters.

Therefore, in this study, we propose the lesion-filling index
(LFI), a new QDSA parameter that integrates the difference in
filling between supply arteries and draining veins along with the
nidus volume, embarking on a more holistic interpretation of he-
modynamic-related hemorrhage.

MATERIALS AND METHODS
Study Design and Participants
This retrospective study was approved by Beijing Tiantan hospital
institutional review board (KY 2020–003-01), adhering to Helsinki
Declaration guidelines and STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) reporting for
observational case-control studies.

Patient Selection
To explore the connection between AVM hemodynamics and
hemorrhagic presentation, we examined 384 consecutive brain
AVMs between January 2013 and January 2014 from a single-cen-
ter database registered in a nationwide multicenter registry. The
MATCH registry (https://clinicaltrials.gov/study/NCT04572568),
registered on ClinicalTrials.gov as NCT04572568, aimed to study
the natural history and optimal individualized management strat-
egy of AVMs in China. In this study, the inclusion criteria encom-
passed AVM diagnosis through DSA and/or MR imaging, with
available preoperative DSA DICOM data. Exclusions were heredi-
tary hemorrhagic telangiectasia, lack of preoperative DSA, and
insufficient baseline information.

Study Parameters
We collected baseline characteristics, conventional DSA angioarchi-
tecture, and QDSA parameters from all enrolled patients. All clinical
parameters were assessed by 2 neurosurgeons with at least 5 years of
clinical practice experience. All radiologic characteristics were inde-
pendently evaluated by 2 credentialed senior neurointerventional

radiologists. If inconsistency existed, the final determination would
be made by a professor of senior neurointerventional radiology
with .30 years of clinical experience. Researchers who per-
formed angioarchitecture and hemodynamic assessments were
blinded to the clinical data.

Clinical baseline characteristics encompassed age on admis-
sion, sex, onset symptoms (hemorrhage, seizure, neurofunctional
deficits, and others), and the mRS score on admission.

Angioarchitecture characteristics comprised the localization
of AVMs, involvement of eloquent regions, and an array of features
that had been analyzed in prior QDSA studies.7,12-15 Building on
the angioarchitecture characteristics documented in prior literature,
we investigated the following features in our study: dilation of
feeding arteries, presence of single or multiple feeding arteries,
categorization of venous drainage as either superficial or deep,
identification of single or multiple venous drainage, assessment
of draining venous stenosis, evaluation of nidus diffuseness, and
identification of flow-related aneurysms. The definitions for these
angioarchitecture features were aligned with the guidelines estab-
lished by the American Society of Interventional and Therapeutic
Neuroradiology.14 The definition of architecture characteristics is
listed in the Online Supplemental Data.

QDSA parameters mainly refer to the hemodynamic parame-
ters involved in previous QDSA-related studies and the quantita-
tive hemodynamic parameters that can be calculated according to
the fitted time-density curve, including the following: 1) TTP, 2)
MTT, 3) full width at half maximum (FWHM), 4) arterial diag-
nostic window (ADW), 5) TRV, 6) the Stasis Index, and 7) LFI,
and so forth.11

DSA Acquisition and Quantitative Hemodynamics
All cases underwent the same DSA procedures with the same
Axiom Artis angiosuite (Artis zee; Siemens) in our institution.
The DSA standardized acquisition protocol is described in the
Online Supplemental Data. For postprocessing of all QDSA data,
syngo iFlow software (Siemens) was used.

In this study, certain hemodynamic parameters were defined
with reference to previously published research.6,9,16 We chose
the lateral view of common carotid angiography images to draw
ROIs. For each patient, we investigated the following ROIs: 1)
cavernous sinus segment of the ICA; 2) distal segment of the
feeding artery; 3) AVM nidus; 4) proximal segment of the main

SUMMARY

PREVIOUS LITERATURE: Using quantitative digital subtraction angiography (QDSA) for the study of ruptured brain arteriovenous
malformations, early recognition was associated with the mean transit time as published by Chen et al, correlating with silent
intralesional microhemorrhages. Subsequent studies by Lin et al and Chen et al utilized QDSA-derived ROI curves, introducing a
series of hemodynamic parameters strongly linked to rupture. These parameters were successfully employed in predicting AVM
occlusion post-Gamma Knife treatment. While investigating the correlation between AVM rupture and hemodynamics, these studies
concurrently demonstrated the valuable utility of QDSA parameters in the diagnosis and treatment of AVM.

KEY FINDINGS:We have found a novel QDSA hemodynamic parameter, Lesion-Filling Index (LFI), strongly correlated with AVM rupture.

KNOWLEDGE ADVANCEMENT: We discovered a novel QDSA hemodynamic parameter, designated as LFI, exhibiting a strong
correlation with AVM rupture.
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draining vein; and 5) junction area of the draining vein and ve-
nous sinus (Fig 1A).17 We used a standard circular ROI to delin-
eate the supplying artery and draining vein characterized by the
earliest contrast enhancement. For the AVM lesion, a polygo-
nal tool was used to outline the ROI. The coordinates of time-
density curves were measured by GetData Graph Digitizer
(Version 2.24; S. Fedorov), and a customized program (Matlab;
MathWorks) was used to fit the measured coordinate value (with
the g variable function, based on the least squares method) to get
the standardized time-density curve.17

Gamma variable function : CðtÞ
¼ Kðt� ATÞ^a� exp ½�ðt� ATÞ=b �:

C(t) is the attenuation increment, t is the time after the start
of contrast medium injection, K is a constant scale factor, a and
b are fit coefficients, and AT (arrival time) is the time of arrival
of the contrast medium.

The calculation formulas involving the parameters above were
as follows (Fig 1B): TTP indicates the time required for the bolus
to reach peak attenuation; MTT, the duration between peak
attenuation of different ROIs; FWHM, the duration of the
time-density curve rising to 50% peak attenuation and falling

to 50% peak attenuation; ADW ¼ ÐT50%v

T50%A
A tð Þdt, calculated

from the area under the curve (AUC) of the feeding arterial signal
from Time (50% maximal arterial signal) to Time (50% maximal
venous signal); TRV, maximum diameter (nidus)/FWHM; Stasis
Index, inflow gradient/outflow gradient; LFI, ADW/volume (nidus).

Measurements of the Nidus
All enrolled patients underwent 1.5T or 3T MR imaging in our
center. The maximum diameter was the greatest distance between
2 points within the AVM nidus, using MR imaging in the plane
that most accurately depicted the largest cross-sectional area of

the AVM. To calculate the volume of nidus, we used the ellipsoid
volume formula, which assumes that the AVM shape is approxi-
mately ellipsoidal in nature. The formula is

V ¼ 4=3 pabc:

V is the volume of the nidus, and a, b, and c are the lengths of
3 perpendicular axes (measurements) of the nidus.

Statistical Analysis
Statistical analysis was performed using SPSS software (Version
26.0; IBM) and MedCalc for Windows (Version 22.013; MedCalc
Software). For categoric variables, we presented frequencies and
percentages, using the Pearson x 2 test, Fisher exact test, and the
Kruskal-Wallis ANOVA test for comparisons. Continuous varia-
bles were evaluated on the basis of normality assessment, using
the independent Student t test or Mann-Whitney U rank-sum
test as appropriate.

Univariate and multivariable logistic regression analyses were
performed to calculate ORs and 95% CIs to identify predictors of
hemorrhage in baseline characteristics, angioarchitecture, and
hemodynamic features. The DeLong test was used to assess the
statistically significant difference in the area under the receiver
operating characteristic curve among the compared models. We
selected 2 models, R2eD (https://www.ahajournals.org/doi/10.1161/
STROKEAHA.119.025054) and VALE (https://jamanetwork.com/
journals/jamanetworkopen/fullarticle/2801834), from previ-
ously published studies known for their high correlation with
AVM rupture.18,19 The R2eD system incorporates factors such as
AVM size, deep venous drainage, nidus location, race, and mono-
arterial feeding. Meanwhile, the VALE system considers ventricu-
lar system involvement, venous aneurysm, deep location, and
exclusively deep drainage. We further supplemented these 2
models by adding LFI to investigate its additive value associated
with rupture. Performance of these models was evaluated using
10-fold cross-validation.

FIG 1. The time-density curve and color-coded QDSA. A, Lateral view of the color-coded QDSA. Selected ROIs are the following: 1) cavernous
sinus segment of the ICA; 2) distal segment of the feeding artery; 3) AVM nidus; 4) proximal segment of the main draining vein; and 5) junction
area of the draining vein and the venous sinus. B, Quantitative parameters in the time-density curve from QDSA. TTP indicates the time required

for the bolus to reach peak attenuation, ADW ¼ ÐT50%v

T50%A
A tð Þdt:
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All P values were 2-sided, and statistical significance was con-
sidered at P, .05.

RESULTS
Baseline Characteristics
A total of 180 patients met the inclusion criteria and were
included in this study (Fig 2). No significant differences in age,
sex, and Spetzler-Martin grade distribution were observed
between the ruptured (n¼ 103) and the unruptured (n¼ 77)
groups. In comparison, ruptured AVMs often had higher mean
mRS scores on admission (1.2 [SD,1.3] versus 0.8 [SD, 0.6],
P¼ .002) and were less prone to patients experiencing concurrent
seizure symptoms (16.5% versus 41.6%, P, .001) (Table 1).

Differences in Hemodynamic and Angioarchitecture
Characteristics
To identify the risk factors associated with hemorrhage, we per-
formed a comparative analysis of angioarchitecture and hemody-
namic characteristics between cases of unruptured and ruptured
AVMs (Table 2). The mean nidus volume, a key indicator of
AVM size, was significantly larger in unruptured cases compared
with ruptured cases (40.2 [SD, 46.4]mL versus 13.6 [SD,
21.0]mL, P, .001).

In terms of angioarchitecture, several notable differences were
observed. The unruptured group had a higher prevalence of

feeding artery dilation (74.0% versus 49.5%, P¼ .001), while the
ruptured group had a higher incidence of a single feeding artery
(34.0% versus 15.6%, P¼ .003). Other characteristics such as
deep venous drainage, single draining vein, drainage vein steno-
sis, diffuse nidus, and flow-related aneurysms were also com-
pared; however, no significant differences were found between
the 2 groups.

Regarding hemodynamics, we examined various parameters
for feeding arteries and drainage veins. While some differences
were observed, including the FWHM, these did not reach statis-
tical significance. Additionally, the study evaluated MTT (P ¼
.017) and TRV (P , .001), both of which were significantly dif-
ferent between the two groups. LFI also showed a substantial
difference (P, .001).

Association of LFI and Risk of AVM Rupture at
Presentation in Hemodynamic, Angioarchitecture, and
Combined AVMModels
To assess the statistical power and stability of the association
between LFI and AVM rupture, we conducted several logistic
regression analyses with LFI incorporated separately into the 3
models: hemodynamics, angioarchitecture, and a combined
model. In the univariable analysis, LFI exhibited a significant
association with AVM rupture risk (OR, 1.007; 95% CI, 1.003–
1.010; P¼ .001). Similarly, in the angioarchitecture model, LFI
remained significantly associated with rupture risk (OR, 1.004;
95% CI, 1.001–1.008; P¼ .02). The hemodynamic model also
showed a significant association between AVM rupture and
LFI (OR, 1.005; 95% CI, 1.001–1.009; P¼ .009). The combined
model, which incorporates both angioarchitecture and hemo-
dynamic factors, demonstrated a statistically significant associ-
ation between AVM rupture and LFI as well (OR, 1.004; 95%
CI, 1.000–1.007; P ¼ .03) (Table 3). Notably, deep venous
drainage, diffuse nidus, and flow-related aneurysms had signif-
icant associations with AVM rupture risk in the angioarchitec-
ture model. All variables in the logistic regression had variance
inflation factor values below the threshold of 10, demonstrat-
ing the absence of significant multicollinearity concerns.

Overall, these findings underscore the importance of LFI as a
risk factor of AVM rupture, with consistent significance across
various models.

Additive Value Assessment of LFI in
the Previous Models
LFI has been established as a stable and
robust risk factor of rupture in multi-
variate logistic regression analyses. To
further assess its effectiveness, we
incorporated LFI as a parameter into
the previously published AVM rup-
ture-risk scoring systems, such as the
R2eD and VALE score systems, and
observed whether LFI enhances the pre-
dictive performance of the model.18,19

We adjusted variables with statisti-
cally significant differences identified in
the univariate analysis presented in

Table 1: Baseline characteristics
Characteristics All Cases Unruptured Ruptured P Value

No. of patients 180 77 103
Age (mean) (yr) 24.6 (SD, 12.7) 25.2 (SD, 11.9) 24.2 (SD, 13.3) .60
Sex (male) 110 (61.1%) 50 (64.9%) 60 (58.3%) .22
Admission mRs score (mean) 1.0 (SD, 1.1) 0.8 (SD, 0.6) 1.2 (SD, 1.3) .002a

Clinical presentation
Seizure 49 (27.2%) 32 (41.6%) 17 (16.5%) ,.001a

Headache (nonruptured) 25 (13.9%) 24 (31.2%) 1 (1.0%) ,.001a

Focal neurologic deficit 20 (11.1%) 12 (15.6%) 8 (7.8%) .08
Spetzler-Martin grade .07
I 30 (16.7%) 8 (10.4%) 22 (21.4%)
II 61 (33.9%) 26 (33.8%) 35 (34.0%)
III 53 (29.4%) 25 (32.5%) 28 (27.2%)
IV 28 (15.6%) 15 (19.5%) 13 (12.6%)
V 8 (4.4%) 3 (3.9%) 5 (4.9%)

a Statistical significance (P, .05).

FIG 2. Flow diagram of the enrolled patients.
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Table 2. We aimed to explore the stable relationship between LFI
and rupture. Thus, 3 multivariable logistic regressions were per-
formed to adjust for angioarchitectural, hemodynamic, and both
factors. The selection of confounders was based on exploratory
analysis using logistic regression (Table 2). Due to the cross-sec-
tional nature of this study, there were inherent population differ-
ences, and some parameters in our study may differ from those
in models such as R2eD and VALE.

In the initial analysis, the R2eD model exhibited an AUC of
0.755 (95% CI, 0.684–0.826), serving as the reference model.
After the inclusion of LFI, the AUC for the R2eD 1 LFI model
increased to 0.791 (95% CI, 0.725–0.857), indicating a statistically
significant improvement (P¼ .03) (Fig 3A). Additionally, LFI
itself demonstrated significance as an independent risk factor
(OR, 1.004; 95% CI, 1.000–1.008; P¼ .04).

Similarly, the VALE model, with an initial AUC of 0.760 (95%
CI, 0.689–0.831) served as another ref-
erence model. After the inclusion of
LFI, the VALE 1 LFI model showed a
significant enhancement in discrimina-
tory power, with an AUC of 0.823 (95%
CI, 0.762–0.884) and a P value of .005
(Fig 3B). LFI, when added to the VALE
model, was also found to be a signifi-
cant risk factor (OR, 1.005; 95% CI,
1.002–1.009; P¼ .004) (Table 4).

We conducted a 10-fold cross-vali-
dation to prove the statistical power of
adding LFI to the R2eD and VALE
models. Both models showed improve-
ment in terms of AUC, accuracy, speci-
ficity, and other aspects (Table 5).

These results suggest that the addi-
tion of LFI to the previous models
substantially enhances their predictive per-
formance in assessing outcomes related to
AVMs.

DISCUSSION
In this QDSA-based investigation, we
undertook a comprehensive examina-
tion of hemodynamic characteristics
associated with AVM rupture. Our
study unearthed a robust association

Table 3: Univariate and multivariate logistic regression analyses of LFI and 3 LFI-combined models of factors associated with rup-
ture in AVMs

Univariable
Analysis

Angioarchitecture
Model

Hemodynamic
Model

Combined
Model

OR
(95% CI)

P
Value

OR
(95% CI)

P
Value

OR
(95% CI)

P
Value

OR
(95% CI)

P
Value

LFI 1.007 (1.003–1.010) .001a 1.004 (1.001–1.008) .02a 1.005 (1.001–1.009) .009a 1.004 (1.000–1.007) .03a

Mean nidus volume 0.979 (0.964–0.994) .007a 0.959 (0.931–0.988) .005a

Angioarchitecture
Feeding artery dilation 1.047 (0.443–2.472) .92 1.028 (0.429–2.461) .95
Single feeding artery 0.783 (0.299–2.049) .62 1.112 (0.768–1.608) .57
Deep venous drainage 2.315 (1.018–6.947) .05a 2.684 (1.132–6.361) .03a

Diffuse nidus 2.863 (1.180–6.947) .02a 2.990 (1.114–8.022) .03a

Flow-related aneurysm 3.417 (1.521–7.678) .003a 3.617 (1.544–8.474) .003a

Hemodynamic
Feeding artery
FWHM (sec) 1.067 (0.703–1.619) .76 0.949 (0.590–1.524) .83
Drainage vein
FWHM (sec) 1.218 (0.750–1.978) .43 1.17 1 (0.695–1.974) .55
MTT (ICA-sinus) 1.084 (0.811–1.448) .59 1.297 (0.933–1.803) .12
TRV 0.999 (0.997–1.001) .26 1.004 (0.999–1.009) .14

a Statistical significance (P, .05).

Table 2: Comparison of angioarchitecture and hemodynamics between the unruptured
and ruptured AVMs

Characteristics Unruptured Ruptured P Value
No. of patients 77 103
Mean nidus volume (mean) (mL) 40.2 (SD, 46.4) 13.6 (SD, 21.0) ,.001a

Angioarchitecture
Feeding artery dilation 57 (74.0%) 51 (49.5%) .001a

Single feeding artery 12 (15.6%) 35 (34.0%) .003a

Deep venous drainage 17 (22.1%) 38 (36.9%) .035a

Single draining vein 33 (42.9%) 65 (63.1%) .07
Drainage vein stenosis 11 (14.3%) 27 (26.2%) .07
Diffuse nidus 15 (19.5%) 38 (36.9%) .01a

Flow-related aneurysm 14 (18.2%) 43 (41.7%) .001a

Hemodynamics
Feeding artery
TTP (mean) (sec) 2.88 (SD, 0.80) 3.14 (SD, 1.01) .07
FWHM (mean) (sec) 2.83 (SD, 1.02) 3.33 (SD, 1.29) .006a

Inflow gradient (mean) 1265.61 (SD, 912.53) 1317.85 (SD, 1018.43) .72
Outflow gradient (mean) 636.89 (SD, 505.72) 600.35 (SD, 511.84) .63
Stasis index (mean) 2.42 (SD, 0.99) 2.63 (SD, 1.04) .16

Drainage vein
TTP (mean) (sec) 3.62 (SD, 1.07) 3.76 (SD, 1.30) .42
FWHM (mean) (sec) 3.00 (SD, 0.75) 3.56 (SD, 1.29) ,.001a

Inflow gradient (mean) 1854.28 (SD, 2794.89) 1289.84 (SD, 975.82) .06
Outflow gradient (mean) 741.99 (SD, 568.85) 610.58 (SD, 522.51) .11
Stasis index (mean) 2.38 (SD, 0.65) 2.52 (SD, 0.97) .28

MTT (ICA-sinus) (mean) (sec) 1.48 (SD, 1.03) 1.97 (SD, 1.70) .02a

MTT (feeding-draining) (mean) (sec) 0.73 (SD, 0.97) 0.62 (SD, 1.04) .47
ADW (mean) 695.02 (SD, 607.38) 742.75 (SD, 720.42) .64
TRV (mean) 225.35 (SD, 211.26) 115.93 (SD, 157.39) ,.001a

LFI (mean) 49.40 (SD, 98.25) 390.27 (SD, 919.81) ,.001a

a Statistical significance (P, .05).
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between the hemodynamic parameter LFI and the occurrence of
AVM rupture, signifying the extent of vascular filling within the
lesion. Furthermore, we integrated the LFI into existing AVM
rupture-prediction models, and this integration notably bolstered
the predictive performance of these models. This outcome recon-
firms the significant role of intravascular stasis and obstructive
congestion as potential mechanisms contributing to AVM rupture.
It also underscores the potential utility of incorporating hemody-
namic parameters in the construction of multimodal prediction
models, offering the prospect of improved accuracy in forecasting
future AVM ruptures.

Owing to the intricate architecture of AVM lesions, prior
investigations have often overlooked hemodynamic analysis of
AVM niduses, primarily focusing on the feeding arteries or

draining veins. For example, Lin et al9,
established a correlation between the
Stasis Index of the principal draining
vein and AVM rupture, Spetzler et al3

associated elevated intravascular pres-
sure in feeding arteries with AVM rup-
ture, and Chen et al11 identified a
significant relationship between the
TTP ratio of feeding arteries and drain-
ing veins and AVM microbleeds.,

Nevertheless, the primary and most im-
mediate site of AVM rupture is the
AVM lesion itself, the anomalous
niduslike structure. This lesion stands
as the pivotal and direct site for under-
standing the hemodynamic mechanisms
of AVM rupture. Regrettably, due to the
intricate vascular architecture inherent in

AVM lesions, techniques such as hemodynamic simulation, intravas-
cular pressure measurement, and transcranial Doppler ultrasound
are often not applicable for lesion analysis.

In a preceding study, Chen et al6 pioneered an innovative
method rooted in QDSA to directly assess the hemodynamic
attributes of AVM lesions, proposing that TRV could signify the
degree of intravascular stasis within the lesion. However, this
study encountered several limitations, including measurement
errors attributable to the complex 3D structure of the lesion and
an ambiguous interpretation of the meaning of FWHM. In this
study, we introduce a novel parameter, the LFI, also founded on
QDSA. LFI is derived from the ADW, a metric that reflects blood
filling within the ROI and is subsequently normalized by volume.
The LFI constitutes the second hemodynamic parameter

Table 4: Performance of previous models after the addition of LFI
Model AUC (95% CI) P Value LFI (95% CI) P Value

R2eD 0.755 (0.684–0.826) Reference Reference Reference
R2eD 1 LFI 0.791 (0.725–0.857) .03a 1.004 (1.000–1.008) .04a

VALE 0.760 (0.689–0.831) Reference Reference Reference
VALE 1 LFI 0.823 (0.762–0.884) .005a 1.005 (1.002–1.009) .004a

a Statistical significance (P, .05).

Table 5: 10-fold cross-validation of performance with 2 previous models after incorpo-
rating LFI

Model AUC (95%CI) P Value Accuracy Precision Sensitivity Specificity
R2eD 0.601 (0.515–0.687) Reference 0.611 0.674 0.621 0.597
R2eD 1
LFI

0.624 (0.541–0.707) .15 0.639 0.702 0.641 0.636

VALE 0.603 (0.518–0.688) Reference 0.556 0.610 0.621 0.468
VALE 1
LFI

0.706 (0.629–0.783) ,.001a 0.683 0.717 0.738 0.610

a Statistical significance (P, .05).

FIG 3. Comparison of 2 AVM rupture-prediction models before and after the inclusion of the LFI. A. Comparing R2ED and R2ED1LFI reveals that
the original R2ED AUC value is 0.755. After the inclusion of LFI, the AUC value increases to 0.791. Based on the DeLong' test, the significance level
is P¼ .03. B, Comparing VALE and VALE1LFI reveals that the original VALE AUC value is 0.760. After the inclusion of LFI, the AUC value increases
to 0.823. Based on DeLong test, the significance level is P¼ .005.
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developed for the explicit characterization of intravascular stasis
within AVM lesions.

The LFI takes inspiration from pervious hemodynamic
research conducted in DSA and MR imaging.16,20,21 At present,
hemodynamic indices derived from QDSA focus more on the
analysis of ROI curves, because certain mathematic characteristics
within these curves could reflect the blood-flow condition.13,22,23

In contrast, there are notable gaps in research pertaining to the
AUC of ROIs. In QDSA, the AUC is typically regarded as the vol-
ume of contrast agent passing through the ROIs, serving as an
indirect measure of blood-flow volume. In our exploration of the
AUC, we drew inspiration from the concept of the ADW, as
defined by Raoult et al24 and Kramer et al.25 In their research,
ADW is defined as a specified time window that theoretically rep-
resented good arterial filling with no significant venous contamina-
tion. We hypothesize that during the time window represented by
ADW, the AVM nidus undergoes maximal blood inflow through-
out the entire “inflow-outflow” process. This hypothesis suggests
that during this specific period, the perfusion pressure within the
nidus exceeds that of other time intervals. The numeric value of
the ADW, corresponding to the difference in AUC between arte-
rial and venous phases, is presumed to reflect the discrepancy in
blood flow between arteries and veins. A larger ADW indicates a
more substantial difference in blood flow between these 2 vascular
components. However, as shown in Table 2, there is no statistically
significant difference in the ADW between the ruptured and non-
ruptured groups. By examining the ROI as well as relevant factors
affecting AUC, we found that it is necessary to combine this hemo-
dynamic with some fundamental characteristics of AVM to enhance
its specificity in discriminating ruptured cases. In fact, nidus volume
is the most significant factor affecting the AUC, and ADW repre-
sents the maximum filling in the ROI. Therefore, the maximum fill-
ing degree per unit volume of the lesion can be calculated by
dividing the ADW by the nidus volume—that is, the LFI (ADW/
volume [nidus]). In this context, we contend that LFI represents the
maximum prefusion pressure endured by the lesion within a unit
volume. A higher LFI suggests an elevated risk of rupture.

Volume is a key parameter in the LFI calculation process.
However, the question of whether AVM volume contributes to
the risk of rupture remains debated within the academic commu-
nity.18,26–29 In this study, data revealed an association between
smaller lesions and rupture. To mitigate the impact of lesion vol-
ume on the results, we attempted to normalize the results
obtained from the ADW by dividing them by the lesion volume,
yielding a unit volume blood-filling index amenable to cross-case
comparison. This concept is reminiscent of the TRV, in which
lower TRV values were correlated with higher Stasis Indices, indi-
cating sluggish blood flow within AVM lesions. TRV is derived
by dividing the FWHM by the maximum diameter of the AVM.
Similar to our study, a trend of smaller lesion sizes in the rup-
tured group was observed, thereby leading us to postulate that
the LFI and TRV both reflect, to some extent, blood volume fill-
ing and stasis within the lesion.

Stasis of blood within AVM lesions may potentially lead to
rupture, with underlying mechanisms likely involving chronic
mechanical stress exerted on the vessel walls, triggering inflamma-
tory responses and subsequent endothelial damage, diminished

deformability, and causing eventual rupture.11,30,31 Studies by Fry32

demonstrated the impact of shear stress on flow-related changes
in venous endothelial cells, while Frösen et al31 established that
high wall shear stress conditions activate proinflammatory signal-
ing pathways within vascular endothelial cells, driving remodel-
ing in unruptured intracranial aneurysms., Within our study, this
mechanism of rupture is reflected by an elevated LFI, signifying
greater unit volume of blood filling.

Univariate analysis indicated that the arterial Stasis Index,
TRV, and LFI all demonstrated statistical differences between the
2 groups; however, in multivariate analysis, only LFI remained
statistically significant. Consequently, we posit that all 3 parame-
ters mentioned above exert some influence on rupture, yet LFI is
the most sensitive indicator with the greatest discriminatory
capacity. We attribute this phenomenon to 2 parameters used in
the calculation of LFI. We have incorporated volume and the
ADW, both of which have been established in multiple studies as
having distinct differentiating significance for filling and rupture.
The synergy of these 2 parameters amplifies the credibility and
discriminative capability of LFI. In further research, our goal is to
substantiate the reliability and precision of LFI using more direct
measurement techniques, including computational fluid dynamics
modeling of the lesion or direct prefusion pressure measurement.

According to the definition of ADW, we believe it reflects the
degree of blood-flow filling within the AVM nidus during a speci-
fied time window. However, it lacks quantifiability and compara-
bility across cases. Therefore, we attempted to normalize the
ADW by dividing it by the volume of the AVM lesion, resulting
in a quantitative metric to assess the degree of blood filling within
the lesion. Due to the cross-sectional nature of this study, long-
term follow-up results for patients with nonruptured AVMs with
high LFI levels are unavailable. However, the results demonstrate
statistically significant differences in LFI levels among patients
with ruptured AVMs, aligning with our hypothesis of a correlation
between high perfusion within the lesion volume and rupture.
Therefore, we aim to conduct future prospective cohort studies to
confirm the predictive ability of LFI for rupture occurrence.

In this study, a comprehensive evaluation of baseline charac-
teristics, angioarchitecture, and hemodynamic features revealed
several key insights. Angioarchitecture characteristics differed
between the ruptured and unruptured groups, with factors such
as feeding artery dilation, single feeding artery, deep venous
drainage, single draining vein, drainage vein stenosis, diffuse
nidus, and flow-related aneurysms demonstrating significant
associations with rupture risk. Hemodynamic parameters, includ-
ing TTP, MTT, FWHM, ADW, TRV, Stasis Index, and LFI, were
also evaluated. While some differences in these parameters were
observed, LFI stood out as a robust risk factor of AVM rupture.

Study Limitations
This study has certain limitations. First, the analysis for all en-
rolled patients was conducted postadmission, and ruptured
AVMs may exhibit temporal variations in vascular architecture
and hemodynamics. These changes could impact the reliability of
the conclusions. Therefore, future research will require a larger
sample of patients with prerupture imaging and long-term fol-
low-up observations. Second, QDSA is based on 2D imaging,
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which may have limitations such as overlapping structures.
Further research using 3D and 4D imaging for hemodynamic
analysis may provide a more accurate reflection of pressure
within the lesion. Third, this study relied on cross-sectional data,
introducing the potential for selection bias to impact the findings.
Moreover, the emphasis of the study is on revealing the correla-
tion between LFI and AVM rupture, rather than establishing
predictive capabilities or causal relationships. This limitation
restricts the direct clinical applicability of the study's results.
To bolster the reliability and robustness of the findings, further
validation with a larger prospective cohort is imperative.

CONCLUSIONS
In this cross-sectional study, we discovered that a high-filling
state of AVM lesions, indicated by elevated LFI levels, is associ-
ated with rupture. This association could be a result of excessive
arterial perfusion, and it is necessary to evaluate QDSA hemody-
namic parameters in the assessment of AVM rupture risk.
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Magda Jablonska, Marielle Esteves, Maria Lourdes Diaz, Judith Cendrero, Manuel Requena, Francesco Diana,
Marta De Dios, Trisha Singh, Laura Ludovica Gramegna, and Marc Ribo

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular robotic devices may enable experienced neurointerventionalists to remotely perform
endovascular thrombectomy. This study aimed to assess the feasibility, safety, and efficacy of robot-assisted endovascular thrombec-
tomy compared with manual procedures by operators with varying levels of experience, using a 3D printed neurovascular model.

MATERIALS AND METHODS: M1 MCA occlusions were simulated in a 3D printed neurovascular model, linked to a CorPath GRX
robot in a biplane angiography suite. Four interventionalists performed manual endovascular thrombectomy (n¼ 45) and robot-
assisted endovascular thrombectomy (n¼ 37) procedures. The outcomes included first-pass recanalization (TICI 2c–3), the number
and size of generated distal emboli, and procedural length.

RESULTS: A total of 82 experimental endovascular thrombectomies were conducted. A nonsignificant trend favoring the robot-
assisted endovascular thrombectomy was observed in terms of final recanalization (89.2% versus manual endovascular thrombec-
tomy, 71.1%; P¼ .083). There were no differences in total mean emboli count (16.54 [SD, 15.15] versus 15.16 [SD, 16.43]; P¼ .303).
However, a higher mean count of emboli of . 1 mm was observed in the robot-assisted endovascular thrombectomy group (1.08
[SD, 1.00] versus 0.49 [SD, 0.84]; P¼ .001) compared with manual endovascular thrombectomy. The mean procedural length was longer
in robot-assisted endovascular thrombectomy (6.43 [SD, 1.71]minutes versus 3.98 [SD, 1.84]minutes; P, .001). Among established neuro-
interventionalists, previous experience with robotic procedures did not influence recanalization (95.8% were considered experienced;
76.9% were considered novices; P¼ .225).

CONCLUSIONS: In a 3D printed neurovascular model, robot-assisted endovascular thrombectomy has the potential to achieve re-
canalization rates comparable with those of manual endovascular thrombectomy within competitive procedural times. Optimization
of the procedural setup is still required before implementation in clinical practice.

ABBREVIATIONS: BGC ¼ balloon guide catheter; EVT ¼ endovascular thrombectomy; MA ¼ manual; MT ¼ mechanical thrombectomy; RA ¼ robot-assisted;
SR ¼ stent retriever

Mechanical thrombectomy (MT) is the most effective treat-
ment for acute ischemic stroke due to large-vessel occlu-

sion when combined with IV-tPA, unless contraindicated, and is
currently strongly recommended by all therapeutic guidelines.1,2

However, logistic and geographic limitations in the availability of
rapid performance of the thrombectomy procedure create geo-
graphic inequities among territories due to the procedure being
more accessible in urban areas than in remote rural locations dis-
tant from major cities.2-4 Appropriate MT programs require not
only modern angiography suites but also certified physicians who
are well-trained in neurointerventional procedures and remain in
continual contact with the neuroscientific society; this scenario
ensures the highest-quality standards. In recent years, endovascu-
lar robotic devices have emerged as a revolutionary technology
that may transform the field of neurointerventional treatment.

The CorPath GRX System (Corindus) is the first FDA-cleared
and CE Marked medical device for percutaneous coronary and
vascular procedures. It uses articulated robotic arms with multiple
degrees of freedom to handle microguidewires and microcath-
eters, enabling submillimeter movements of both devices to
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perform precise neurovascular interventions. Physicians can
control it remotely, reducing radiation exposure and providing a
comfortable and more precise working distance.5-7

Studies focusing on the embolization of intracranial aneurysms
have been published dating back to the first-in-human experience
reported in 2018, in which a transradial diagnostic coronary angi-
ography was performed.6,7

The potential use of robotic treatment in stroke thrombec-
tomy procedures could represent a substantial advancement in
stroke treatment, providing an alternative solution for patients in
nonurban areas. Robot-assisted endovascular thrombectomy (RA-
EVT) could save time by avoiding long transfers; it also offers
patients the possibility of being treated remotely by highly-skilled
neurointerventionalists, ultimately improving patient outcomes and
quality of life. Although the CorPath GRX, which is capable of per-
forming biaxial procedures, is not fully optimized for thrombec-
tomy procedures, it allows multiple catheter maneuvers and yields
an accuracy comparable—or superior—to manual procedures.

The present study aims to describe a potential setup and
explore the feasibility (reaching the occlusion), safety (distal
embolization), and efficacy (recanalization) of RA-EVT compared
with manual procedures performed by operators with varying levels
of experience in robotics, using a 3D printed neurovascular model.

MATERIALS AND METHODS
Study Design
Two neurointerventionalists with .3 years of clinical experience
in robotic-assisted neuroendovascular embolizations (ie, robot-
experienced) performed both manual EVT (MA-EVT, n¼ 18)
and RA-EVT (n¼ 24). One experienced neurointerventionalist
in training for the robotic procedure (ie, robot-novice) performed
both MA-EVT (n¼ 6) and RA-EVT (n¼ 13) procedures. Due to
the exploratory nature of this pilot feasibility study, the total
number of experiments performed by each interventionalist was
not predefined on the basis of efficacy assumption; a total num-
ber between 19 and 21 experiments per operator was decided.

Neurovascular Flow Loop Model
The neurovascular model was based on the vascular anatomies
extracted from anonymized CTA images. The manufacturing
procedure comprises the following steps: medical image segmen-
tation to generate the preliminary 3D geometry of the vascular
anatomy; mesh modeling to simplify the anatomy and prepare a

printable model; 3D printing setting; postprinting processing;
and assembly.

Data in the DICOM format was imported and loaded in 3D
Slicer (http://www.slicer.org),8,9 where opacity threshold segmen-
tation was performed to obtain the preliminary 3D geometry of
the model. The preliminary 3D geometry was exported to
Autodesk Meshmixer (https://meshmixer.com/)10 for the model-
ing stage and exported to PreForm (Formlabs) to configure the
printing material, resolution, optimal geometry orientation, and
support structure for 3D printing. The model was printed with
commercially available photopolymer resin Elastic 50A at a reso-
lution of 100mm with a Form 3 SLA printer (Formlabs). The
postprinting process consisted of removing support structures
from the model, a 10-minute dip in isopropyl alcohol, and expo-
sure to 305-nm ultraviolet light at a temperature of 60°C for 10
minutes. After the postprocessing, the model parts were assembled
to constitute the final version of the neurovascular model, which
includes the aortic arch, bilateral carotid arteries, MCAs (up to 2
distal M2 MCA branches), anterior cerebral arteries (up to the
proximal A2), anterior communicating artery, posterior communi-
cating arteries, and posterior cerebral arteries (up to the proximal
P2 posterior cerebral artery segments).

The neurovascular model was connected in a flow-loop setup
to mimic blood circulation. The experimental setup comprised a
hydraulic pump recirculating saline solution at 800mL/min, a 3D
printed model, and a 100-mm filter at the outflow of the model to
collect the periprocedural emboli. All elements were connected
through a silicone tubing system. To simulate the transfemoral
access, we connected an 8F sheath attached to a silicone tube to
the descending aorta. An inflow filter was added between the hy-
draulic pump and the neurovascular model to filter out the unde-
sired particles introduced into the system by reused devices.

Experimental Thrombectomy Setup
The study was performed using biplane angiography (Clarity,
Philips Healthcare): As previously described,11 2 � 4 mm (radio-
paque) clot analogs were made from porcine blood and used to cre-
ate arterial occlusions in a benchtop 3D printed model (Fig 1A).12

The CorPath CRX robot, consisting of a control console and a
robotic unit equipped with an extension arm that can hold a sin-
gle-use cassette, was installed in the interventional neuroradiology
section. The control console, enabling the operator to perform pro-
cedures comfortably while seated, was placed in the RX control

FIG 1. A benchtop 3D printed vascular model with a thrombus inside (A) was connected to a Corindus CorPath GRX robot (B, arrowhead), and
MT was performed using SRs (C).

722 Tomasello Jun 2024 www.ajnr.org

http://www.slicer.org
https://meshmixer.com/


room. The extension arm and robotic unit were positioned on the
lateral side of the table in the angiosuite. A single-use cassette was
loaded with a microcatheter and a balloon guide catheter (BGC)
(Gateway; Stryker), both of which were connected to the neurovas-
cular model.

The robotic system is currently unable to perform catheteriza-
tion of the aortic arch because it is limited to an advancement
movement of 20 cm. An initial assessment of the optimal posi-
tioning of the different devices was performed. Due to the above-
mentioned limited range of movement of the microcatheter
when using the robot, the limiting factor to reach and cross the
clot with the microcatheter is the initial position of the BGC in the
ICA. We identified the lowest point in the ICA in which the tip
of the BGC should be manually positioned before initiating the
RA-EVT for different occlusion locations (Fig 2) and decided to
place it in the vertical part of the petrous segment of the ICA.
Given this limitation, RA-EVT was considered optimal for occlu-
sions located in the ICA and in the M1 segment of the MCA and
in any case beyond the proximal M2 branches.

After clot embolization, experiments were allocated into one of
the following treatment arms: 1) robot-experienced/MA-EVT; 2)
robot-experienced/RA-EVT; 3) robot-novice/MA-EVT; 4) robot-
novice/RA-EVT. A 6F BGC was manually advanced by an experi-
enced specialist nurse to the level of the distal ICA, then a 0.021-inch
microcatheter (Phenom 21; Medtronic) was manually advanced to
the level of the tip of the BGC. For RA-EVT procedures, the
microcatheter and a 0.014-inch microguidewire (Synchro 2;
Stryker) were then connected to the CorPath GRX robot by a
trained assistant nurse; the neurointerventionalist could take con-
trol of the system from the console located in the control room
outside the angiosuite (Fig 1).

The thrombectomy technique, manual and robot-assisted, con-
sisted of navigating the microcatheter under fluoroscopy to the

MCA to cross the clot and then deploy a 4� 40 mm stent retriever
(SR: Solitaire X; Medtronic) from the M2 to the M1 segment of the
MCA. After an embedding time of 1–2minutes, the BGC was
inflated and the SR was retrieved into the BGC under proximal
flow arrest and continuous pump aspiration (Penumbra) (Fig 1C).
For RA-EVT device exchanges in the robotic system, balloon infla-
tion/deflation and aspiration were performed at the neurointerven-
tionalist’s indication, executed by an assistant nurse.

Each experiment consisted of a single pass per embolized
clot. The primary outcome was first-pass recanalization (TICI
2c–3); the secondary outcome was the characterization of the
collected distal emboli after each experiment.13 The duration
of the MT procedure was defined as the moment when the
neurointerventionalist first initiated control of the console
and began maneuvering the microcatheter, until completion
of the first pass.

Characterization of Distal Emboli
Characterization of generated distal emboli has been performed
as previously described.12 The distal segments of the neurovascu-
lar model have vessels as narrow as 1mm. Thus, most embolized
particles would end up in the filter located at the outflow of the
model. An RBG image of the particles in the filter was captured
with a high-resolution digital camera (IPEVO, Inc., Sunnyvale,
California) to analyze the emboli generated after each pass. Then,
the RBG images were processed by an image-processing algorithm
developed on Matlab R2020a (MathWorks). The algorithm com-
prises 2 primary stages: 1) RGB image binarization, which involves
highlighting the emboli (“1”) and removing the background (“0”)
(Fig 2); and 2) quantification of the major-axis length of each parti-
cle, using a circle of known dimensions as a reference. Additionally,
the algorithm provides output such as the overall particle count as
well as the number of emboli of.1mm.

FIG 2. Experimental setup for robot-assisted and manual EVTs.
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Statistical Analysis
Results were expressed as mean (SD). Data were analyzed using
the SciPy library from Python (https://scipy.org/). Normality was
tested with Shapiro-Wilk test, and the Mann-Whitney U test was
used to evaluate differences between RA-EVTs and MA-EVTs.
Multiple subgroup analyses were performed to assess the safety
and efficacy of the procedure among the 4 treatment arms using
a x 2 test.

As a subgroup analysis, differences in different outcomes (ie,
final recanalization rate, number and dimension of emboli, and
duration of the MT procedure) were compared between RA-EVT
performed by a robot-experienced interventionalist and RA-EVT
performed by a robot-novice neurointerventionalist who all had
the same levels of experience in MT procedures (.10 years).

Statistical significance was P, .05.

RESULTS
We conducted a total of 82 experimental EVTs: 37 RA-EVTs and
45 MA-EVTs. Each interventionalist performed between 19 and
21 experiments. There were no robotic system failures or inciden-
ces that required the technician to step in during the thrombec-
tomy attempts.

Robot-Assisted EVT versus Manual EVT
Overall, when comparing all RA-EVTs (n¼ 37) versus all MA-
EVTs (n¼ 45), nonsignificant trends were observed in terms of
the final recanalization rate in favor of RA-EVT: 89.2% versus
MA-EVT: 71.1%; P¼ .083. The distal emboli analysis revealed a
similar mean total count of particles (RA-EVT: 16.54 [SD, 15.15]
versus MA-EVT: 15.16 [SD, 16.43]; P¼ .303); however, a signifi-
cantly mean higher number of emboli of .1mm in diameter
were observed in the RA-EVT (1.08 [SD, 1] versus 0.49 [SD, 0.84];
P¼ .001). In addition, the mean RA-EVT procedural length was

significantly longer (RA-EVT: 6.43 [SD, 1.71]minutes versus MA-
EVT: 3.98 [SD, 1.84]minutes; P, .001) (Fig 3).

Robot-Experienced versus Robot-Novice
Interventionalists
To assess the impact of the operator’s prior experience in the use
of the robot, we compared outcomes in experiments performed
by robot-experienced (n¼ 24) and robot-novice (n¼ 13) interven-
tionalists (Online Supplemental Data). The observed recanalization
rates were 95.8% among the robot-experienced interventionalist
and 76.9% among the robot-novice interventionalist (P¼ .225).
No significant differences were observed in terms of total emboli
count (P¼ .065) or number of emboli of .1mm (P¼ .488).
However, the mean procedural length was found to be slightly-but-
significantly longer for robot-experienced (6.85 [SD, 1.54]minutes)
compared with robot-novice neurointerventionalists (5.65 [SD,
1.80]minutes; P¼ .041) (Fig 4).

DISCUSSION
In this pilot study, we aimed to characterize the procedural setup
and feasibility of performing MT with a robotic-assisted device
using a 3D vascular model. We determined that the current
robotic features allow an adequate setup to perform RA-EVT in
intracranial occlusions located up to the proximal segments on
the M2 MCA branches using BGCs and an SR. Thus, patient
anatomy should allow navigation of the BGC up to the C2–C3
segments of the ICA. In these conditions, intracranial RA-EVTs
performed by physicians with different levels of expertise in the
use of the robot were able to achieve similar recanalization rates
compared with MA-EVT. RA-EVT may not appear to provide a
substantial advantage on its own; however, the current results
present opportunities for future scenarios in which skilled neuro-
interventionalists could potentially perform the intracranial part

FIG 4. Boxplot analysis shows the difference in median values of various outcomes of thrombectomy (such as recanalization rate, procedural
length, and distal emboli generation) when comparing robotic-EVT performed by a robotic-experienced interventional neuroradiologist and
robotic-EVT performed by a robot-novice interventional neuroradiologist. FPE indicates first-pass effect.

FIG 3. Boxplot analysis shows the difference in median values of various outcomes of thrombectomy (such as recanalization rate, procedural
length, and distal emboli generation) when comparing all RA-EVTs and all MA-EVTs. FPE indicates first-pass effect.
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of a MT remotely on patients located in distant centers without
specialized interventionalists.

In our study, the mean procedural time was slightly higher in
the robotic arm compared with the manual procedure, particu-
larly among physicians with experience in robotic procedures.
However, in a potential scenario of remote RA-EVT, the absolute
increase in the RA procedural time could be neglected if com-
pared with the delays associated with transferring a patient to a
comprehensive stroke center to receive EVT.

Furthermore, we aimed to test the safety of the procedure in
terms of generation of distal emboli. Overall, our study showed
that the total count of generated distal emboli is similar between
RA-EVT and MA-EVT. However, we observed a significantly
higher number of emboli of.1mm in the RA-EVT group, which
deserves special attention. These results may have been influenced
by the use of a 3D plastic model because the friction coefficients
between the clot/devices and the vessels are higher than those in
human arteries. However, we cannot exclude the possibility that
this high rate of clots of .1 cm may be due to the operator’s lack
of experience with the robot, including performing a procedure in
the absence of haptic feedback. Nevertheless, we believe that in the
preliminary phases of developing a device, it is important to collect
data on the physician’s performance with the device, because the
data may provide insight into characteristics of the device and help
identify areas for improvement. We anticipate that both operator
experience and device performance can be improved in the future.

A possible explanation may lie in the relative absence of compli-
ance with the current version of the robotic system when pushing
the microcatheters across the thrombus. During manual proce-
dures, the interventionalist can modulate the applied force to grad-
ually advance the microcatheter, avoiding sudden tension releases
of the system; however, this step may be more challenging with
RA-EVT. Sudden tension releases of the systemmay also be exacer-
bated by the increased vessel wall friction of the 3D models com-
pared to a patient’s arteries. However, robotic systems have the
potential to include automatic compensation and adjustment sys-
tems with the ability to optimize microcatheter navigation through
the occluding clots.

Most interesting, expert physicians in robot handling achieved
results similar to those of physicians with limited robotic expo-
sure (Fig 4), suggesting that spreading this new technology with
short learning curves among neurointerventionalists may be rela-
tively straightforward.

Future developments of regional networks will likely consider
performing a local MT by an interventionalist not dedicated to
neuroendovascular procedures or opting for a remote RA-EVT
performed by skilled neurointerventionalists to ensure universal
and timely endovascular treatment of patients with stroke with
large-vessel occlusions,.

To our knowledge, this is the first study that explores the feasi-
bility of robotic assistance in the intracranial part of the MT. Our
results suggest that further adjustments will make implementation
of this technology possible in assisting acute ischemic procedures
in rural areas, thus massively reducing workflow times.

The current CorPath GRX technology still presents limitations
that prevent the immediate application of the studied model in clini-
cal practice: It is currently unable to perform the catheterization of

the supra-aortic trunks and deliver the microcatheter up to the clot
occlusion. Moreover, the main limitation is the limited range of
motion and the impossibility of controlling triaxial catheter systems,
preventing the use of intermediate distal-access catheters that provide
support during microcatheter navigation and allow distal aspiration.

Our pilot study aimed to provide a preliminary assessment of
the feasibility of technology to assist in performing intracranial
MT and to generate initial efficacy data. Our results are promis-
ing and represent a necessary step toward the implementation of
robotics in MT procedures. In the future, integration of acquired
vessel imaging, such as CTA or angiography, with the robotic sys-
tem may enable the robot to recognize the anatomy and offer an
assisted navigation in cases of challenging anatomy. Such devel-
opment allowing a faster, more precise, and safer procedure may
facilitate the expansion of an adoption of robotic procedures among
less experienced operators or for remote assistance in rural regions.

Limitations
Our study has several limitations. A limited number of operators
participated in the study, which may have affected the compara-
bility of the observed outcomes among the various study groups.
However, the operators—each having a varying level of experi-
ence—conducted multiple experiments to simulate multiple sce-
narios. Another important limitation is the use of a single 3D
printed model, which is a significant constraint due to its limited
comparability with real patients. Despite the neurovascular model
being internally coated with hydrophilic agents, the friction coef-
ficients between the clot/devices and the vessels are generally
higher than those observed in human arteries. This difference
may partially explain the increased number and size of distal
emboli observed in the RA-EVT arm. Additionally, the model
exhibits higher resistance to perforation than in vivo conditions,
which hinders the assessment of such complications. Furthermore,
a single 3D model was used precluding the wider evaluation
according to anatomic variations. We concur with the importance
of further exploring the use of robotics to support the catheteriza-
tion of challenging anatomies in future studies with new iterations
of the robotic devices.

CONCLUSIONS
In a 3D printed neurovascular model, RA-EVT has the potential
to achieve recanalization rates comparable with MA-EVT within
competitive procedural times. Optimization of the procedural
setup is still required before implementation in clinical practice.

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

Impact of Target Artery Size on the Performance of
Aspiration Thrombectomy: Insights from a Swine Model with

Real-Time Visualization
Ichiro Yuki, Timothy Shimizu, Hemdeep Kaur, Zachary W. Hsu, Earl Steward, and Shuichi Suzuki

ABSTRACT

SUMMARY: A novel swine model was developed to investigate the underlying reasons for the failure of aspiration thrombec-
tomy. The model allows direct visualization of the target artery during thrombectomy in vessels of different sizes. The behavior
of the target artery undergoing aspiration thrombectomy was recorded with high-resolution digital microscopy and fluoroscopic
visualization, providing valuable insight into how the different sizes of treated arteries affect the effectiveness of mechanical
thrombectomy.

ABBREVIATIONS: CCA ¼ common carotid artery; LVO ¼ large-vessel occlusion; SCA ¼ superficial cervical artery; TIMI ¼ Thrombolysis in Myocardial Infarction

Aspiration thrombectomy is a widely used technique for treating
acute ischemic stroke with large-vessel occlusion (LVO).1-3

Recent advances in catheter technology have improved the effec-
tiveness of the procedure, though the success rate of the first pass
remains limited, ranging from 25.1% to 53.7% of cases.4-6

The primary reasons hindering successful outcomes were of-
ten explained as inadequate aspiration force, insufficient contact
between the catheter tip and the clot surface, or clot fragmenta-
tion during the procedure.7,8 Although a consensus exists with
interventionalists that a larger-lumen aspiration catheter may
enhance recanalization rates, this consensus remains a topic of
ongoing debate with limited supporting evidence. To enhance
our understanding of how aspiration thrombectomy works, stud-
ies using animal models such as swine, canines, and rabbits as
well as human cadaver–based models have been conducted.9-12

However, many aspects remain unknown, including how the size
of the target vessel with different flow volumes affects the effec-
tiveness of aspiration thrombectomy.

For bridging this knowledge gap, a novel swine LVO model
was developed, enabling real-time visualization of target arteries
undergoing mechanical thrombectomy. Two distinct vessel sizes
were chosen as targets: the common carotid artery (CCA) and the
superficial cervical artery (SCA), simulating the human ICA and
M1 segment of the MCA, respectively. The study examined the
behaviors of the target vessels during aspiration thrombectomy,

encompassing vessel collapse, vessel traction, and local reverse
blood flow, to investigate how the size of the target artery impacts
the performance of the procedure.

By investigating the underlying causes of the failure of aspira-
tion thrombectomy, this model has the potential to inform about
the development of improved aspiration devices and enhance the
refinement of endovascular techniques in clinical settings.

TECHNIQUE
All procedures were performed in accordance with the policies of
the University of California, Irvine Chancellor’s Institutional
Animal Care and Use Committee. The SCA, also known as the
omocervical artery, originates from the thyrocervical trunk in
swine.13 This straight branch, typically 2–3 mm in diameter with
a bifurcation, simulates the human MCA,14 and it was used to
represent a small-diameter artery in this study. On the other
hand, the CCA, typically 4–5 mm in diameter, was used to repre-
sent a large-diameter artery.

Under general anesthesia, a female swine was intubated and
placed on the surgical table. In the supine position, a 20-cm
straight skin incision was made along the sternocleidomastoid
muscle. The connective tissue of the lateral and dorsal aspect of
the muscle was surgically dissected to expose the SCA.
Technical details are available elsewhere.14 Subsequently, the
medial connective tissue of the same muscle was dissected to ex-
pose the CCA. After carefully dissecting and removing the
adventitial layer of the artery to optimize visibility during the
procedure, approximately 15 cm of the arterial segment was
exposed. A 4–0 Prolene suture (Ethicon) was meticulously
placed around the artery. The degree of stenosis was assessed
and adjusted to maintain it at ,50% stenosis. In cases in which
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vasospasm resulting from surgical maneuvers was observed in
the target vessels, a topical application of papaverine (3mg/mL)
was administered to alleviate the vasospasm.

Intraprocedural, continuous observation of the target vessels
was performed using a high-resolution digital microscope cam-
era (Dino-Lite Edge 3.0 AM73115MTF; AnMo Electronics)
(11.9 � 3.3 cm). The microscope camera has an extralong work-
ing distance, allowing the farthest available working distance of
70 cm with a magnification of 10�–70� at 45 frames per sec-
ond. Real-time video images were displayed on a dedicated
monitor, and the captured images were processed using the
DinoCapture 2.0 software (Dino-Lite). Additionally, vessel size
was verified in the angiographic images using ImageJ software
(https://imagej.net/ij/download.html).

An angiographic system (OEC 9800; GE Healthcare) was
used for selective DSA followed by endovascular procedures. An
8F femoral sheath was placed in the right femoral artery, and a
6F guiding sheath, 0.088-inch Ballast catheter (Balt), was navi-
gated to the origin of the right subclavian artery followed by the
SCA. Next, under roadmap image guidance, a clot analog was
injected into the SCA. The fibrin-rich clot analogs used in this
model were reproduced following the established methodology
described in multiple publications in the past.8,14,15 They were
produced from allogeneic whole blood characterized by its
fibrin-rich component using a modified chandler loop tech-
nique. A control angiogram was performed to confirm the com-
plete occlusion of the target vessel. The same procedure was
repeated for the CCA.

By means of the 2 different types of
vessels described above, performance of
aspiration thrombectomy was evaluated
and recorded. We used different sizes
of aspiration catheters: 0.058-inch ID
(Catalyst 5; Stryker Neurovascular),
0.068-inch ID (React 68; Medtronic)
and an 0.088-inch ID. The procedure
was always initiated with remote aspi-
ration with the tip of the catheter
placed 20mm away from the clot, and
continuous aspiration of 4minutes was
applied using a 60-mL syringe. If no
recanalization was seen, the aspiration
catheter was advanced with 5-mm
increments and the same maneuver
was repeated. If remote aspiration
failed, contact aspiration was per-
formed with the aspiration catheter in
direct contact with the clot analog
under direct visualization.

Vessel behaviors under direct visual-
ization during the procedure, such as
vessel collapse, vessel traction, vaso-
spasm, clot fragmentation, and cavita-
tion in the target vessels, were recorded.
After each procedure, the degree of
reperfusion was described using the
Thrombolysis in Myocardial Infarction

(TIMI) scale. The typical behaviors of 2 different-sized vessels, the
CCA group versus SCA group, undergoing aspiration thrombec-
tomy were compared, and the mechanism of successful/unsuc-
cessful reperfusion on each target artery was described.

RESULTS
A total of 3 CCAs and 4 SCAs in 3 animals with a mean weight of
68.3 kg (range, 56–87 kg) were surgically exposed, and concurrent
fluoroscopic and transmural direct visualization were successfully
performed in all vessels. All target vessels were successfully occluded
(TIMI 0) immediately after the injection of the clot. In all cases,
injected clot analogs, the tip of aspiration catheter, and the vessel
behaviors during the thrombectomy procedure were observed and
allowed us to assess the mechanism of successful/unsuccessful
reperfusion.

The mean diameter was 5.2mm (range, 5.0–5.5mm) for the
CCA group and 2.3mm (2.0–3.0mm) for the SCA group. Figure 1
shows the typical behavior of the vessels undergoing aspiration
thrombectomy. In the SCA group (4 vessels) with remote aspira-
tion, we observed the following findings: 1) vessel collapse (all 4
vessels): the immediate collapse of the vessel segment between
the tip of catheter and the proximal end of the clot (no movement
of the clot was seen during the aspiration regardless of the cathe-
ter size [058, 068, and 088 mm]); 2) vessel traction (1 case): vessel
collapse followed by substantial traction of target vessel (approxi-
mately 20mm) in 1 SCA sample, while the aspiration catheter
(058 mm) was retracted with continuous aspiration. In the SCA
group with contact aspiration, successful recovery of the clot was

FIG 1. Direct visualization of the vessels undergoing aspiration thrombectomy. A, The SCA
before remote aspiration. The surgically exposed SCA is occluded with a clot analog (black
arrowhead). Note that the distal end of the aspiration catheter is visible through the translucent
vessel wall (yellow arrow). B, The SCA after remote aspiration. Vessel collapse (blue arrowhead)
is observed immediately after the application of the aspiration force. The position of the clot
remains unchanged (black arrowhead), indicating an unsuccessful recanalization. C, The CCA
before remote aspiration. A 5-0 Prolene suture is placed on the surgically exposed CCA to repli-
cate mild stenosis and stabilize the clot analog (black arrowhead). The radiograph below shows
that the tip of the catheter is remote from the clot analog (black arrowhead). D, The CCA after
remote aspiration. A local reverse flow was induced near the tip of the aspiration catheter (yel-
low arrowhead), and the clot was aspirated into the catheter, resulting in successful recanaliza-
tion. Note that there was no observed vessel collapse during the maneuver. The radiograph
below shows that the clot analog is no longer visible because it was aspirated into the catheter.
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observed in 3 vessels (058 and 068 mm) (TIMI 3), and 1 vessel
showed partial recanalization (TIMI 2) due to clot fragmenta-
tion during the retrieval (058 mm). In the CCA group with
remote aspiration, successful recanalization was achieved in all
3 vessels (TIMI 3) and did not require contact aspiration. The
aspiration catheters used were 068, 088, and 088 mm, respec-
tively. Local reverse flow was generated during the aspiration,
and none of the vessels showed vessel collapse except 1 in which
a temporal reduction of the vessel diameter was seen at the be-
ginning of the aspiration (088 mm). No vessel pulling and elon-
gation during aspiration catheter pullback were observed in the
CCA group. Figure 2 depicts a schematic view showing the
impact of vessel size on target vessel behavior during aspiration
thrombectomy.

DISCUSSION
The procedure, mechanical thrombectomy, incorporates a semi-
blinded maneuver, given that the operator lacks direct visibility
of the clot or vessel being manipulated. Therefore, it remains
uncertain whether the clot has been effectively engaged and cap-
tured during the aspiration thrombectomy until the devices are
retrieved, followed by another control angiogram.

Flow arrest within the aspiration tube is often used as an indi-
cator of successful clot capture during aspiration thrombec-
tomy.16 If no backflow is observed in the aspiration tube, which is
under continuous negative pressure while withdrawing, it is often
inferred that the clot has been captured inside the catheter or at
its tip. However, flow arrest can also result from the catheter tip
merely being in the collapsed vessel without engaging the clot.
The animal model described in this report clearly demonstrated

that vessel collapse can occur immedi-
ately after the application of aspiration
in relatively small-sized vessels.

Previously reported various LVO
models have described a similar
phenomenon.11,12 What remained
unknown, however, was whether ves-
sels of varying sizes have distinct
responses to the same thrombectomy
maneuver. The model presented in
this report indicates that the perform-
ance of aspiration thrombectomy may
indeed vary significantly depending on
the vessel size, suggesting a need for
potential adjustments in treatment
strategies accordingly.

While this model sheds light on
catheter-vessel interactions during
thrombectomy, some limitations exist.
For instance, human intracranial
arteries are known to have different
histologic features compared with pe-
ripheral arteries or arterioles. These
arteries are less elastic, contain fewer
elastic fibers, and have thinner layers
of smooth muscle. The arteries used in
our study were from swine; thus, varia-

tions stemming from different species should also be consid-
ered. Additionally, clot-related factors can impact aspiration
thrombectomy outcomes, such as clot components, length, and
fragility. Hence, further research with a larger sample size,
diverse clot types, and systematic catheter variations, as well as
stent retrievers, is warranted.

CONCLUSIONS
A new swine LVO model was created to study artery behavior
undergoing aspiration thrombectomy. The model simulated vessel
collapse, vessel traction, and reverse blood flow in vessels of differ-
ent sizes, revealing how the size of the target vessel impacts the
performance of the thrombectomy procedure. Further investiga-
tion with an increased number of sample sizes with different types
of clot analogs and aspiration catheters is warranted to better
understand the mechanism of aspiration thrombectomy.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Lateral Compression Manipulation: A Simple Approach for
Sizing Taller-Than-Wide Intracranial Aneurysms with the

Woven EndoBridge Device
Han Seng Chew, Ming Yao Chong, Waleed Butt, Samer Al-Ali, Benjamin Butler, Mohammad Al-Tibi,

Swarupsinh Chavda, and Saleh Lamin

ABSTRACT

BACKGROUND AND PURPOSE: The Woven EndoBridge (WEB) system has established itself as a safe and effective option for man-
aging wide-neck bifurcation aneurysms. Addressing aneurysms with a greater height than width using conventional WEB-sizing
methods has proved ineffective due to the inherent configuration of the devices. To overcome this limitation, we propose an intu-
itive approach that involves swapping the width and height dimensions of the aneurysm to determine the appropriate WEB size.

MATERIALS AND METHODS: A retrospective analysis was conducted on patients undergoing WEB embolization at a single neuro-
science center from March 2013 to February 2023.

RESULTS: Twenty-five eligible aneurysms were identified, with the height dimension exceeding the width by an average of 2.33mm
(ranging from 1.4 to 4.5mm). Of these, 20 cases adhered to the recommended sizing technique, resulting in a 100% success rate of
adequate occlusion (14/20 complete occlusion, 6/20 proximal recess filling). In contrast, the outcomes for the remaining 5 cases
that did not follow the proposed sizing method were less favorable (P, .05). Among these, 4 cases treated with undersized WEBs
showed neck remnants during follow-up, and 1 patient who received an oversized WEB required device replacement during the
same procedure.

CONCLUSIONS: The simple sizing method we proposed for treating taller-than-wide aneurysms has demonstrated promising
results, allowing the WEB system to address twice the original size range of treatable aneurysms. Further research with a larger
sample size is recommended.

ABBREVIATIONS: SL ¼ single-layer; SLS ¼ single-layer sphere; WEB ¼ Woven EndoBridge; WOS ¼ WEB Occlusion Scale

The Woven EndoBridge (WEB; MicroVention) device has
emerged as a reliable and effective solution for the treatment

of wide-neck intracranial bifurcation aneurysms.1 Accurate de-
vice sizing is crucial for achieving favorable angiographic out-
comes.2 However, traditional sizing methods like the 11/–1
rule or referencing the manufacturer’s sizing chart may not be
able to deliver the necessary height extension to achieve an opti-
mal fit for aneurysms characterized by a high height-to-dome
ratio (Fig 1). To address this issue, we introduce an intuitive
approach that prompts the device to undergo considerable

lateral compression, leading to a substantial increase in its vertical
extension. The main purpose of this article was to provide an in-
depth exploration of the proposed sizing strategy and highlight
its potential in enhancing the clinical utility of the WEB system.

MATERIALS AND METHODS
We conducted a retrospective review of patients who underwent
WEB embolization at our institution fromMarch 2013 to February
2023. We define an aneurysm as taller-than-wide when its height-
to-dome ratio surpasses 1, enabling it to qualify for inclusion in the
analysis.

Data collection included patient demographics, aneurysm
characteristics, device parameters, and angiographic outcomes.
Surveillance imaging protocols for individuals who undergo
WEB embolization include DSA and MRA at 6-month and 2-
year intervals. However, starting from 2020, due to the corona-
virus 2019 pandemic and in adherence to local infection-control
policies, all cases are exclusively followed up using MRA alone
to minimize the risk of viral transmission.
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Technical Details
After acquiring both 2D and 3D angiographic images, the target
aneurysm is evaluated from 2 orthogonal projections, with one of
them typically being the “down-the-barrel” view. After excluding
redundant spaces such as daughter sacs and side blebs, the appro-
priate WEB size can be determined by strategically swapping the
height and width dimensions of the aneurysm (Fig 2). For an an-
eurysm that measures w millimeters in width and h millimeters
in height, the recommendedWEB size would be h�wmm.

Figure 3 demonstrates a practical application of the sug-
gested sizing technique. A highly elongated cylindrical aneu-
rysm on the right MCA, measuring 3.82mm in width and 8mm
in height, was under consideration for WEB embolization to
safeguard the adjacent temporal branch. On the basis of the size
measurements, an 8� 4mmWEB single-layer (SL) was selected
for the procedure. The device underwent substantial lateral
compression, resulting in a reduction of its width from 8 to
4 mm and a similar increase in its height from 4 to approxi-
mately 8mm. This dynamic transformation led to effective
occlusion of the aneurysm, which remained stable during subse-
quent follow-ups.

Sizing of Noncylindrical Aneurysms
The process of choosing the appropriate WEB size for standard cy-
lindrical aneurysms is often straightforward because their shape
closely matches that of the recommended device. When dealing
with noncylindrical aneurysms, interobserver disparity in image
interpretation and aneurysm measurement can result in inconsis-
tent results. To improve sizing consistency, we recommend adding
a minor adjustment that involves targeting the maximum height
and width of the aneurysm.

Because the actual volume of a noncylindrical aneurysm is inher-
ently smaller in comparison with its cylindrical counterpart with
equivalent maximum height and width, it becomes necessary to
downsize the selected WEB device by reducing the device height
while keeping its width constant. In most cases, a 1-mm reduction
in height is adequate to prevent oversizing the WEB implant.
However, aneurysms that significantly deviate from the standard
cylindrical model may require a 2-mm reduction. In cases in which
lowering the device height is not feasible, the width of the device
can be reduced as a last resort to decrease the overall volume of the
WEB.

Figure 4 provides an example to demonstrate the downsizing
procedure. In this visual representation, all 3 aneurysms share the
same maximum width and height dimensions of 5� 8mm, sug-
gesting that they should be treated with an 8� 5mmWEB device
according to the recommended sizing method. However, it

FIG 1. The manufacturer’s sizing chart for the WEB device does not cover aneurysms with a height-to-dome ratio of .1. Our proposed
approach expands the original range of treatable aneurysms to include those shown in the red zone, effectively doubling the spectrum of
aneurysms without the need for additional fixed-sized WEB devices.

FIG 2. Diagram depicting the proposed sizing strategy for aneurysms
with a high height-to-dome ratio. The appropriate WEB size is deter-
mined by strategically swapping the height and width dimensions of
the aneurysm. For an aneurysm measuring w� h, it is advisable to use
a h�w WEB. When fully deployed, the device undergoes significant
lateral compression, leading to a substantial increase in its vertical
extension, which helps to achieve an optimal fit for the aneurysm.
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becomes apparent that the volumes of the 2 noncylindrical aneur-
ysms are, in fact, smaller and would not provide sufficient room
for an 8� 5mm device. The WEB device can be downsized by
reducing the height by 1mm, making an 8� 4mm device a more
appropriate choice for these aneurysms to address this issue.

With the predetermined range of commercially available
WEBs, size adjustments for the device are typically limited to 1-
mm increments. Given the general ease of reaching a consensus
on the maximumwidth and height of the aneurysm, the downsiz-
ing approach effectively minimizes interobserver variation in size
selection to just 1 or 2 options (Fig 5).

RESULTS
A total of 25 cases were identified of 315 WEB embolization pro-
cedures during a 10-year period. The average age of the patients
was 61.8 (SD, 13) years, with 68% being women. Among the
cases, 76% presented with acute SAH, while the remaining cases
were elective procedures.

The heights of treated aneurysms surpassed their widths by a
range of 1.4 to 4.5mm, with an average difference of 2.33mm.
Approximately 44% of the aneurysms were located at the ante-
rior communicating artery; 40% were found at the MCA bifur-
cation or M1 segment; 8%, at the ophthalmic segment of the

ICA; 4%, at the pericallosal artery; and
4%, at the anterior choroidal artery.
The average aneurysm width was
5.04mm (range, 3.32–8.20mm), and
the average aneurysm height was
7.38mm (range, 5.24–11.39mm). The
WEB devices underwent an average
lateral compression of 2.03mm (range,
0.03–4.00mm) following full deploy-
ment. All patients underwent surveil-
lance studies at 6months, and imaging
follow-up at the 2-year interval was
available for 60% of the cases.

Angiographic Occlusion Rates
To evaluate the effectiveness of the
proposed sizing method, we divided
the patient cohort into 2 categories:

FIG 4. When one deals with aneurysms of noncylindrical shapes, interobserver discrepancies in image interpretation and aneurysm measure-
ment can result in inconsistent results. Aneurysms with noncylindrical shapes generally have smaller actual volumes than their cylindrical coun-
terparts with the same maximum width and height. To ensure an adequate fit within the aneurysms, one must downsize the WEB device by
reducing the device height. In this visual representation, all 3 aneurysms share the same maximum width and height dimensions of 5� 8mm,
suggesting that they should be treated with an 8� 5mm WEB device according to the recommended sizing method. However, the actual vol-
umes of the 2 noncylindrical aneurysms are smaller and would not provide sufficient room for an 8� 5mm device. The WEB device can be
downsized by reducing the height by 1mm, making an 8� 4mm device a more appropriate choice for these aneurysms to address this issue.

FIG 3. An elective embolization was performed on a right cylindrical MCA aneurysm, with meas-
urements indicating a maximum width of 3.82mm and a height of 8mm. An 8 � 4 mm WEB SL
device was successfully deployed without impeding the adjacent temporal branch. As a result of
intense lateral compression, the base of the SL device assumed a cup-shaped configuration, leav-
ing a small “dog ear” at the neck of the aneurysm. At the 6-month follow-up, the aneurysm con-
tinued to show satisfactory results (red arrow).
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group A consisted of individuals whose devices adhered to the
recommended sizing technique, whereas group B included those
whose devices deviated from it (Table and Online Supplemental
Data).

In all 20 cases within group A, a single WEB device was effec-
tively deployed without the need for subsequent replacement
arising from sizing errors. Angiographic surveillance shows that
70% (14/20) of the aneurysms exhibited complete occlusion
(WEB Occlusion Scale [WOS], grade A), while the remaining
30% (6/20) had proximal recess filling (grade B). No incidence of
persistent neck remnant (grade C) or aneurysm remnant (grade
D) was observed.

The remaining 5 patients in group B underwent treatment
with WEB devices that were selected without adhering to the
recommended sizing strategy. These cases predominantly
occurred during the initial phase of introducing the WEB sys-
tem, preceding widespread acceptance of the recommended siz-
ing strategy in our department. Among these patients, 4 were
treated with WEB devices that were smaller than what was
advised, resulting in aneurysm neck recurrence (grade C) in all
4 cases and 1 patient undergoing additional treatment with a
flow-diverting stent. The last patient in this group received a
WEB device larger than necessary, which was replaced with a
smaller device during the same procedure, and subsequent fol-
low-up examinations demonstrated complete aneurysm occlu-
sion at the 2-year interval.

DISCUSSION
A recently published meta-analysis revealed that an aspect ratio
of$1.5 increased the risk of rupture, independent of the aneu-
rysm size.3 While these aneurysms can often be treated with coil
embolization alone, a subset of cases with a neck size exceeding
4mm may still pose significant challenges.4 Designed to function
as a stand-alone device, the WEB system provides a safe and
effective treatment option without the need for additional assis-
tance devices. The WEB is typically oversized by 1–2mm from

the average diameter of the aneurysm in 2 perpendicular planes.
To accommodate the vertical extension resulting from lateral
compression, its height is reduced by 1–2mm in comparison
with the aneurysm height.5 However, due to the inherent wider-
than-tall design of WEB devices, this sizing approach often
proves ineffective for addressing elongated aneurysms. For
example, adjusting the width and height of the device by 1–2mm
for a 5� 8mm aneurysm would result in the choice of a 6� 7 or
7� 6mm SL device, both of which are commercially unavailable.

The strategy we put forward offers a simple approach that
can be readily implemented in everyday practice. Through the
interchange of width and height dimensions, all patients in the
compliant group achieved adequate aneurysm occlusion during
subsequent surveillance. In contrast, those who deviated from
the proposed sizing method experienced significantly less favor-
able angiographic outcomes (P, .05). Furthermore, a substan-
tial degree of lateral compression greatly enhances the resistance
of the device to delayed compaction in the compliant group,
possibly contributing to the high occlusion rate observed in sur-
veillance imaging.6

The Clinical Assessment of WEB device in Ruptured
Aneurysms (CLARYS) trial demonstrates promising outcomes
in the application of the WEB for treating ruptured aneurysms,
with protection against early and mid-late rebleeds.7 Seventy-six
percent of patients in our small series presented with ruptured
aneurysms. On the basis of our limited experience, there appears
to be no significant increase in the risk of aneurysmal wall injury
attributed to elevated wall tension, potentially underscoring the
high compliance of the WEB system.

Clinical Applications
Conventional sizing methods such as the11/–1 rule and the offi-
cial sizing chart restrict each individual device to a narrow range
of treatable aneurysms. As a result, expanding the use of the WEB
to treat a broader spectrum of aneurysms will require adding new
device sizes, which may increase the complexity in inventory

FIG 5. WEB embolization of an acute anterior communicating artery aneurysm, characterized by a maximum width of 5.4mm and a height of
8.5mm. A strategic downsizing was performed due to the noncylindrical shape of the aneurysm. Instead of using an 8� 5mm device, an
8� 4mmWEB SL was selected for the procedure. A follow-up at 6 months showed that the aneurysm remained fully occluded (red arrow).
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management. The sizing method we proposed has the potential to
double the original range of treatable aneurysms, all without the
need for additional fixed-sizedWEB implants (Fig 1). The concept
of enhancing the clinical versatility of theWEB device through lat-
eral-compression manipulation is relatively underexplored and
merits further investigation.

Impacts of Extreme Lateral Compression
In instances in which the height of an aneurysm markedly sur-
passes its width, an extreme level of lateral compression is
unavoidable on the full deployment. This can cause a significant
morphologic transformation of the WEB device, which may
impact its intended deployment.

In the case of the WEB SL, the corners of the device typically
generate the greatest radial forces, while the waist is more suscep-
tible to external compression. When subjected to extreme lateral
compression, the WEB SL device tends to assume a characteristic
“hourglass” shape. In contrast, the WEB single-layer sphere (SLS)

with its initially broader waist diameter
is more likely to take on a cylindrical
configuration (Fig 6).

Consequently, the base of the WEB
SL device, which covers the aneurysm
neck, frequently adopts a concave, cup-
shaped appearance, while the proximal
recess of the WEB SLS device tends to
form a flat surface. Under extreme lat-
eral compression, the 2 models essentially
switch roles to accommodate aneurysm
configurations that deviate from their
originally intended targets. This role
reversal can potentially affect the neck
coverage during the treatment of the an-
eurysm (Fig 3). It is, therefore, important
to anticipate the impact of role reversal
on the performance of the device.

Study Limitations
There are several limitations to our
study. Due to the limited sample size,
inherent variations (such as ruptured
status, WEB models, and larger device/
aneurysms) between the 2 groups could
influence the statistical difference in
treatment outcomes.8 Its retrospective
design may introduce inherent biases
associated with the use of historical
data. Additionally, being conducted at a
single neuroscience center may limit
the applicability of the results to wider
populations.

Despite recent progress in neuro-
vascular device manufacturing, MR
imaging of a WEB device remains dif-
ficult due to a combination of mag-
netic susceptibility artifacts and the
Faraday cage effect. The low sensitivity

of 3D TOF-MRA for the detection of aneurysm remnants sug-
gests that DSA remains the criterion standard for follow-up.9

The use of site interpretation rather than core laboratory assess-
ment of angiographic outcomes may render the result suscepti-
ble to observer bias.

Further illustrative cases are available in the Online
Supplemental Data, including an irregularly-shaped aneurysm
a noncompliant case, and an atypical location.

CONCLUSIONS
Our proposed approach for sizing WEB devices to address taller-
than-wide aneurysms has shown promising results. The intuitive
strategy, which involves the interchange of width and height
dimensions of the aneurysm, presents a simple and practical solu-
tion to the limitations of conventional sizing methods. Further
investigation with a larger sample size is recommended to evalu-
ate the applicability of this sizing approach across diverse aneu-
rysm configurations.

Comparison of patient demographics and details of operative procedures between
group A, which adhered to the proposed sizing method, and group B, which did not

Group A Group B P Value
Patient demographics
No. (total¼25) 20 5
Age (mean) (yr) 63.8 (SD, 11.2) 58.6 (SD, 14.5)
Sex (female/male) 13:7 (65.0%) 4:1 (80.0%) .642
Rupture status .289
Acute SAH 14 (70%) 5 (100%)
Elective 6 (30%)
Location of aneurysm
MCA 7 (35%) 3 (60%)
AcomA 11 (55%)
Ophthalmic ICA 1 (5%) 1 (20%)
Pericallosal 1 (20%)
Anterior choroidal 1 (5%)
Morphology of aneurysm
Cylindrical 6 (30%)
Teardrop 1 (5%) 1 (20%)
Spindle 2 (10%)
Irregular 11 (55%) 4 (80%)
Aneurysm dimensions

(mean, range)
Width 4.95mm (3.32–8.40mm) 5.40mm (3.55–7.73mm)
Height 7.11 mm (5.24–10.60mm) 8.44mm (6.60–11.39mm)
Neck 3.70mm (2.36–6.00mm) 3.81 mm (2.36–4.70mm)
Degree of lateral

compression
2.05mm (1.4–4.0mm) 2.00mm (0.03–3.27mm)

2-Year imaging follow-up 10 (50%) 5 (100%) .061
Occlusion rate .001 (,.05)
WOS grade A 14 (70%) 1 (20%)a

WOS grade B 6 (30%)
WOS grade C 4 (80%)

Operative procedure
WEB sizes (width) .822
3–7mm 14 (70%) 3 (60%)
8–9mm 4 (20%) 1 (20%)
10–11 mm 2 (10%) 1 (20%)

WEB models .012 (,.05)
SL/SLS 18 (90%) 2 (40%)
SL/SLS 17 2 (10%) 3 (60%)

Note:—AcomA indicates anterior communicating artery.
a Successful replacement of an oversized WEB device conducted during the same procedure resulted in complete
angiographic occlusion on subsequent follow-up.
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CLINICAL REPORT
HEAD AND NECK IMAGING

Time-Saving 3D MR Imaging Protocols with Millimeter and
Submillimeter Isotropic Spatial Resolution for Face and

Neck Imaging as Implemented at a Single-Site Major
Referral Center
Jeffrey P. Guenette and Lei Qin

ABSTRACT

SUMMARY: MR imaging has become the routine technique for staging nasopharyngeal carcinoma, evaluating perineural tumor
spread, and detecting cartilage invasion in laryngeal carcinoma. However, these protocols traditionally require in the range of 25 to
35minutes of acquisition time. 3D sequences offer the potential advantage of time savings through the acquisition of 1-mm or sub-
millimeter resolution isotropic data followed by multiplanar reformats that require no further imaging time. We have iteratively
optimized vendor product 3D T1-weighted MR imaging sequences for morphologic face and neck imaging, reducing the average ac-
quisition time of our 3T protocols by 9minutes 57 seconds (40.9%) and of our 1.5T protocols by 9minutes 5 seconds (37.0%), while
simultaneously maintaining or improving spatial resolution. This clinical report describes our experience optimizing and implement-
ing commercially available 3D T1-weighted MR imaging pulse sequence protocols for clinical face and neck MR imaging examina-
tions using illustrative cases. We provide protocol details to allow others to replicate our implementations, and we report
challenges we faced along with our solutions.

ABBREVIATIONS: ETL ¼ echo-train length; SPACE ¼ sampling perfection with application optimized contrasts by using different flip angle evolution; VIBE ¼
volumetric interpolated breath-hold examination

Development of MR imaging pulse sequences has largely
focused on the brain (small body part that can remain

motionless), heart (dynamic imaging techniques), and other
organ-specific indications. Pulse sequences have not been specifi-
cally designed for imaging the intricate structures of the face and
neck, where there are also challenges associated with swallowing
and breathing motion and acquiring data through the relatively
large head to the thin neck to the wide shoulders. Many radiology
groups, thus, use pulse sequences designed for the brain, shifting
the scan range to the face and adding slices for the neck. These
vendor product 2D T1-weighted and 2D T2-weighted sequences
typically have 5-mm section thickness and 1-mm section gaps.
Cranial nerves, neural foramina, extrinsic tongue muscles, and
other small structures are difficult to visualize on these images,
restricting the extent to which imaging can impact decisions on

clinical management. In centers with subspecialized head and
neck radiologists and sufficient MR imaging physicist and/or
technologist resources, vendor product protocols are often
adapted to generate higher-resolution images, typically along
the lines of 3-mm section thickness with no section gap and
with in-plane resolution of 0.5–0.7mm (often in the range of
0.75-mm3 rectangular voxels). With these improvements, MR
imaging has become the routine technique for staging nasopha-
ryngeal carcinoma,1,2 evaluating perineural tumor spread,3 and
detecting cartilage invasion in laryngeal carcinoma.4 However,
these protocols require in the range of 25 to 35minutes of acqui-
sition time. Since May 2021, we have intermittently modified,
tested, and implemented more rapid face and neck MR imaging
protocols while aiming to maintain or improve overall spatial
resolution and soft-tissue contrasts.

Given previous successful optimization of 3D steady-state, 3D
T2-weighted TSE, and 3D ultrashort echo time sequences for visu-
alization of the cranial nerves,5-8 we iteratively optimized vendor
product 3D T1-weighted MR imaging sequences for morphologic
face and neck imaging. To date, we have modified the T1-weighted
acquisitions in our general/trans-spatial, nasopharynx/nasal cavity,
oropharynx/oral cavity, and sinus MR imaging protocols. Our
optimization process was as follows: 1) The MR imaging physicist
coauthor adapted a vendor product pulse sequence protocol for
1-mm or submillimeter resolution imaging of the face and neck
ROI by adjusting the FOV, matrix, scan volume, TR, TE, flip
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angle, bandwidth, and acceleration factors based on past experience.
2) The new sequence protocol was run on a patient in addition to
the standard routine protocol at the time. 3) The neuroradiolo-
gist coauthor reviewed the images and provided the physicist
with constructive criticisms on the subjective quality and the
process was repeated,1 or the neuroradiologist was satisfied with
the quality and the sequence protocol was adopted. Using this
process, we have reduced the average acquisition time for 1) the
3T general/trans-spatial, nasopharynx/nasal cavity, oropharynx/oral
cavity, and sinus MR imaging protocols from 24minutes
21 seconds to 14minutes 24 seconds, yielding a 9minute 57 second
(40.9%) time savings on average (range, 6minutes 23 seconds to
13minutes 18 seconds, 27.7% to 55.4% time savings) and for 2)
the same 1.5T protocols from 24minutes 33 seconds to 15minutes
29 seconds, yielding a 9minute 5 second (37.0%) time savings on
average (range, 5minutes 3 seconds to 13minutes 46 seconds;
21.7% to 59.3% time savings). The total acquisition time for our
face and neck MR imaging protocols is now routinely in the 10- to
17-minute range on 3T systems (Table). We have simultaneously
maintained or improved the spatial resolution. For example, we
have improved the overall spatial resolution in our oropharynx
protocol by 35%, decreasing voxel volume from 0.75 to 0.65 mm3.

This clinical report describes our experience optimizing and
implementing commercially available 3D T1-weighted MR imag-
ing pulse sequence protocols for clinical face and neck MR imag-
ing examinations. We provide protocol details to allow others to
replicate our implementations, and we outline challenges we
faced along with our solutions.

Case Series
Case 1: 3D T1-Weighted Gradient-Echo, TSE, and Fat-Suppression
Techniques. We began by optimizing T1-weighted gradient-
recalled echo images, called the volumetric interpolated breath-
hold examination (VIBE; Siemens) before T1-weighted TSE
sequences were available across our scanners. The soft-tissue
contrast on the VIBE images was subjectively considered poor
by our neuroradiology faculty relative to the 2D and 3D TSE
images, providing less contrast between fat and muscle, while

blood vessels also had roughly similar intermediate signal inten-
sity. We, therefore, turned to 3D T1-weighted TSE sequences as
they became available across our fleet of scanners. We used the
Sampling Perfection with Application-optimized Contrasts by
using different flip angle Evolution (SPACE sequence; Siemens)
and the Cube sequence (GE Healthcare). Our optimization
work has been performed with the SPACE sequence on 3T sys-
tems, then applied to the Cube sequence, and then adapted for
1.5T systems. Direct comparisons of T1-weighted VIBE and
SPACE images are provided for a 44-year-old woman with neck
pain in Fig 1.

For postcontrast imaging, the opportunity to acquire both
T1-weighted in-phase images and fat-suppressed images in the
same acquisition is highly appealing. The fat-suppression tech-
nique described by Dixon,9 in 1984, includes a single-sequence
acquisition of both in-phase and opposed-phase data, allowing
mathematic processing into 4 contrasts: T1-weighted in-phase,
T1-weighted opposed-phase, T1-weighted water, and T1-
weighted fat. The implementation of Dixon with a 3D spoiled
gradient-echo sequence on Siemens systems is called VIBE
Dixon, and on GE Healthcare systems, it is called liver acquisi-
tion with volume acceleration flex (LAVA Flex). Anecdotally,
we have found the Dixon technique to be more robust than the
spectral fat-suppression techniques we use in 2D imaging.
Direct comparison of the T1-weighted VIBE Dixon fat-sup-
pressed images is provided in Fig 1 in conjunction with the T1-
weighted precontrast images from the same patient.

All our optimized 3D T1-weighted protocol parameters are
provided in the Online Supplemental Data to allow replication at
other institutions. Information on our optimized 2D T1-weighted
protocols and detailed protocol parameters is provided in the
Online Supplemental Data.

Case 2: Whole-Neck Protocol and Early Protocol Iteration
Showing an Invasive Cutaneous Lesion. For the nonfocal whole-
neck protocol, we acquired data in the sagittal plane, which mini-
mizes the scan range and eliminates the potential for wrap artifacts
from the body and vertex scalp. Given that this protocol is used

FIG 1. Sample 3D T1 VIBE (A), 3D T1 SPACE (B), and postcontrast 3D T1 VIBE Dixon fat-suppression (C) images acquired in the same session on a 3T
Magnetom Vida system (Siemens) at the level of the oral cavity, retromolar trigone, and parotid glands in a 44-year-old woman with neck pain
show excellent discrimination of soft-tissue structure boundaries with subjectively better soft-tissue contrasts on the SPACE than on VIBE and
robust fat suppression on the VIBE Dixon.
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for identification of gross soft-tissue abnormalities without the
necessity for finer spatial detail, we acquired it at 1-mm isotropic
resolution. However, even with 1-mm3 voxels, this sequence can
often more clearly show smaller lesions than in what we tradition-
ally called high-resolution 2D acquisition images, which were sub-
millimeter in-plane but with 3-mm or thicker section thickness.
An example is provided in Fig 2 of images from a 92-year-old
woman with a small focal preauricular metastasis of cutaneous
squamous cell carcinoma invading the parotid gland.

Case 3: One-Millimeter Sagittal Isotropic Whole-Neck Protocol
with 1.5T Adaptation. Our 1.5T protocol was adapted from the
3T protocol to provide the same resolution; 1.5T protocol param-
eters are provided in the Online Supplemental Data alongside the
3T protocol parameters. An example is provided in Fig 3, images
from a 27-year-old man with a right supraclavicular and chest
wall desmoid tumor.

Case 4: Submillimeter Axial Isotropic Focused Face Protocol.
For the higher-resolution targeted 3D T1-weighted protocols, we
acquired data in the axial plane to minimize the scan range and
allow higher-resolution imaging (0.9 � 0.9 � 0.8mm) in shorter
scan times. This approach requires oversampling to avoid wrap
artifacts. However, even with oversampling and the somewhat
longer acquisition time compared with the axial 2D protocol, we
achieved considerable time savings due to submillimeter near-
isotropic voxels, allowing multiplanar reconstructions and elimi-
nating multiple-plane acquisitions (Table). We minimized axial-
acquisition time- and phase-encoding steps using a left-right
phase-encoding direction and a rectangular FOV. Reformatting
images into the coronal and sagittal planes provided us with 3
planes of T1-weighted imaging through the ROI. Furthermore,
individual radiologists can adjust the isotropic image planes in
our PACS viewer to optimize viewing. To give a rough

FIG 2. A 92-year-old woman with squamous cell carcinoma. A, T1 SPACE sequence performed in the full-neck MR imaging protocol with 2.7-
mm3 (1.4mm isotropic) voxels during early optimization iterations reformatted into the axial plane clearly shows a cutaneous preauricular lesion
(arrow) that is not visible due to volume averaging on the 2D T1-weighted image (B) with 1-mm3 (4� 0.5� 0.5mm) voxels. The T1 VIBE Dixon (C)
reformatted image in the axial plane shows the associated infiltrating tumor into the parotid gland (arrow) to advantage compared with the 2D
T1-weighted image (D) with spectral fat suppression. The case convinced us that the SPACE sequence was a reasonable alternative to the 2D
standard-of-care and led us to improve the spatial resolution of the SPACE sequence. These images were obtained contemporaneously on a 3T
Magnetom Vida system.

FIG 3. A 27-year-old man with right supraclavicular and chest wall desmoid tumor images on a 1.5T Magnetom Aera system (Siemens). The tumor
(arrows) is shown on a general neck protocol, 1.0-mm isotropic sagittal acquisition T1 SPACE axial reformat (A) and T1 VIBE Dixon (B) postcontrast
axial reformatted images. Image quality and fat suppression remain good at the level of the thoracic inlet. In addition, T1 SPACE axial reformat
(C) and T1 VIBE Dixon (D) postcontrast axial reformat images through the face are provided to show image quality in that region.

Gradient time savings from MR imaging protocols on 3T
Magnetom Prisma and 1.5T Magnetom Aera systems for
reference

Protocol
2D T1
Version

3D T1
Version

Time
Savings Savings

3T general 23:05 16:42 6:23 27.7%
3T nasopharynx 23:42 13:38 10:04 42.5%
3T oropharynx 26:37 16:33 10:04 37.8%
3T sinus 24:00 10:42 13:18 55.4%
Mean 24:21 14:24 9:57 40.9%
1.5T general 23:15 18:12 5:03 21.7%
1.5T nasopharynx 24:11 15:26 8:45 36.2%
1.5T oropharynx 27:33 18:48 8:45 31.8%
1.5T sinus 23:14 9:28 13:46 59.3%
Mean 24:33 15:29 9:05 37.0%

Note:—Times listed as minutes:seconds.
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comparison of visual contrast of the 3D images relative to the 2D
images of our prior protocol, we measured the signal intensity ra-
tio in 3 consecutive patients who had imaging with the 3D proto-
col in mid-July of 2023 and who had prior imaging with the 2D
protocol also on a 3T MR imaging scanner. In this sample, the
lateral pterygoid muscle to retroantral fat mean signal intensity
ratio (visual contrast) is similar at 0.41 (SD, 0.05) for this 3D pro-
tocol compared with 0.35 (SD, 0.06) for the 2D protocol.

For postcontrast T1-weighted images, we also acquired data in
the axial plane at 0.9-mm isotropic resolution with a left-right
phase-encoding direction and a rectangular FOV to minimize ac-
quisition time. We have compared anterior-posterior and left-
right phase-encoding directions and observed no substantial
flow artifacts on images using either encoding direction. In the
same sample of 3 consecutive patients, the mean retroantral
fat-to-lateral pterygoid muscle signal intensity ratio (visual
contrast) was 0.83 (SD, 0.07) for this 3D protocol versus 0.38
(SD, 0.13) for the 2D protocol for examinations performed at
different timepoints; there is greater muscle-fat contrast for
the 3D than for 2D images.

We show images for this protocol from a 44-year-old woman
with newly diagnosed oral cavity squamous cell carcinoma in Fig 4.

Case 5: One-Millimeter Coronal Isotropic Sinus Protocol Showing
a Nasal Cavity Mass. For sinus imaging, we acquired data in the
coronal plane, from the tip of the nose to the vertebral bodies, to

minimize the scan range and scan times. We show sample images
of this protocol compared with 2D images for an 83-year-old
woman with a stable untreated nasal cavity mass of unknown pa-
thology in Fig 5.

Case 6: Submillimeter Coronal Isotropic Sinus Protocol Showing
Perineural Tumor. During our optimization phase, we tested sub-
millimeter coronal acquisitions in our sinus protocol, similar to
our high-resolution axial protocol for the nasopharynx and oro-
pharynx. We show an example of perineural tumor from one of
these examinations in an 85-year-old man with a spindle cell sar-
coma in Fig 6.

DISCUSSION
In this clinical report, we show that it is feasible to leverage com-
mercially available 3D T1-weighted MR imaging pulse sequence
protocols to substantially reduce the scan time for clinical face
and neck MR imaging examinations while preserving overall
spatial resolution and perhaps improving diagnostic quality. We
also describe our experience optimizing these sequences and
provide protocol parameter details so that others can replicate
our implementations.

For quality assurance, our neuroradiologists were asked by
group e-mail and in division staff meetings to send negative, posi-
tive, and constructive feedback on the diagnostic quality of these
images throughout and following the protocol-optimization

FIG 4. A 44-year-old woman with newly diagnosed oral cavity squamous cell carcinoma (arrows) shown on oropharynx protocol T1 VIBE Dixon
0.8 � 0.9 � 0.9mm resolution axial acquisition (A) and coronal reformat images (B) and a corresponding precontrast T1 SPACE axial acquisition
(C) and coronal reformat images (D) obtained on a 3T Magnetom Vida system.

FIG 5. An 83-year-old woman with melanoma and a stable untreated nasal cavity mass of unknown pathology with sinus protocol MR imaging.
T1 SPACE coronal acquisition (A) performed with 1-mm3 (1.0mm isotropic) voxels shows a mass (arrow) along the anterior aspect of the right in-
ferior turbinate, seen similarly on the 2D T1-weighted image (B) with 0.8-mm3 (3 � 0.5 � 0.52mm) voxels. The T1 VIBE Dixon axial reformat (C)
shows the mass (arrow) to advantage compared with the 2D T1-weighted image (D) with spectral fat suppression; the former shows the extent
of the mass relative to the more heterogeneously enhancing turbinate. The 3D images were acquired on a 3T Magnetom Vida system 6months
following the acquisition of the 2D images on a 3T Magnetom Skyra system (Siemens).
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process via our department’s critical results, peer review, and
quality-assurance closed-loop communication tool.10 We also
welcomed and encouraged informal feedback. All feedback
requests were open-ended. The group initially provided pri-
marily informal mixed feedback on the quality and appropri-
ateness of the 3D acquisition images. The feedback was always
preference-based; we identified no cases in which diagnostic
information was obtained on the 2D images but not the 3D
images (though we did identify the converse, as shown in Figs
3, 4, and 6). In addition, we initially ran the 3D protocols
alongside the 2D protocols. At that time, we were working
with the 3D gradient-recalled echo T1-weighted sequence. We
gradually phased out the 2D-acquisition images on one of our
scanners and then on several additional scanners. We did not
introduce the 3D TSE T1-weighted protocol until after the 2D
protocols were phased out; thus, we do not have any same-
patient same-examination comparisons of 3D TSE T1-weighted
images and 2D TSE T1-weighted images for quantitative SNR
and contrast-to-noise ratio comparisons. Because our neurora-
diologists have become accustomed to the qualitative appear-
ance of the 3D protocol images, we have had no further
negative feedback.

The primary technical frustration we have encountered is that
while 3D protocols can be set to automatically generate multipla-
nar reformats on the scanner on Siemens systems, this reformat-
ting mechanism reformats only the in-phase VIBE Dixon images
and cannot be modified to select the fat-suppression images for
automatic reformatting. We, therefore, rely on a combination of
manual reformatting by the technologists at the scanner and on-
the-fly reformatting by the radiologists when reviewing images in
our PACS system, which has an excellent 3D multiplanar refor-
matting tool.

On the positive side, not only can shortening acquisition
times help reduce motion artifacts, lessen concern for claustro-
phobia, and increase throughput, it can also provide time to add
other useful sequences. In our case, given increasing evidence for
DWI utility in head and neck imaging,11,12 we have been able to
add DWI back to our face and neck MR imaging protocols. Time
constraints, a focus on high-resolution morphologic imaging,
and poor-quality DWI led to removal of DWI from our protocols
several years ago. We are also excited to test quantitative arterial
spin-labeling and dynamic contrast-enhancement perfusion

imaging,13-16 both of which show considerable promise for
diagnostic utility but add acquisition time. Also exciting but
currently investigative is the potential for 3D synthetic MR imag-
ing techniques, such as multiplanar multiecho imaging,17,18 that
allow acquisition of all contrasts simultaneously and that could
allow mathematic derivation and generation of novel contrasts
tailored to face and neck applications.

We report only on T1-weighted imaging protocols because
we have not successfully implemented 3D T2 techniques with fat
suppression. We have attempted to image with 3D T2 STIR tech-
niques, but the fat suppression consistently fails in the region of
the nape of the neck. We hypothesize that this failure is related to
the section thickness we tried to achieve and the signal decrease
due to the much longer echo-train length (ETL) for 3D
(attempted ETL¼ 150 to keep the scan time within 6minutes)
than 2D STIR (ETL¼31), despite our efforts to set a similar effec-
tive TE for both 3D and 2D STIR. Furthermore, due to the
extended ETL in 3D, the acquired echoes can contain signals
from recovered fat, resulting in inadequate fat suppression.
Vendor product 3D T2-weighted protocols with Dixon-type fat
suppression are not currently available.

We may be able to further reduce acquisition times as we
explore deep learning reconstruction capabilities on commercially
available vendor upgrades. Optimization of 3D T2-weighted imag-
ing with some form of fat suppression would help further reduce
scan times and provide 3-plane T2-weighted images for easy cross-
referencing. It may also be worth exploring T1-weighted ultrashort
echo time sequences, given the ability to visualize bone and cranial
nerves on these images.6,19 For now, the optimized commercially
available 3D T1-weighted protocols have substantially improved
our clinical face and neck MR imaging examination workflows
and also anecdotally appear to have had a positive impact on our
diagnostic capabilities.

In summary, our experience shows that it is feasible to lever-
age commercially available 3D T1-weighted MR imaging pulse
sequence protocols to substantially reduce the scan time for
clinical face and neck MR imaging examinations while preserv-
ing overall spatial resolution and perhaps improving diagnostic
quality.

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

FIG 6. An 85-year-old man with spindle cell sarcoma with sinus protocol MR imaging. T1 VIBE Dixon axial acquisition performed with 0.9-mm3

(0.74mm isotropic) voxels clearly shows tumor (arrows) along the left V2 (A) and in the left lateral cavernous sinus wall (B), neither of which is
clearly seen on the 2D T1-weighted images (C and D) with spectral fat suppression with 2-mm3 (4 � 0.7 � 0.7mm) voxels. The 3D examination
shown was performed on a 3T Magnetom Prisma Fit system (Siemens) 3weeks before the 2D examination, which was performed on a Siemens
3T Vida system, with no intervening treatment.
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BRIEF/TECHNICAL REPORT
BRAIN TUMOR IMAGING

Back to the Future: Dynamic Contrast-Enhanced Photon-
Counting Detector CT for the Detection of Pituitary

Adenoma in Cushing Disease
Ian T. Mark, Jamie Van Gompel, Irina Bancos, Alex A. Nagelschneider, Derek R. Johnson, Girish Bathla,

Ajay A. Madhavan, Nikkole M. Weber, and Lifeng Yu

ABSTRACT

SUMMARY: Historically, MR imaging has been unable to detect a pituitary adenoma in up to one-half of patients with Cushing disease.
This issue is problematic because the standard-of-care treatment is surgical resection, and its success is correlated with finding the tumor
on imaging. Photon-counting detector CT is a recent advancement that has multiple benefits over conventional energy-integrating
detector CT. We present the use of dynamic contrast-enhanced imaging using photon-counting detector CT for the detection of
pituitary adenomas in patients with Cushing disease.

ABBREVIATIONS: EID ¼ energy-integrating detector; PCD-CT ¼ photon-counting detector CT

MR imaging is the primary technique to evaluate pituitary
lesions.1 Postcontrast dynamic imaging of the pituitary

gland has been shown to be helpful for the identification of pitui-
tary lesions, especially small lesions.1,2 MR imaging of the sella
remains extremely challenging, predominantly due to the small
size of the pituitary gland and artifacts related to the skull base
and sphenoid sinus aeration patterns. Historically, MR imaging
has been unable to detect a pituitary adenoma in up to one-half
of patients with Cushing disease.3 This is problematic because the
identification of the adenoma is an imperative step in successful
surgical resection. Photon-counting detector CT (PCD-CT) is a
new technique with increased spatial and contrast resolution
relative to conventional energy-integrating detector (EID) CT.4

The purpose of this report was to describe our dynamic contrast-
enhanced PCD-CT technique for the identification of pituitary
microadenomas in Cushing disease.

PCD-CT Technique
A dynamic contrast-enhanced CT protocol was developed on a
PCD-CT scanner (Naeotom Alpha; Siemens) for imaging patients
with Cushing disease. Our institutional practice is to obtain a pre-
operative skull base CTA to assist surgeons with operative plan-
ning. The protocol consists of a skull base CTA scan (120-kV,
CAREkeV image-quality level of 230) followed by 4 delayed scans

of the sella (effective mAs of 260) spaced 20 seconds apart. All
scans used a high-resolution mode with a detector collimation of
120 � 0.2mm. The CTA scan is triggered by using contrast bolus
tracking with an ROI over the ascending aorta and a trigger
threshold of 175 HU at 90 kV. For the 4 scans over the sella,
images were reconstructed at both 0.2- and 0.6-mm section thick-
ness using a smooth kernel of Hr40 (with quantum iterative
reconstruction strength setting of 3). Virtual monochromatic
imaging at 70 keV and a low-energy threshold (T3D) were used
for the 0.6- and 0.2-mm reconstructions, respectively. We per-
formed a preliminary evaluation on multiple virtual monochro-
matic imaging energies, 40, 50, 60, and 70 keV, and found that the
70-keV images had the optimal balance between contrast
enhancement and noise. A lower keV did increase the contrast
between a microadenoma and pituitary tissue, but the increased
noise degraded the image quality; 70 keV had the best visual image
quality. Per our CTA protocol, the contrast dose for patients
weighing ,136 kg included Iohexol 350 (Omnipaque-350; GE
Healthcare), 100mL at 4mL/s, followed by 35mL of 0.9% NaCL
at 4mL/s. The CT dose index volume was 44.6 mGy for each
delayed scan of the sella.

Cases
We present 3 patients who were diagnosed with Cushing disease
after a work-up by endocrinology. These patients were defined
endocrinologically as having pituitary tumors. Each patient was
scheduled to undergo a preoperative skull base CTA to help guide
our surgical team. The clinically indicated CTA was then aug-
mented with 4 delayed imaging passes of the sella as described
above. In all 3 patients, we identified discrete hypoenhancing
lesions, compatible with a pituitary adenoma. These adenomas
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were most conspicuous on different delayed sequences in each
patient. In 2 cases, the CT-identified lesions were not seen with
certainty on the comparison MR imaging.

Patient 1. A 67-year-old woman with osteoporosis, muscle weak-
ness, and progressive weight gain was diagnosed with Cushing
disease. Preoperative 1.5T MR imaging including dynamic con-
trast-enhanced images showed heterogeneous enhancement in
the right pituitary gland without a clear lesion. PCD-CT (Fig 1)
found 2 clear hypoenhancing lesions (measuring 7 and 4mm) in
the right aspect of the pituitary gland on the third dynamic series.
The patient underwent transsphenoidal resection of these lesions,
and pathologic examination confirmed corticotroph adenomas.

Patient 2. A 57-year-old woman who presented with uncontrolled
diabetes mellitus type 2 and hypertension was diagnosed with
Cushing disease. Preoperative 1.5T MR imaging demonstrated a
2- to 3-mm area of T2-hyperintense signal (Fig 2) in the left supe-
rior aspect of the pituitary gland with heterogeneous enhancement
on the dynamic contrast-enhanced series. PCD-CT demonstrated
a hypoenhancing lesion in the same location, best seen on the first
PCD-CT series of the pituitary gland. Intraoperatively, a whitish

fluid-filled lesion was seen and thought by the neurosurgical team
to be consistent with a tumor, but given its liquidus consistency, it
did not generate sufficient material to yield a pathologic diagnosis
of corticotroph adenoma. However, biochemical remission was
documented postoperatively as the patient developed postopera-
tive adrenal insufficiency.

Patient 3. A 68-year-old man presented with osteoporotic verte-
bral body compression fractures, with subsequent work-up dem-
onstrating Cushing disease. His preoperative 3T MR imaging with
dynamic postcontrast imaging was severely motion-degraded and
nondiagnostic. PCD-CT identified a 4-mm hypoenhancing lesion
in the right aspect of the pituitary gland that involved the cavern-
ous sinus, best seen on the fourth series (Fig 3). Intraoperatively,
this imaging finding corresponded with a firm lesion that con-
tained a pseudocapsule. Pathologic examination of the resected
lesion confirmed a corticotroph adenoma.

DISCUSSION
In this report, we describe an imaging protocol for dynamic post-
contrast imaging of the pituitary gland on PCD-CT. Pituitary

lesions were identified on PCD-CT in 3
patients with Cushing disease.

Traditional EID-CT converts x-ray
photons to visible light and subsequently
converts the light to electrical signals.
PCD-CT, on the other hand, simplifies
this process by directly converting each
photon to an electrical signal and re-
cording its energy information. PCD-
CT has shown an advantage for
increased spatial resolution compared
with typical clinical protocols on MR
imaging and EID-CT.5 In addition to
improved spatial resolution and the
potential to lower the radiation dose,
PCD-CT has a higher iodine signal

FIG 1. Patient 1, a 67-year-old woman with Cushing disease. Her preoperative dynamic postcon-
trast T1-weighted image (left) shows heterogeneous enhancement in the right pituitary gland
without a definite lesion. Dynamic contrast-enhanced PCD-CT (right) depicting the third imaging
series of the sella with 0.6-mm section thickness shows 2 distinct hypoenhancing lesions (arrows)
in the right pituitary gland, found to be pathology-proved adenomas.

FIG 2. Patient 2, a 57-year-old woman with Cushing disease. Coronal dynamic contrast-enhanced MR imaging (A,white arrow) shows a small, hypo-
enhancing lesion in the left superior aspect of the pituitary gland with a corresponding T2-hyperintense signal (B, black arrow). PCD-CT (C, white
arrow) shows corresponding hypoenhancement on the first series of the sella, seen as a coronal reconstruction at 0.6-mm section thickness.
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than EID-CT due to higher weighting of low-energy photons
during photon detection, which increases the conspicuity of io-
dine-enhanced soft-tissue structures.6 While it is a new applica-
tion only receiving FDA approval in 2021, PCD-CT has already
been shown to have multiple useful applications, including evalu-
ation of multiple myeloma involving the spine,7 CSF-venous fis-
tula,8 and temporal bone9 among many other applications. None
of these, however, have been applied to pituitary imaging.

Dynamic contrast-enhanced EID-CT imaging of the sella was
previously described in the 1980s10 and 1990s10,11 A study pub-
lished in 2015, including patients imaged beginning in 2004, found
that dynamic EID-CT was more effective than MR imaging with-
out dynamic contrast-enhanced imaging.12 Modern imaging, how-
ever, has abandoned CT in favor of MR imaging.1 Neuroimaging
of the pituitary gland in patients with Cushing disease continues to
serve an imperative function in its diagnosis and management.
Cushing disease is caused by a pituitary adenoma that secretes cor-
ticotropin, subsequently leading to an increase in the production
of cortisol from the adrenal cortex. Hypercortisolism leads to the
development of features of overt Cushing syndrome on examina-
tion (skin fragility, bruising, striae, supraclavicular and dorsocervi-
cal pads, facial rounding, proximal myopathy); comorbidities such
as hypertension, diabetes, obesity, fractures, infections, and pulmo-
nary embolism; and an increase in mortality.13 While inferior pe-
trosal sinus sampling can help to distinguish Cushing disease from
ectopic Cushing syndrome, it has not been shown to reliably local-
ize a lesion within the pituitary gland.14 This finding is particularly
important because surgical resection is the standard-of-care treat-
ment for Cushing disease. If MR imaging is unable to locate an
adenoma, surgical resection is associated with a higher rate of
complications and decreased cure rates.13

Our experience is too limited to
advocate for PCD-CT as a replacement
for MR imaging; however, there are
several situations in which CT has
advantages over MR imaging. CT tables
generally have higher weight limits than
MR imaging tables to accommodate
larger patients, and the larger bore size
of CT could help patients who cannot
tolerate MR imaging due to claustro-
phobia. As shown in patient 3, the faster
acquisition time of CT can be helpful in
patients who are unable to lie still long
enough for diagnostic-qualityMR images
to be acquired. Additionally, PCD-CT
could help in patients who are unable to
undergo MR imaging secondary to metal
safety concerns, nonconditional implants,
or gadolinium-based contrast reactions.
Finally, in cases in which patients have
overpneumatized sphenoid sinuses that
produce problematic artifacts over the
sella on MR imaging, CT image quality
is not confounded by this problem.
Specific to PCD-CT, the imaging tech-
nique allows thin, submillimeter section

thickness. In our experience, the primary benefit of this technique
is outlining the peripheral margin of the adenoma relative to the
normal pituitary gland, allowing greater confidence in identifying
a hypoenhancing lesion as an adenoma.

At our institution, patients scheduled for pituitary surgery
undergo a preoperative skull base CTA to help with surgical
planning. Thus, as is the case with all CT scans, this technique
increases the radiation dose to the patient. Further work studying
a larger number of patients could further refine the imaging tech-
nique to decrease the number of imaging passes of the sella and
help decrease the radiation dose. Given the clear advantages of
PCD-CT over EID-CT and the importance of preoperative ade-
noma identification in patients with Cushing disease, we believe
that this technique should be thoroughly studied, and we will
continue to use it as our institutional preference.

CONCLUSIONS
We provide the first description of dynamic contrast-enhanced imag-
ing on PCD-CT for the evaluation of pituitary adenomas in Cushing
disease. Given the importance of preoperative tumor localization of
pituitary microadenomas to patient outcomes, this technique may
potentially serve as an adjunct to cases negative onMR imaging.
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FIG 3. Patient 3, a 68-year-old man with Cushing disease. His preoperative MR imaging (A) was
nondiagnostic secondary to motion. Coronal (B), axial (C), and sagittal (D) images from the fourth
sequence of a dynamic contrast-enhanced PCD-CT show a hypoenhancing lesion (arrows) in the
right aspect of the pituitary gland, which involves the cavernous sinus. This was a pathology-
proved adenoma.
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ORIGINAL RESEARCH
PEDIATRIC NEUROIMAGING

T2-FLAIR Mismatch: An Imaging Biomarker for Children’s
MYB/MYBL1–Altered Diffuse Astrocytoma or

Angiocentric Glioma
E.A. van Maren, J.W. Dankbaar, P. Wesseling, S. Plasschaert, A. Muhlebner, E.W. Hoving, P.A. Robe, T.J. Snijders,

R. Hoogendijk, M.E.G. Kranendonk, and M.H. Lequin

ABSTRACT

BACKGROUND AND PURPOSE: T2-FLAIR mismatch is a highly specific imaging biomarker of IDH-mutant diffuse astrocytoma in adults. It
has however also been described in MYB/MYBL1–altered low grade tumors. Our aim was to assess the diagnostic power of the T2-FLAIR
mismatch in IDH-mutant astrocytoma and MYB/MYBL1–altered low-grade tumors in children and correlate this mismatch with histology.

MATERIALS AND METHODS: We evaluated MR imaging examinations of all pediatric patients, performed at the Princess Máxima
Center for Pediatric Oncology and the University Medical Center Utrecht between January 2012 and January 2023, with the histo-
molecular diagnosis of IDH-mutant astrocytoma, diffuse astrocytoma MYB/MYBL1–altered, or angiocentric glioma, and the pres-
ence of T2-FLAIR mismatch was assessed. Histologically, the presence of microcysts in the tumor (a phenomenon suggested to be
correlated with T2-FLAIR mismatch in IDH-mutant astrocytomas in adults) was evaluated.

RESULTS: Nineteen pediatric patients were diagnosed with either IDH-mutant astrocytoma (n¼ 8) or MYB/MYBL1–altered tumor
(n¼ 11: diffuse astrocytoma, MYB- or MYBL1-altered n¼ 8; or angiocentric glioma n¼ 3). T2-FLAIR mismatch was present in 11
patients, 3 (38%) in the IDH-mutant group and 8 (73%) in the MYB/MYBL1 group. No correlation was found between T2-FLAIR mis-
match and the presence of microcysts or an enlarged intercellular space in either IDH-mutant astrocytoma (P¼ .38 and P¼ .56,
respectively) or MYB/MYBL1–altered tumors (P¼ .36 and P¼ .90, respectively).

CONCLUSIONS: In our pediatric population, T2-FLAIR mismatch was more often found in MYB/MYBL1–altered tumors than in IDH-
mutant astrocytomas. In contrast to what has been reported for IDH-mutant astrocytomas in adults, no correlation was found
with microcystic changes in the tumor tissue. This finding challenges the hypothesis that such microcystic changes and/or enlarged
intercellular spaces in the tissue of these tumors are an important part of explaining the occurrence of the T2-FLAIR mismatch.

ABBREVIATIONS: NGS ¼ next-generation sequencing; WHO ¼ World Health Organization

Pediatric-type low-grade astrocytoma with MYB or MYBL1
alteration is a newly defined CNS tumor type listed in the 5th

edition of the World Health Organization (WHO) CNS tumor
classification.1 It is considered a CNSWHO grade 1 tumor, despite
the infiltrative growth into the CNS parenchyma, which is the
defining feature of grade 2 gliomas.2,3 The WHO CNS tumor
classification describes 2 types of grade 2 tumors with aMYB or
MYBL1 alteration: 1) diffuse astrocytoma, MYB or MYBL1–

altered,1,4 and 2) angiocentric glioma with a MYB-QKI fusion.5

These types of tumors show radiologic and histologic differences but
have molecular overlap with MYB or MYBL1 alterations as tumor
drivers and close clustering in DNAmethylation profiling studies.2,6

A few years ago, Kalelioglu et al7 published 2 cases of pediat-
ric-type low-grade astrocytomas with MYB/MYBL1 alteration
with their MR imaging characteristics. They also mentioned T2-
FLAIR mismatch as a possible imaging marker. This mismatch
was defined as a tumor with a homogeneous high T2-weighted
MR signal intensity that showed a decreased signal in the central
part and a hyperintense rim on FLAIR. In adults, T2-FLAIR
mismatch has emerged as a highly specific imaging biomarker
for IDH-mutant astrocytoma, with a reported specificity of 100%.8

How often T2-FLAIR mismatch is seen in MYB/MYBL1–altered
low-grade tumors and in IDH-mutant astrocytomas in children
has yet to be elucidated. This information is highly relevant
because the MYB/MYBL1–altered tumors are designated CNS
WHO grade 1 and have a better prognosis than IDH-mutant
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diffuse astrocytomas, which can progress to a CNS WHO
grade 4 tumor.6

Therefore, we performed a retrospective study to assess the
presence of T2-FLAIR mismatch in pediatric patients with a
MYB/MYBL1–altered tumor or IDH-mutant astrocytoma. A sec-
ond aim was to test the hypothesis that microcystic change and/or
an enlarged intercellular space as seen by histopathologic analysis
in adult-type IDH-mutant astrocytomas with T2-FLAIR mismatch
underlies the mismatch in these pediatric tumors as well.9

MATERIALS AND METHODS
Relevant clinical, histopathologic, molecular, and imaging data of
all consecutive pediatric patients from the Princess Máxima
Center for Pediatric Oncology and the University Medical Center
Utrecht with the histomolecular diagnosis of diffuse astrocytoma,
MYB/MYBL1–altered, angiocentric glioma, or IDH-mutant astro-
cytoma were collected from January 2012 until January 2023.

Imaging
All patients underwent a dedicated brain tumor imaging protocol,
including T2-FLAIR, T2 TSE, and T1-weighted imaging before
and after contrast administration and DWI. MR imaging studies
were performed at field strengths of 1.5T and 3T. The imaging pro-
tocol slightly changed during the period of inclusion. However,
T2-FLAIR and T2 TSE were always available. Good interrater
agreement (k ¼ 0.75) for the T2-FLAIRmismatch was found using
a cohort with different field strengths and acquisition protocols.10

The imaging features assessed were T1 and T2 signal intensity
of the tumor, location, existence of only solid or also cystic parts,
diffuse infiltrative versus more expansile with sharp borders (on T2

FLAIR and T2), diffusion restriction (visual assessment of the
ADC map with restriction being areas of low signal compared
with normal brain tissue), contrast enhancement of the solid part
of the tumor, and T2-FLAIR mismatch.

Because not all our cases showed the T2-FLAIR mismatch in
the whole tumor, we distinguished between the T2-FLAIR mis-
match sign (Fig 1A, -B, -E, and -F) and T2-FLAIR mismatch area
(Fig 1C, -D, -G, and -H) using the following definitions:

T2-FLAIR Mismatch Sign.

• T2-FLAIR mismatch in the central solid part of the whole tu-
mor shows a high signal on T2 and a lower signal on FLAIR
with a thin hyperintense rim on the FLAIR image.

• No necrotic or cystic parts in the tumor are visible on the MR
images.

T2-FLAIR Mismatch Area.

• Homogeneous hyperintense T2-weighted signal only in the
solid part of the tumor

• FLAIR hypointense signal, with a surrounding hyperintense
rim around the same (solid) area but without a hyperintense
rim around the nonsolid parts of the tumor.

Two neuroradiologists (with 2 and 8 years of experience in pedi-
atric neuro-oncology) evaluated these features independently,
blinded to the molecular diagnosis.

Pathobiology
All patients underwent surgery for biopsy or (partial) resection.
Three board-certified neuropathologists evaluated all patients’

FIG 1. T2-FLAIR mismatch sign and area in MYB/MYBL1–altered diffuse astrocytoma and IDH-mutant glioma, T2- and T2-FLAIR-weighted
sequences. A and B, MYB/MYBL1–altered diffuse astrocytoma left parietal lobe, mismatch sign. C and D, MYB/MYBL–altered diffuse astrocy-
toma left temporal lobe, mismatch area. E and F, IDH-mutant astrocytoma right temporal lobe, mismatch sign. G and H, IDH-mutant astrocy-
toma left frontoparietal lobe, mismatch area.
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tumors histologically, immunohistochemically, and molecularly,
and all tumors on review were diagnosed according to the CNS
WHO 2021 classification.

The molecular analysis included DNA methylation profiling,
next-generation sequencing (NGS) panel mutation analysis, and/or
whole transcriptome sequencing. Histologic re-evaluation included

assessment of the presence/absence of
atypia, mitotic activity, and necrosis, with
special attention to the presence/absence
of microcysts and enlarged intercellular
spaces described by Yamashita et al.9

The presence of microcystic change
was determined to be positive if true
microcysts could be detected at over-
view (with the 0.5� objective), and the
presence of an enlarged intercellular
space was determined to be positive if
true microcysts could be detected with
the 10� objective (Fig 2B, -D).

Statistical Analyses
The interrater reliability for the T2-
FLAIR mismatch was determined using
the Cohen k coefficient. The presence
of the T2-FLAIR mismatch (sign and
area) between the MYB/MYBL1 group
and the IDH-mutant group was statisti-
cally analyzed using the Fisher exact
test for independent proportions.

For further analyses, consensus on
the presence of T2-FLAIR mismatch
was reached in all cases, again blinded
to the molecular diagnosis.

The differences in T2-FLAIR mis-
match between the IDH-mutant and
the MYB/MYBL1–altered group were
statistically analyzed using the Fisher
exact test for independent proportions.
Correlations between T2-FLAIRmismatch
on the one hand and the presence of histo-
logic microcysts or an enlarged intercellu-
lar space on the other were tested using
the Kendall rank correlation coefficient.

RESULTS
Nineteen pediatric patients were identi-
fied with either an IDH-mutant astrocy-
toma (2 grade 2, five grade 3, and 1 grade
4) or a MYB/MYBL1–altered tumor (8
diffuse astrocytomas, MYB/MYBL1–
altered, and 3 angiocentric gliomas,
all grade 1). One of our patients in
the IDH-mutant astrocytoma group
underwent surgery shortly after
18 years of age. Characteristics and
the imaging/pathobiologic results of
the 2 groups are outlined in Tables 1

and 2. Additional imaging characteristics are outlined in the
Online Supplemental Data.

Imaging
In 15/19 cases, the 2 neuroradiologic reviews were concordant (k ¼
0.58). Consensus was reached for discrepant findings in these 4 cases.

FIG 2. A–D, Low-grade tumors,MYB/MYBL1–altered. A, T2-FLAIR mismatch and microcysts in an
angiocentric glioma. B, T2-FLAIR mismatch and an enlarged intercellular space (EIS). C, T2-FLAIR
mismatch without microcyst or EIS. D, No T2-FLAIR mismatch with EIS. B–D, All from diffuse
astrocytomas, MYB/MYBL1–altered. E–H, Diffuse astrocytoma, IDH-mutant. E, T2-FLAIR mismatch
and microcysts in grade 3 astrocytoma. F, No T2-FLAIR mismatch with microcysts in grade 2 astro-
cytoma. G, No T2-FLAIR mismatch and no microcyst or EIS in grade 2 astrocytoma. H, No T2-FLAIR
mismatch with EIS in grade 2 astrocytoma. Magnification, 50–100�; inset, 200–400�.
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T2-FLAIR mismatch was present in 10 patients (Fig 1), 8 in
the MYB/MYBL1 group (73%), and 2 in the IDH-mutant group
(25%) (P¼ .07). Of the 8 cases in the MYB/MYBL1 group with
T2-FLAIRmismatch (sign and area), 6 were diffuse astrocytomas,
MYB or MYBL1–altered, and 2 were angiocentric gliomas. The
angiocentric gliomas showed a T2-FLAIR mismatch area in the
solid parts; additional cystic parts were also visible on MR imag-
ing. None of the angiocentric gliomas had a T2-FLAIR mis-
match sign. No MYB/MYBL1–altered diffuse astrocytoma or
angiocentric glioma showed restricted diffusion or enhance-
ment after gadolinium. In the IDH-mutant diffuse astrocyto-
mas, there was restricted diffusion in 2 (25%) cases, both in
WHO grade 2 tumors. Sharp borders have been noted in 9 of
11 diffuse astrocytomas, MYB/MYBL1–altered, and only 3 of 8
in the IDH-mutant cases.

Correlation of Pathology and Imaging
Histopathologically, all MYB- or MYBL1–altered tumors showed
diffuse growth of relatively monomorphic glial cells with ovoid or
spindled nuclei within a fibrillar matrix. There was no frank
atypia, mitotic activity, florid microvascular proliferation, or ne-
crosis; all were CNSWHO grade 1. Only 2 cases showed histolog-
ically clear-cut microcystic changes, and both were found to have
T2-FLAIR mismatch (18%). Three cases with T2-FLAIR mis-
match showed an enlarged intercellular space of limited size

(27%), while 3 other cases with T2-FLAIR mismatch did not
show either microcystic changes or an enlarged intercellular
space in the tissue that was available for histopathologic analysis
(27%). Of the 3 cases without T2-FLAIR mismatch, 2 cases had
enlarged intercellular spaces (Fig 2A–D).

The IDH-mutant astrocytomas showed more variable histol-
ogy. Most cases were in line with CNS WHO grade 2 (moderate
atypia, low mitotic activity, and no necrosis), but 1 case was
regarded as grade 4 because of increased mitotic activity, pro-
nounced nuclear pleomorphism, palisading tumor necrosis, and
extensive florid microvascular proliferation. Two cases showed
T2-FLAIR mismatch, both with microcystic changes (25%). Of
the 6 cases that were negative for T2-FLAIR mismatch, 4 cases
also had microcysts, and 3 cases showed enlarged intercellular
spaces comparable with, or even more pronounced than those in
theMYB/MYBL1–altered tumors (Fig 2E–H).

Microcysts were significantly more often observed in IDH-
mutant astrocytomas than inMYB/MYBL–altered tumors (P¼ .02).
However, there was no correlation of a T2-FLAIR mismatch and
the presence of microcysts in the IDH-mutant astrocytoma group
(t ¼ 0.33, P¼ .38). Furthermore, no significant correlation was
found between T2-FLAIR mismatch and the presence of an
enlarged intercellular space in IDH-mutant astrocytoma (t ¼
0.22, P¼ .56). Also, in MYB/MYBL1–altered tumors, no signifi-
cant correlation was found between T2-FLAIR mismatch and the

Table 1: Characteristics and results of the cases with diffuse astrocytoma MYB/MYBL1–altered or angiocentric glioma, CNS WHO
grade 1

Case Age (yr) Subgroup
Fusion/Methylation

Analysis
T2-FLAIR Mismatch
Sign (S) or Area (A)

Histology

Microcysts
Enlarged

Intercellular Spaces
1 1.1 Diffuse Astro. MYBL1::MMP16 1 (A) – –

2 3.2 Diffuse Astro. MYBL1::STAU2-AS1 1 (S) – –

3 9.7 Diffuse Astro. MYBL1::PACRG 1 (S) 1 1
4 9.0 Angio-centric glioma No fusion analysisa 1 (A) – 1
5 3.9 Diffuse Astro. MYBL1::TOX 1 (S) 1 1
6 11.4 Diffuse Astro. No fusion analysis, diagnosis

based on methylome profile
1 (A) – 1

7 4.4 Diffuse Astro. No fusion analysisa 1 (A) – 1
8 15.9 Angio-centric glioma MYB::QKI – – –

9 5.7 Diffuse Astro. No fusion analysisa – – 1
10 9.6 Diffuse Astro. No fusion analysisa – – 1
11 8.2 Angio-centric glioma MYB::QKI 1 (A) – –

Note:—The 1 indicates presence; �, absence of the characteristic; Astro. astrocytoma.
a In case no fusion analysis was available, the diagnosis of diffuse astrocytoma, MYB- or MYBL1–altered or angiocentric glioma was based on results of histology in com-
bination with methylome profiling using the Infinium MethylationEPIC (850k) BeadChip (Illumina, San Diego, CA) methylation array.

Table 2: Characteristics and results of the cases with astrocytoma, IDH-mutant, CNS WHO grades 2–4

Case Age (yr) Subgroup
Fusion/Methylation

Analysis
T2-FLAIR Mismatch
Sign (S) or Area (A)

Histology

Microcysts
Enlarged

Intercellular Spaces
12 17.7 IDH 1, WHO 2 IDH (R132H), ATRX, TP53 1 (A) 1 1
13 9.2 IDH 1, WHO 2 IDH (R132H), TP53 – 1 1
14 18.7 IDH 1, WHO 2 IDH (R132H), ATRX, TP53 1 (S) – 1
15 14.0 IDH 1, WHO 2 IDH (R132H), ATRX, TP53 – 1 1
16 10.6 IDH 1, WHO 2 IDH (R132H), TP53 – – 1
17 4.0 IDH 1, WHO 2 IDH (R132H), PIK3CA, NF1 – 1 –

18 17.1 IDH 1, WHO 3 IDH (R132H), PTEN, TP53 – 1 1
19 15.6 IDH 1, WHO 4 IDH (R132H), TP53, MSH6,

ATRX, CDKN2A, CIC.
–

Note:—The 1 indicates presence; �, absence of the characteristic.
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presence of microcysts or an enlarged intercellular space (t ¼
0.29, P¼ .36 and t ¼ –0.04, P¼ .90, respectively).

DISCUSSION
T2-FLAIR mismatch is a noninvasive biomarker that can identify
patients with IDH-mutant lower-grade astrocytomas with a posi-
tive predictive value up to 100% in the adult population.10,11 This
biomarker has not been not tested thoroughly in the pediatric
population, in which the occurrence and specificity for IDH-mu-
tant astrocytoma is still being determined. Kalelioglu et al,7 for
example, reported a T2-FLAIR mismatch in 1 of their 2 patients
with aMYB/MYBL1–altered diffuse astrocytoma.

In this study, we have shown both the presence and histologic
correlation of T2-FLAIR mismatch in children, not only in IDH-
mutant astrocytomas but also in MYB/MYBL1–altered tumors
(either diffuse astrocytoma, MYB/MYBL1–altered, or angiocen-
tric glioma). The T2-FLAIR mismatch was present in 25% of the
IDH-mutant astrocytomas and in 73% of MYB/MYBL1 tumors.
Acknowledging the possibility of a MYB/MYBL1–altered tumor
is essential because there is an important difference in prognosis
and treatment compared with IDH-mutant diffuse astrocytoma.
Chiang et al2 showed that 10-year progression-free survival and
overall survival rates were 90% and 95% in patients (median age,
5 years; range, 0–26 years) with MYB/MYBL1–altered tumors. In
contrast, adults with lower-grade IDH-mutant astrocytoma, 1p/19q-
noncodeleted, show worse outcomes with a median survival period
of 6.3 years.12 In children, the clinical impact of IDH1mutation is
less clear. These tumors may have the same biology as in the adult
malignancy but are identified earlier in life. At least, they prob-
ably behave less indolently than other pediatric low-grade diffuse
astrocytomas, and patients should be more closely followed.13

In our cohort, only 25% showed a T2-FLAIR mismatch in the
IDH-mutant, 1p/19q-noncodeleted cases, which is lower than
that in the adult population, which ranges around $50% in the
IDH-mutant, 1p/19q-noncodeleted cases. Furthermore, 73% of
MYB/MYBL1 tumors showed a T2-FLAIR mismatch. Therefore,
in the case of a pediatric CNS tumor with a T2-FLAIR mismatch
with additional MR imaging characteristics compatible with a
more low-grade appearance (no enhancement, no diffusion restric-
tion), neuroradiologists should also consider a MYB/MYBL1–
altered tumor in their differential diagnosis. This suggestion espe-
cially holds true for pediatric cases with the T2-FLAIR mismatch
sign, which we almost exclusively observed in our MYB/MYBL1–
altered diffuse astrocytoma cases. In contrast, in our (small) case
series, the T2-FLAIR mismatch area was relatively frequently
observed in angiocentric glioma. When a T2-FLAIR mismatch is
observed, clinicians may be more hesitant to follow a watch-and-
wait strategy because of the IDH-mutant astrocytoma in the differ-
ential diagnosis. The clinical consequence would be to obtain tissue
to be confident of the histopathologic diagnosis. The finding of the
T2-FLAIR mismatch in the more indolent MYB/MYBL1–altered
tumors might change the radiologic differential diagnosis.

Additionally, the location of the tumor can be influential. We
had only 1 MYB/MYBL1–altered infratentorial diffuse astrocy-
toma; all other cases were supratentorial, like all our IDH-mutant
tumor cases. Therefore, in case of an infratentorial T2-FLAIR

mismatch area, the presence of aMYB/MYBL1–altered angiocen-
tric glioma should be especially considered.

Diffusion restriction or enhancement, commonly seen in
high-grade brain tumors, was also not noted in ourMYB/MYBL1–
altered tumors cases.

There is still debate on the tissue characteristics that may
underlie the T2-FLAIR mismatch phenomenon (sign or area).
The newest insights are that T2-FLAIR mismatch in IDH-mutant
astrocytoma is due to microcystic changes and/or enlarged inter-
cellular spaces within the tumor that contain enough fluid vol-
ume to cause suppression on FLAIR images.9 A histopathologic
review of our cases showed microcystic changes and/or an
enlarged intercellular space in 64% of MYB/MYBL1–altered
tumors and 88% of IDH-mutant astrocytomas. However, the T2-
FLAIR mismatch sign was observed just as often inMYB/MYBL1–
altered tumors and IDH-mutant astrocytomas without microcystic
changes or enlarged intercellular spaces. In our case series, a clear-
cut correlation was absent. One explanation might be the sampling
effect, because in some of our cases, only needle biopsy material
was available for histologic analysis. Moreover, we did observe
some intratumoral histologic heterogeneity for microcystic change
and/or enlarged intercellular spaces in cases in which larger tumor
fragments were available for evaluation. Another contributing fac-
tor might be the decreased statistical power of our analyses due to
the small sample size.

In our cohort study in children, T2-FLAIR mismatch was
observed in some of the IDH-mutant astrocytomas but even
more frequently in MYB/MYBL1–altered tumors, both in angio-
centric gliomas and diffuse astrocytomas, MYB/MYBL1–altered.
Of note, T2-FLAIR mismatch has now also been reported in an
H3K27M-mutant (and IDH wild-type) diffuse midline glioma in
the brainstem of an adult.14 A diffuse midline glioma is a tumor
type that histologically typically does not show prominent micro-
cystic change or an enlarged intercellular space.4 In contrast, micro-
cysts are frequently present in pilocytic astrocytomas.15 However,
T2-FLAIR mismatch has not been reported in these patients in
relevant series,16 and we did not observe it in our own center ei-
ther. Again, this challenges the hypothesis that such microcystic
changes are an important part of the explanation for the occur-
rence of the T2-FLAIR mismatch sign.

Finally, a recent study revealed that the inversion time used
for the FLAIR sequence and field strength impacts the diagnostic
accuracy of T2-FLAIR mismatch for low-grade astrocytoma
imaging.17 In our cases, the assessment of the T2-FLAIR mis-
match will not be influenced by the field strength because all
imaging was performed on 3T MR imaging systems (Phillips) at
our institute, nor by different inversion times because all FLAIR
imaging was performed with a 3D FLAIR sequence with nearly
the same parameters.

Our study has some limitations. First, the number of cases is
relatively limited. Although it seems clear that T2-FLAIR mis-
match is clearly present in MYB/MYBL1–altered tumors, more
evidence is needed to show the diagnostic value of T2-FLAIR
mismatch for this type of tumor in the pediatric population.
Second, the patient selection was retrospective with the identifica-
tion of all patients with a MYB/MYBL1–altered, angiocentric gli-
oma or IDH-mutant astrocytoma. From these data, the false-
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positive rate of T2-FLAIR mismatch can, therefore, not be deter-
mined. Also, some patients withMYB/MYBL1–altered, angiocen-
tric glioma or IDH-mutant astrocytoma may have been missed
due to less extensive molecular tumor characterization in the past.

CONCLUSIONS
In our study, T2-FLAIR mismatch was found not only in grade
1–4 IDH-mutant astrocytomas but also (and even more fre-
quently) in grade 1 MYB/MYBL1–altered tumors in children.
Therefore, the radiologic differential diagnosis should include a
grade 1 MYB/MYBL1–altered tumor when evaluating the MR
imaging of pediatric CNS tumors. Furthermore, our study chal-
lenges the hypothesis that microcystic changes and/or enlarged
intercellular spaces in the tissue of these tumors are essential for
causing T2-FLAIR mismatch.

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

Identification of Multiclass Pediatric Low-Grade
Neuroepithelial Tumor Molecular Subtype with ADCMR

Imaging and Machine Learning
Matheus D. Soldatelli, Khashayar Namdar, Uri Tabori, Cynthia Hawkins, Kristen Yeom, Farzad Khalvati,

Birgit B. Ertl-Wagner, and Matthias W. Wagner

ABSTRACT

BACKGROUND AND PURPOSE: Molecular biomarker identification increasingly influences the treatment planning of pediatric low-
grade neuroepithelial tumors (PLGNTs). We aimed to develop and validate a radiomics-based ADC signature predictive of the mo-
lecular status of PLGNTs.

MATERIALS ANDMETHODS: In this retrospective bi-institutional study, we searched the PACS for baseline brain MRIs from children
with PLGNTs. Semiautomated tumor segmentation on ADC maps was performed using the semiautomated level tracing effect tool
with 3D Slicer. Clinical variables, including age, sex, and tumor location, were collected from chart review. The molecular status of
tumors was derived from biopsy. Multiclass random forests were used to predict the molecular status and fine-tuned using a grid
search on the validation sets. Models were evaluated using independent and unseen test sets based on the combined data, and
the area under the receiver operating characteristic curve (AUC) was calculated for the prediction of 3 classes: KIAA1549-BRAF
fusion, BRAF V600E mutation, and non-BRAF cohorts. Experiments were repeated 100 times using different random data splits and
model initializations to ensure reproducible results.

RESULTS: Two hundred ninety-nine children from the first institution and 23 children from the second institution were included
(53.6% male; mean, age 8.01 years; 51.8% supratentorial; 52.2% with KIAA1549-BRAF fusion). For the 3-class prediction using radio-
mics features only, the average test AUC was 0.74 (95% CI, 0.73–0.75), and using clinical features only, the average test AUC was
0.67 (95% CI, 0.66–0.68). The combination of both radiomics and clinical features improved the AUC to 0.77 (95% CI, 0.75–0.77).
The diagnostic performance of the per-class test AUC was higher in identifying KIAA1549-BRAF fusion tumors among the other
subgroups (AUC¼ 0.81 for the combined radiomics and clinical features versus 0.75 and 0.74 for BRAF V600E mutation and non-
BRAF, respectively).

CONCLUSIONS: ADC values of tumor segmentations have differentiative signals that can be used for training machine learning
classifiers for molecular biomarker identification of PLGNTs. ADC-based pretherapeutic differentiation of the BRAF status of
PLGNTs has the potential to avoid invasive tumor biopsy and enable earlier initiation of targeted therapy.

ABBREVIATIONS: AUC ¼ area under the receiver operating characteristic curve; FGFR ¼ fibroblast growth factors receptor; GG ¼ ganglioglioma; GLMD ¼
gray-level dependence matrix; ML ¼ machine learning; NF1 ¼ neurofibromatosis 1; NPV ¼ negative predictive value; OvR ¼ one versus the rest; PA ¼ pilocytic
astrocytoma; pLGG ¼ pediatric low-grade glioma; PLGNT ¼ pediatric low-grade neuroepithelial tumor; RF ¼ random forests; WHO ¼ World Health Organization

Pediatric low-grade neuroepithelial tumors (PLGNTs) are the
most common pediatric CNS tumors, representing approxi-

mately 40% of all pediatric brain tumors.1,2 According to the 5th
Edition of the World Health Organization (WHO) classification,
PLGNTs are grade 1 and 2 neoplasms described in 3 groups: diffuse
pediatric low-grade gliomas (pLGGs), circumscribed astrocytic
gliomas, and glioneuronal and neuronal tumors.3 The genetic
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and molecular features have been incorporated in this updated
classification and, along with the histologic phenotype, relate to
different prognoses and new targeted therapies.4,5

Most commonly, PLGNTs present with genetic changes
causing upregulation of the Ras/mitogen-activated protein ki-
nase (RAS/MAPK) pathway, usually fusions or mutations in the
B-Raf proto-oncogene, serine/threonine kinase (BRAF) gene.
The chromosomal alteration in BRAF fusion involves the dupli-
cation of the BRAF oncogene, followed by its insertion into one
of several fusion targets, most often the K1AA1549 gene
(KIAA1549-BRAF fusion).6 BRAF V600E point mutations acti-
vate BRAF, causing deregulation in the mitogen-activated
p.V600E protein kinase pathway.7 Other common mutations
include neurofibromatosis 1 (NF1), fibroblast growth factors
receptors 1 and 2 (FGFR 1/2),2,8 and MYB/MYBL1 rearrange-
ments.9-11 The most common histology for the KIAA1549-
BRAF fusion and BRAF V600E mutation tumors is pilocytic
astrocytoma (PA) and ganglioglioma (GG), respectively.2,12

However, except for molecularly defined tumors, molecular
subtypes are often found across various entities.2,13

Even though surgery is the preferred treatment for most
PLGNTs when possible, more than one-half of PLGNTs cannot
be completely resected, requiring subsequent pharmacologic
therapy, often leading to high morbidity.5,14 Genetic differences
are essential for therapeutic decision-making, with BRAF and
MEK inhibitors gaining popularity and new trials being devel-
oped.15-17 Notably, BRAF inhibitors exhibit efficacy in BRAF
V600E mutation tumors, while KIAA1549-BRAF fusion tumors
might exhibit progression due to pathway paradoxic activation
when treated with these inhibitors. Instead, KIAA1549-BRAF
fusion tumors respond positively to MEK inhibitors.15 However,
implementing these new therapeutic strategies requires tissue
sampling and molecular testing, mostly restricted to academic
reference centers. Therefore, neuroimaging surrogates would be
valuable tools for prognosis and treatment-planning.2

Radiomics has been applied to determine tumor histology,
prognostication, and molecular classification (radiogenomics) in
pediatric neuro-oncology.18 Zhang et al19 developed an MR imag-
ing–based machine learning (ML) decision path that identified
the 4 molecular subgroups of medulloblastomas. Wagner et al17

demonstrated that FLAIR sequences predicted molecular sub-
groups of pLGG with a high area under the receiver operating
characteristic curve (AUC) using a supervised ML approach. In
addition, qualitative ADC features have recently been shown to
predict BRAF V600E mutations among pLGGs.16

Despite the increased application of ML in pediatric neuro-
radiology, to date, there are no studies assessing radiomic fea-
tures of ADC images in PLGNTs. Given the widespread use of
ADC images and their relatively straightforward interpretation
in the context of neoplastic cellularity and prognostication,16

we hypothesized that KIAA1549-BRAF fusion, BRAF V600E
mutation, and other non-BRAF PLGNTs can be differentiated
quantitatively using the ADC map segmentations and that
radiomics can improve diagnostic accuracy. Specifically, we
aimed to develop and validate a radiomics ADC signature pre-
dictive of the molecular status of PLGNTs in pediatric patients
using a bi-institutional cohort.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
boards or research ethics boards of the 2 participating academic
institutions: The Hospital for Sick Children, Toronto, Canada and
Lucile Packard Children's Hospital, Stanford, Palo Alto, California.
Due to the retrospective nature of the study, informed consent was
waived by the local institutional review board/research ethics
board. An interinstitutional data-transfer agreement was obtained
for data-sharing. Patients were identified from the respective elec-
tronic health record database from January 2009 to January 2018.
Patient inclusion criteria were the following: 1) 0–18 years of age,
2) availability of molecular information on BRAF status in histopa-
thologically confirmed PLGNTs, and 3) availability of prethera-
peutic brain MR imaging with non-motion-degraded FLAIR and
DWI sequences, including ADC maps. Patients with spinal cord
tumors were excluded.

Molecular Analysis
We used a targeted testing protocol. BRAF fusion status was
determined using an nCounter Metabolic Pathways Panel
(NanoString Technologies) or fluorescence in situ hybridization.
BRAF p.V600E mutation was determined using immunohisto-
chemistry, Droplet Digital (Bio-Rad Laboratories) polymerase
chain reaction, as previously described.14,20 For 233 patients, mo-
lecular analysis was performed with formalin-fixed paraffin-
embedded tissue obtained during surgery. Nineteen patients had
molecular subtyping based on frozen tissue. Fluorescence in situ
hybridization was further used to detect MYB, MYBL1, and
FGFR2 fused transcripts. Droplet Digital polymerase chain reac-
tion was used to detect FGFR1 alteration, CDKN2A deletion, and
IDH1 mutation. DNA sequencing was used for samples negative
for our targeted testing protocol.

MR Imaging Acquisition, Data Retrieval, and Image
Segmentation
Patients from the first academic institution (The Hospital for
Sick Children, Toronto, Ontario, Canada) underwent brain MR
imaging at 1.5T or 3T across various vendors (Signa, GE Healthcare;
Achieva, Philips Healthcare; Magnetom Skyra, Siemens). Sequences
acquired included axial DWI with ADC map calculation (b¼ 0 and
1000 s/mm2, TR/TE, 6000–11,000/70–110 ms; 3- to 4-mm section
thickness, 1 -to 3-mm gap), axial 2D T2 FLAIR, axial or coronal 2D
T2-weighted FSE, and axial or sagittal 3D T1-weighted and axial or
sagittal gadolinium-based contrast agent–enhanced T1-weighted
sequences. Patients from the second academic institution (Lucile
Packard Children’s Hospital, Palo Alto, California) underwent brain
MR imaging at 1.5T or 3T from a single vendor (Signa or Discovery
750; GEHealthcare). MR imaging was performed using the brain tu-
mor protocol of the institution, which included 2D axial T2-
weighted FSE, 2D axial or sagittal precontrast T1-weighted spin-
echo, 2D axial T2 FLAIR, DWI with ADC calculation (b¼0 and
1000 s/mm2, TR/TE, 7000–10,000/80–110ms, 3- to 5-mm section
thickness, 1- to 3-mm gap), and 2D axial gadolinium-based con-
trast agent–enhanced T1-weighted spin-echo sequences.

All MR imaging data were extracted from the respective
PACS and de-identified for further analysis. Tumor segmentation
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was performed by a pediatric neuroradiology fellow with 3 years of
neuroradiology research experience using 3D Slicer (Version 5.0.3;
http://www.slicer.org).21 Semiautomated tumor segmentation on
ADC images was performed with the level tracing effect tool. Given
that the tumors are better demonstrated on FLAIR images, these
sequences were used as a guide to achieving the segmentation on the
ADC images. The segmentation included both cystic and solid com-
ponents of the tumor. This semiautomatic approach has been found
superior to multiuser manual delineation concerning the reprodu-
cibility and robustness of results.22 The senior author, a board-cer-
tified neuroradiologist, confirmed the final and proper placement
of VOIs. Figure 1 demonstrates the segmentation process.

Radiomics Feature-Extraction Methodology
We used min-max normalization to scale the ADC images to [0, 1]
and used the pyradiomics library with default hyperparameters to
extract the radiomics features. A total of 688 radiomic features
from the 3D VOIs in the ADC images were extracted for each
patient. The radiomics features included shape, histogram, and tex-
ture features with and without wavelet-based filters. All features
are listed in the Online Supplemental Data. Bias field correction
was performed before segmentation to standardize the range of all
image features.23,24 Preprocessing and radiomics feature extraction
in 3D Slicer and other software have been described elsewhere.25-27

Clinical variables, including age, sex, and location, were appended
to the data set.

Machine Learning and Statistical Analysis
We used random forests (RF) as the classification algorithm.28

Previously, Wagner et al29 demonstrated that RF perform best with
limited data sets compared with other ML algorithms, including

XGBoost (https://xgboost.readthedocs.
io/en/stable/), and neural network archi-
tectures. The hyperparameter grid space
was defined according to the Online
Supplemental Data. We conducted 100
experiments and used an AUC to evalu-
ate the classifiers. We randomly split our
data into test (20%, 50 patients) and de-
velopment (dev, 80%, 202 patients) sets
in each iteration in a loop with N repeti-
tions. Subsequently, a filtration algo-
rithm was trained on the dev set and
applied to the test set to eliminate highly
correlated features (correlation coeffi-
cient .0.95). To measure the validation
performance, models with the best
hyperparameter set were trained and
validated 100 times (N_val) on random
dev data splits with a 75/25 ratio. Finally,
an instance of the model with the best
hyperparameters was trained on the
entire dev set and evaluated on the test
cohort. The whole process was repeated
100 times (N); thus, we have 100 test
AUCs. The final evaluation of the model
was conducted on the unseen test cohort.

We trained the RF classifiers in the supervised learning
framework with 3 different inputs: 1) radiomics alone, 2) clinical
variables (age, sex [binary], tumor location [binary]), and 3)
radiomics and clinical variables together. A one versus the rest
(OvR) multiclass AUC was used as the evaluation metric.
Additionally, we monitored average per-class AUCs. We also
captured the most meaningful features of the classifiers and
selected the top 10 features across the experiments.

“Large p, Small n” is a well-known problem in ML, in which
the number of features has a higher order in comparison with the
number of examples. Radiomics-based ML is often affected by
Large p, Small-n and is prone to overfitting. A crucial step is allo-
cating an unseen cohort of data for test (compared with conven-
tional methods such as standard cross-validation) to tackle the
issue. To that end, we had separate train, validation, and test
cohorts. In terms of feature selection, we filtered low-variance
features (feature variance ,0.05) and highly correlated features
(correlation coefficient.0.95). Last, we repeated the experiments
using different model initializations and data splits to ensure that
the test performance was reproducible and overfitting was indeed
avoided.

The analysis was conducted using Python 3.9.7 and scikit-
learn 1.3.0 (https://scikit-learn.org/stable/index.html). For feature
extraction, we used PyRadiomics 3.0.1 (https://pyradiomics.
readthedocs.io/en/v3.0.1/changes.html) with SimpleITK 2.1.1.2
(https://simpleitk.org/doxygen/v1_0/html/).

RESULTS
Patients
The data of 422 patients were screened for inclusion. The data
sets of 168 patients were excluded due to the absence of DWI-

FIG 1. Axial FLAIR (A and D), ADC maps (B and E), and manual tumor segmentation using semiau-
tomatic tools in 3D Slicer (C and F). Upper row: a 15-year-old adolescent boy with a supratentorial
BRAF-mutated low-grade glioma. Lower row: a 3-year-old boy with a cerebellar BRAF-fused low-
grade glioma.
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derived ADC images (134 for not having ADC maps and 30 for
having DTI). Four patients were excluded due to marked suscep-
tibility artifacts from hemorrhage, and 2 were excluded for errors
in radiomics processing (Fig 2). After all preprocessing and radio-
mics extraction steps, 252 patients were included (first institution,
n¼ 229, second institution, n¼ 23), comprising 135 boys
(53.6%); mean age, 8.01 (SD, 4.88) years. Patient demographics
and pathologic information consisting of age, sex, histologic diag-
nosis, BRAF molecular status, and anatomic location of the tu-
mor (supra-versus-infratentorial) are shown in Table 1.

Among the non-BRAF tumors (n¼ 79, 31.2%), we identified
the following molecular markers: FGFR1 (n¼ 10, 3.9%), NF1

(n¼ 5, 2%), MYB proto-oncogene like
1 (MYBL1) (n¼ 4, 1.6%), MYB proto-
oncogene (MYB) (n¼ 4, 1.6%), FGFR2
(n¼ 2, 0.8%), isocitrate dehydrogenase
1 (IDH1) (n¼ 2, 0.8%), histone H3.3
K27M (n¼ 2, 0.8%), transforming
acidic coiled-coil containing protein 1
(TACC1) (n¼ 2, 0.8%), platelet-derived
growth factor receptor a (PDGFRA)
(n¼ 2, 0.8%), PIK3CA (n¼ 2, 0.8%),
QKI-RAF1 (n¼ 2, 0.8%), as well as a
single case (0.4%) of anaplastic lym-
phoma kinase (ALK), neurotrophic
tyrosine receptor kinase (NTRK),MYB-
QKI rearrangement, mitogen-activated
protein kinase 1 (MAPK1), chloride
voltage-gated channel 6 (CLCN6),

FYCO-RAF1, G protein subunit a 11, and GOPC-ROS1. In
addition, cyclin-dependent kinase inhibitor 2A (CDKN2A)
gene deletions were identified in 29 tumors (11.5%): 12 KIAA1549-
BRAF fusions (4.76%), 7 BRAF V600E mutations (2.77%), and 10
non-BRAF tumors (3.96%).

Radiomics Model Evaluation
Given that one of our cohorts did not have 1 tumor subtype, the
bi-institutional cohort was analyzed together, and 252 patients
were randomly split into 80% development and 20% test cohorts
in each experiment, as illustrated in the radiomics pipeline in
Fig 3. We used 3-class classifiers and achieved the following
results (OvR, AUC) over 100 experiments (different data splits).

The top discriminative features are shown in Table 2. We
encountered the first-order and gray-level dependence matrix
(GLMD) classes among our top discriminative features. The
mean, kurtosis, and 90th percentile in this class differ among the
3 subgroups. In addition, the dependence variance, large depend-
ence emphasis, and large dependence high gray-level emphasis
differed among our subgroups. The most important clinical fea-
ture was tumor location (supra- and infratentorial).

Figure 4 shows the average AUC across all groups. By means
of only the radiomics features, the average test AUC was 0.74
(95% CI, 0.73–0.75) using the OvR method. When the input was
restricted to clinical features, the average test AUC dropped to
0.67 (95% CI, 0.66–0.68). The combination of both radiomics
and clinical features improved the predictive performance to an
AUC of 0.77 with (95% CI, 0.75–0.77).

The diagnostic performance of the per-class test AUC in
identifying KIAA1549-BRAF fusion, BRAF V600E mutation,
and non-BRAF tumors among the other subgroups is shown in
Table 3. It was higher in identifying KIAA1549-BRAF fusion
tumors among the other subgroups (AUC¼ 0.81 for the com-
bined radiomics and clinical features versus 0.75, 0.74 for BRAF
V600E mutation, and non-BRAF, respectively).

DISCUSSION
Using a bi-institutional cohort, we trained and tested radiomics
models predictive of KIAA1549-BRAF fusion, BRAF V600E
mutations, and non-BRAF alterations in PLGNTs. The optimal

FIG 2. Flow chart of the study.

Table 1: Patient demographics

Institutional Cohort
TotalToronto Stanford

No. of patients 229 23 252
Age (mean) (yr) 8.18 6.32 8.01
Male (No.) (%) 124 (54.1%) 11 (47.8%) 135 (53.6%)
Histologic diagnosis (No.)
PA 112 16 128
GG 24 5 29
LGA 36 0 36
PMA 8 2 10
PXA 4 0 4
DNET 10 0 10
DA 17 0 17
ODG 3 0 3
GNT 5 0 5
ACG 5 0 5
NC 1 0 1
DIG 1 0 1
PLNTY 1 0 1
Mixed tumor components 2 0 2
Molecular subgroup (No.) (%)
KIAA1549-BRAF fusion 114 (49.7%) 18 (78.3%) 132 (52.2%)
BRAF V600E mutation 36 (15.7%) 5 (21.7%) 41 (16.6%)
Non-BRAF 79 (34.4%) 0 79 (31.2%)
Supratentorial (No.) (%) 125 (54.5%) 5 (21.7%) 130 (51.8%)
Infratentorial (No.) (%) 104 (45.4%) 18 (78.3%) 122 (48.2%)

Note:—ACG indicates angiocentric glioma; DA, diffuse astrocytoma; DIG, desmo-
plastic infantile ganglioglioma; DNET, dysembryoplastic neuroepithelial tumor;
GNT, glioneural tumor; LGA, low-grade astrocytoma; NC, neurocytoma; PMA,
pilomyxoid astrocytoma; PXA, pleomorphic xanthoastrocytoma; PLNTY, polymor-
phous low-grade neuroepithelial tumor of the young; ODG, oligodendroglioma.
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RF model achieved an accuracy AUC of 0.77 when combining
radiomics and clinical features. In addition, we showed that the
diagnostic performance was higher in differentiating KIAA1549-
BRAF fusion from BRAF V600E mutation and non-BRAF tumors,
regardless of which features were used (radiomics, clinical, and

combined). To our knowledge, this is the first study that investi-
gated ADC-based radiomics features in PLGNTs.

PLGNTs are a heterogeneous group of tumors arising predom-
inantly from the glial cell lineage, including astrocytic, oligoden-
drocytic, or mixed neuronal and glial lineage.9 These neoplasms

are classified as WHO grades 1 and 2
and are grouped into 3 categories in the
fifth WHO classification: circumscribed
astrocytic gliomas, glioneural and neu-
ronal tumors, and pediatric-type diffuse
low-grade gliomas (those with charac-
teristic ill-defined infiltrative margins).3

PAs are the most common well-
circumscribed PLGNT (up to 85%)
and are by far the most common brain
tumor type with KIAA1549-BRAF
fusion. Therefore, the KIAA1549-BRAF
fusion is a useful putative diagnosticFIG 3. The repetitive classification approach.

Table 2: Top predictive radiomics and clinical features
Type Source Feature Category Feature

Clinical NA NA Tumor location
Radiomics 3D wavelet transform Gray-level difference matrix Large dependence high gray-level emphasis
Radiomics 3D wavelet transform First order Mean
Radiomics 3D wavelet transform First order Kurtosis
Radiomics Original Gray-level difference matrix Dependence variance
Radiomics Original Gray-level difference matrix Large dependence high gray-level emphasis
Radiomics Logarithm Gray-level difference matrix Large dependence high gray-level emphasis
Radiomics Local binary pattern 3D Gray-level difference matrix Large dependence emphasis
Radiomics Exponential First order 90th Percentile
Radiomics 3D wavelet transform First order Kurtosis

Note:—NA indicates not applicable.

FIG 4. Boxplots of test AUCs. Note that P values are calculated on the basis of Student t tests.
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marker, particularly for PAs, which can show the neuropatho-
logic features of necrosis and microvascular proliferation, also
seen in high-grade gliomas.30 The BRAF V600E mutation, on the
other hand, is present in a more heterogeneous group of neo-
plasms with a worse prognosis, such as GG, dysembryoplastic
neuroepithelial tumors, pleomorphic xanthoastrocytomas, astro-
blastomas, and diffuse low-grade gliomas MAPK pathway-
altered.31 These 2 BRAF tumor subgroups also differ clinically
because those with the V600E mutation tend to be supratentorial,
while those with KIAA1549-BRAF fusion are usually located in
the brainstem or cerebellum.9

DWI reflects the free movement of water molecules in tis-
sue.32 Highly cellular tumors often show decreased ADC values.33

Most studies use ROI analysis to evaluate brain tumors,34 though
it represents only a part of the lesion and is highly subjective. A
better alternative is ADC histogram calculation, which analyzes
the entire lesion and may show tissue heterogeneity;35 however,
this technique is limited because different tissue components may
have overlapping signal intensities.36 Alternatively, ML classifiers
using radiomics features can extract data from larger volumes of
images, increasing reproducibility, providing signatures in differ-
ent CNS neoplasms, and assessing therapeutic interventions.36-39

ML models are associated with randomness; and especially with
small data sets, it is crucial to measure the randomness of the
models. Additionally, the reproducibility of radiomics studies is a
major concern that demands a systematic evaluation. In this
research, we followed the OpenRadiomics (https://arxiv.org/abs/
2207.14776)38,40 protocol to achieve reproducible results.

Ramaglia et al41 first described the association between BRAF
V600E and lower relative ADC values. Similar diagnostic per-
formances were predicted by different parameters, such as rela-
tive ADC mean (AUC ¼ 0.83, P, .001) and relative ADC
minimum (AUC ¼ 0.85, P, .001).41 Trasolini et al16 and Shrot
et al35 also reported the association of BRAF V600E and lower
ADC values in cohorts of 70 and 40 patients, respectively, sug-
gesting higher tumor aggressiveness and cellularity in this sub-
group.42 With a larger cohort, our results support the use of
ADC in subgroup differentiation and add that radiomics fea-
tures can predict the BRAF status. In addition, we exploit the
entire set of radiomics features, including but not limited to his-
togram parameters.16,35,41 We also expand the use of ADC in
subgroup differentiation by adding a third non-BRAF cohort to
the prediction.

RF is an ensemble learning method that combines decision
trees and handles various data types, including missing data.43 In
our study, first-order and GLMD classes were among our top dis-
criminative features. First-order statistics describe the distribu-
tion of voxel intensities within the image region through

commonly used and basic metrics. The mean, kurtosis, and 90th
percentile in this class differ among the 3 subgroups. Larger
mean, 90th percentile, and kurtosis have been associated with
reduced overall survival in glioblastomas.44 In addition, the
mean, median, and 90th percentiles among pediatric patients
were lower in the BRAF V600E subgroup.35 These metrics reflect
the microstructure at the cellular level.45 In particular, the low
diffusivity of BRAF V600E-mutant pLGG may be explained by
the dense, compact architecture with fiber-rich regions.46 GLMD
quantifies gray-level dependencies in an image, defined as the
number of connected voxels in a certain distance dependent on a
central voxel. The dependence variance, large dependence em-
phasis, and large dependence high gray-level emphasis in this
class differed among our subgroups. These are the main features
quantifying tumor heterogeneity, which might be missed through
the human eyes on MR imaging.47 Texture features have been
shown to differ among brain tumors48 and predict IDH status in
low-grade gliomas.49 Also, the GLMD was the main feature class
among the top discriminative features in KIAA1549-BRAF fusion
and BRAF V600E mutation tumors,17 reflecting the molecular
and histologic differences of these tumors.50

In our study, tumor location (supra- versus infratentorial)
was the most important clinical discriminative feature across the
experiments. Many studies support this finding,9,16,17,35 because
KIAA1549-BRAF fusion is more often described in the posterior
fossa and BRAF V600E mutation in the cerebral hemispheres and
diencephalon.35 Sex and age were not significantly different
among groups.16 Other features have also been reported, such as
ill-defined margins35 and a higher number of cystic compo-
nents.41 However, the significance of these findings varies in the
literature. Ramaglia et al,41 for instance, did not find significant
differences in tumor margins, the presence of hemorrhage/calcifi-
cation, and contrast enhancement among BRAF subgroups in a
cohort of 56 participants. Conversely, Shrot et al35 showed that
KIAA1549-BRAF fusion tumors had significantly better-defined
margins compared with BRAF V600E mutation tumors and that
BRAF subgroups showed more cystic components than the NF1
subgroup in a cohort of 51 participants.

Wagner et al17 trained and validated the radiomics features of
FLAIR sequences to predict BRAF status in 115 patients with
pLGGs, achieving an AUC of 0.85 on the external validation data
set. Similarly, Xu et al51 extracted features from FLAIR sequences
in a cohort of 113 pediatric patients, building a model with a test
set AUC of 0.87. We believe that the lower AUC for the ADC val-
ues in our study is because we expanded the cohort to include
rare subtypes and compared each group versus the rest 3 times.
In addition, FLAIR sequences show better margins and facilitate
semiautomatic segmentation with good reproducibility.18 Finally,

Table 3: Per-class and overall OvR test of AUC performance of the models
KIAA1549-BRAF Fusion

versus the Rest
BRAF V600E Mutation

versus the Rest
Non-BRAF

versus the Rest Average
Radiomics features only AUC ¼ 0.80

95% CI, 0.79–0.81
AUC ¼ 0.74
95% CI, 0.73–0.75

AUC ¼ 0.67
95% CI, 0.66–0.68

AUC ¼ 0.74
95% CI, 0.73–0.75

Clinical features only AUC ¼ 0.75
95% CI, 0.74–0.7

AUC ¼ 0.62
95% CI, 0.61–0.63

AUC ¼ 0.63
95% CI, 0.62–0.6

AUC ¼ 0.67
95% CI, 0.66–0.68

Combined radiomics and
clinical features

AUC ¼ 0.81
95% CI, 0.81–0.82

AUC ¼ 0.75
95% CI, 0.73–0.75

AUC ¼ 0.74
95% CI, 0.672–0.74

AUC ¼ 0.76
95% CI, 0.75–0.7)
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pLGGs are heterogeneous neoplasms, and FLAIR sequences may
better depict this heterogeneity, including cystic and solid com-
ponents, margins, and the range of signal changes.17

In this study, we noted that the prediction of the KIAA1549-
BRAF fusion cohort achieved the highest AUC in the per-class
analysis. This may be, in part, explained by the larger number of
cases in this cohort. In addition, the heterogeneity of histopa-
thologically defined entities was lower in this cohort compared
with the other 2 cohorts. Most cases are PA. While it is conceiv-
able to assume that the driver behind this prediction is histopa-
thologic rather than molecular, we also noted that the predictive
performance of our algorithm remained high with the other 2
cohorts in the per-class analysis. In contrast to the KIAA1549-
BRAF fusion cohort, those cohorts were heterogeneous with
respect to histopathology. Therefore, we speculate that radio-
mics can extract predictive information from ADC maps
beyond histopathology.

Our study has limitations that need to be considered when
interpreting the results. First, due to the retrospective and bi-insti-
tutional nature, there was heterogeneity in the DWI sequence ac-
quisition, including using different imaging parameters, field
strengths, and scanner vendors. The incorporation of heterogene-
ous training and testing data was previously shown to be an im-
portant component in the development of a robust and predictive
ML model. In fact, training of heterogeneous imaging data might
increase the generalizability of our findings.52 Second, our study
segmented only ADC images. Incorporating additional sequences
could further increase the model performance. Third, we opted to
merge the 2 cohorts rather than keep them separated due to an
imbalanced distribution of the third class (non-BRAF). Fourth,
the larger number of cases of KIAA1549-BRAF fusion tumors
may partially explain the higher AUC among the “fusion versus
the rest” per-class analysis. Last, although our study cohort is one
of the largest PLGNT cohorts to date, we did not analyze the pre-
dictive performance of radiomics features in the subgroup-specific
determination of histopathologically defined tumors across mo-
lecular markers. Large international MR imaging data sets are nec-
essary for robust subanalyses.

CONCLUSIONS
We explored the feasibility of radiomics features to predict BRAF
status in PLGNT using ADC-based MR images in a bi-institu-
tional cohort. The optimal RF model included a combination of
clinical and radiomic features and achieved diagnostic accuracy.
In particular, the highest accuracy was achieved to identify the
KIAA1549-BRAF fusion tumor subgroup. Differentiating these
molecular subgroups in PLGNT is paramount for newer target
therapies.42 Future investigations with additional imaging sequen-
ces, such as T2WI and contrast-enhanced T1WI, may improve
prediction accuracy.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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The Clinical Value of Cranial CT Venography for Predicting
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ABSTRACT

BACKGROUND AND PURPOSE: Fusobacterium necrophorum (F necrophorum) is an anaerobic bacteria that causes invasive head
and neck infections in children. Several studies have demonstrated an increasing prevalence of F necrophorum as the causative
agent in acute mastoiditis in children, with associated high rates of intracranial complications such as epidural abscess and sinus
venous thrombosis, to name a few. F necrophorum requires a treatment protocol that differs from the empiric treatment that
is tailored to more common pathogens (eg, group A streptococci, Streptococcus pneumonia), and hence expediting the diagnosis is
important. For evaluating complicated acute mastoiditis in children, cranial CT venography remains the imaging study of choice in
most medical centers due to its availability in emergency situations. Based on our clinical experience, our hypothesis is that children with
F necrophorum–associated complicated acute mastoiditis can be differentiated from those with other etiologies using CT venography.

MATERIALS AND METHODS: CT venography studies of 76 children hospitalized and treated for complicated acute mastoiditis were
retrospectively reviewed. Retrieved imaging data included intracranial complications (epidural abscess, sinus venous thrombosis), cra-
nial bone-related complications, and extracranial complications (subperiosteal abscess, temporomandibular joint abscess, and soft-
tissue inflammation). The cohort was divided into children with F necrophorum–related disease (study group) and those with non-
F necrophorum–related disease (control group).

RESULTS: Thirty-seven children (49%) comprised the study group, and 39 children in whom the causative agents were other bacte-
ria comprised the control group. There were significantly higher rates of complications in the study group: sinus venous thrombosis
(P , .001), perisigmoid epidural abscess (P¼ .036), and extramastoid osteomyelitis (P, .001). Thrombosis in venous sites beyond the
sigmoid sinus and jugular foramen (a pattern consistent with an otogenic variant of Lemierre syndrome) and emphysematous oste-
omyelitis were found only among children in the F necrophorum–related study group (32% and 22% accordingly).

CONCLUSIONS: In children with complicated acute mastoiditis, CT venography findings of emphysematous osteomyelitis and/or
thrombosis in venous sites beyond the sigmoid sinus and jugular foramen (a pattern consistent with the otogenic variant of Lemierre
syndrome) should lead the radiologist to suggest F necrophorum–related mastoiditis.

ABBREVIATIONS: AM ¼ acute mastoiditis; CAM ¼ complicated acute mastoiditis; CTV ¼ CT venography; IJV ¼ internal jugular vein; NPV ¼ negative pre-
dictive value; PPV ¼ positive predictive value; SVT ¼ sinus venous thrombosis; TMJ ¼ temporomandibular joint

Acute mastoiditis (AM) in children is a serious complication
of acute otitis media, with a potential to rapidly deteriorate

and cause complications, both extracranial (eg, subperiosteal ab-
scess, temporomandibular joint [TMJ] abscess) and intracranial
(eg, perisigmoid epidural empyema, sinus venous thrombosis
[SVT]). The clinical diagnosis of AM is based on findings of pus

in the middle ear cavity associated with swelling and fluctuation
over the mastoid bone, protrusion of the auricle, and fever.1

Treatment of pediatric AM has shifted from a surgically-treated
disease to a mainly medically-treated disease with treatment con-
sisting of hospitalization, middle ear drainage with myringotomy,
and IV antibiotic treatment; thus, canal wall up mastoidectomy is
reserved for patients with coalescent mastoiditis who do not
respond to the initial therapy and/or experience complications.2-4

The empiric antibiotic treatment initiated before the arrival of the
results of microbiologic investigation is used to treat the most com-
mon pathogens (eg, Streptococcus pyogenes Streptococcus pneumo-
nia)5, and in our institution, it is IV cefuroxime. In accordance with
the as low as reasonably achievable concept and as was recom-
mended by Mansour et al,6 we do not routinely image the temporal
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bones in children who are hospitalized and treated for AM.
Imaging is reserved for children suspected of having complicated
acute mastoiditis (CAM) either due to severe illness at diagnosis
or nonimprovement within the initial 24–48hours of IV antibio-
tocs.6,7 Imaging remains an important tool to assess the type and
extent of complications for presurgical evaluation. In patients
with suspected CAM, we perform cranial CT venography (CTV),
which remains the imaging study of choice in most medical cen-
ters due to its availability in emergency situations.6

Several studies have demonstrated an increasing prevalence of
Fusobacterium necrophorum (F necrophorum) as the causative
agent in acute mastoiditis in children.8,9 F necrophorum is a non-
spore-forming, obligatory anaerobic, Gram-negative rod-shaped
bacteria that is responsible for a wide spectrum of infections in
the head and neck, such as tonsillitis, peritonsillar abscesses,
cervical lymphadenitis, sinusitis, and mastoiditis. It is also known
as causative agent of Lemierre syndrome, a disease in which oro-
pharyngeal infection is followed by septic thrombophlebitis of the
internal jugular vein (IJV).10 The increased prevalence of F necro-
phorum–related AM in children was found to be associated with
high rates of complications, including subperiosteal and epidural
abscess, SVT, osteomyelitis, and the otogenic Lemierre syndrome
variant (extensive septic thrombophlebitis from otogenic source
of infection).8-10 Due to its anaerobic nature, F necrophorum is
difficult to culture and isolate, resulting in the need to use mo-
lecular diagnostic methods such as polymerase chain reaction
for identification, leading to a delayed diagnosis,10 which, in our
medical center, can be up to 10 days. Early diagnosis of this
pathogen is crucial for administering the correct antibiotic reg-
imen, which, in our institution, is IV ceftriaxone and metroni-
dazole. Several studies have suggested clinical criteria for
identifying children with CAM in which F necrophorum is the
causative agent to facilitate early imaging and intervention.
Those clinical findings include high C-reactive protein levels,
high fever, substantial leukocytosis, a history of prior antibiotic
treatment, and suspected subperiosteal abscess on physical ex-
amination.6,11 However, these variables are neither specific
nor sensitive.

Based on our clinical experience, our hypothesis is that chil-
dren with F necrophorum–associated CAM can be differentiated
from those with other etiologies using CTV. To test our hypothe-
sis, we compared the imaging characteristics of CAM in children
with AM caused by F necrophorum with the imaging characteris-
tics in children with AM caused by other bacteria.

MATERIALS AND METHODS
Patients
After study approval by the institutional ethics committee, the
electronic medical records database of a university-affiliated pedi-
atric medical center was retrospectively searched for children
hospitalized and treated for acute mastoiditis from 2010 through
2021. Children who had a contrast-enhanced cranial CTV study
were included; children who did not undergo a contrast-enhanced
cranial CTV were excluded from the study. From the group of
children with a CTV study, further exclusion criteria were the
presence of cholesteatoma and an unidentified causative orga-
nism. Documented data on sex, age, and microbiologic diag-
nosis were retrieved from the participants’ medical charts. On
the basis of the causative organism, the study participants were
divided into F necrophorum–related disease (study group) and
non-F necrophorum–related disease (control group).

Imaging
Per our departmental protocol for evaluating children with sus-
pected CAM, we perform a contrast-enhanced CTV study of the
skull from the mastoid tip to the vertex without a precontrast
scan. Some children are placed under sedation or general anes-
thesia depending on their clinical status and underlying condi-
tion. Scanning is performed in the axial plane parallel to the hard
palate, with a 50-second delay after a 2-mL/kg IV injection of
iohexol (Omnipaque; GE Healthcare). Contrast injection is given
intravenously by a power injector at a rate of 2mL/s. Scanning
parameters are 100 kV(peak), with modulated milliampere-sec-
onds according to the patient’s size. Section thickness was 1mm.
Most studies during 2010–2013 were performed on a 64-section
CT scanner (Brilliance 64; Philips Healthcare), and from 2013 to

SUMMARY

PREVIOUS LITERATURE: There is a reported trend of increasing prevalence of Fusobacterium necrophorum (F necrophorum) as
the causative agent in pediatric complicated acute mastoiditis. Infection with this Gram-negative anaerobic bacteria has been
shown by several studies to cause higher rates of intracranial complications, with a specifically high rate of sinus venous throm-
bosis. CT venography remains the study of choice to evaluate children with acute mastoiditis who are clinically suspected of
developing extra- or intracranial complications. We hypothesized that children with F necrophorum–associated complicated
acute mastoiditis can be differentiated from those with other etiologies using CT venography.

KEY FINDINGS: There were significantly higher rates of complications in F necrophorum–related complicated acute mastoiditis:
sinus venous thrombosis (P , .001), perisigmoid epidural abscess (P ¼ .036), and extramastoid osteomyelitis (P , .001). Extensive
thrombophlebitis beyond the sigmoid sinus and jugular foramen (a pattern consistent with the otogenic Lemierre syndrome variant)
and emphysematous osteomyelitis were found only among those with F necrophorum–related complicated acute mastoiditis.

KNOWLEDGE ADVANCEMENT: In children with complicated acute mastoiditis, CT venography findings of emphysematous osteo-
myelitis and/or the otogenic Lemierre syndrome variant should lead the radiologist to suggest F necrophorum–related mastoiditis,
to expedite appropriate medical and surgical management.
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end of study period, on a 256-section multidetector CT scanner
(Brilliance ICT 256). Postprocessing sequences include multipla-
nar reformats and bone algorithm high-resolution images.

The CTV studies were evaluated by a fellowship-trained sen-
ior pediatric neuroradiologist with Head & Neck Imaging train-
ing and 18 years of experience who was blinded to the causative
agent. We documented the following imaging findings:

Intracranial Complications. The presence of a perisigmoid ab-
scess was evaluated by the perisinus classification as described by
Horowitz et al12 and validated by Saat et al.13 According to this
classification, perisinus dural lesion classes are defined as normal
(class I), linear smooth halo (class II), nodular halo#4mm thick
(class III), and nodular halo .4mm thick (class IV). Classes III
and IV were considered positive for perisigmoid abscess (Fig 1).
Epidural abscess in the middle cranial fossa was described as
present or absent, and thickness was measured. Subdural empy-
ema was described as present or absent. SVT evaluation included
documentation of the presence and extent of thrombotic changes.
For presence, a partial or complete filling defect in a dural venous
sinus was considered positive for SVT. For extent, all venous
structures affected with thrombotic changes were documented.

Cranial Bone Complications. Mastoid cortical erosion is a typical
feature of coalescent mastoiditis and is frequently present in CAM
with typical involvement of the sigmoid plate, retro auricular cor-
tex and mastoid tegmen. We defined extramastoid bone osteomye-
litis when cortical bone erosion and lytic changes were present
beyond the anatomic borders of the mastoid itself. The presence of
abnormal gas deposits in nonpneumatized bones, consistent with
emphysematous osteomyelitis, was documented. Findings sugges-
tive of chronic ear changes, including decreased pneumatization
and increased sclerosis of mastoid bone, were also documented.

Extracranial Complications. The presence of a subperiosteal ab-
scess was documented, and volume was calculated on the basis of
anterior-posterior, transverse, and height measurements. The
presence of additional phlegmon changes was considered mild
when it was retroauricular and/or adjacent to the subperiosteal
abscess and extensive when larger and more extensive than the
subperiosteal abscess and/or with extensive inflammatory changes
to the upper neck and face. TMJ abscess was documented if
present. Ipsilateral neck lymphadenopathy, ipsilateral parotid

gland hyperemia, contralateral mastoid opacification, and par-
anasal sinus disease were also documented as present or not.

Statistics
SPSS software (IBM) was used for all statistical analyses.
Categoric variables were summarized as frequency and per-
centage. Distribution of continuous variables was evaluated by
histograms. All continuous variables were not normally dis-
tributed, and they were reported as median and interquartile
range. Two-sided Fisher exact tests were used to compare cate-
goric variables, and 2-sided Mann-Whitney tests were used to
compare continuous variables. All reported P values were
adjusted by the Benjamini-Hochberg procedure to control for
the false discovery rate at the .05 level. The x 2 automatic inter-
action detector was applied to identify subgroups of patients
with an increased risk for F necrophorum infection. Sensitivity,
specificity, positive predictive value (PPV), and negative pre-
dictive value (NPV) were calculated for findings that reached
statistical significance.

RESULTS
A total of 364 children were hospitalized and treated for acute
mastoiditis during the study period. Ninety children met our
inclusion criteria and had a CTV study due to suspected com-
plications. From this cohort of patients, 14 children were
excluded due to lack of microbiologic identification, leaving
76 children in the final combined study and control groups. Of
note, 4 patients had their CTV study performed in another hospital
and then were transferred to our medical center for treatment.
Their CTV studies were of similar quality to our protocol, and we
included them in the study. The results are summarized in Table 1.
The age of the study participants ranged from 0.5 to 11.3 years
(median¼ 2, interquartile range¼ 2.25), and the male/female ratio
was 1.2. Thirty-seven children (49%) were diagnosed as having
F necrophorum mastoiditis (the study group), while the causative
agents were other bacteria in the remaining 39 children (the con-
trol group) (Fig 2). There was no significant group difference in
age or sex. There was equal distribution of infection in the right
and left ears in both groups.

Intracranial Complications
SVT was identified in 24 children in the study group (64%) and in
4 children in the control group (10%) (P, .001). Thrombosis in

FIG 1. Perisigmoid abscess classification in 4 different cases of complicated mastoiditis: class I (A), normal dura with no thickening; class II
(B), linear smooth halo of thickened dura (arrows); class III (C), focal nodular dural thickening #4 mm thick (arrow); class IV (D), large nodular
halo.4mm thick (arrow). Classes III and IV comprise the patients considered positive for perisigmoid abscess on imaging. Note that there is an
extracranial subperiosteal abscess present in B and C (arrowhead).
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venous sites beyond the sigmoid sinus and jugular foramen,
including the transverse sinus, IJV, cavernous sinus, and supe-
rior ophthalmic vein, was found in 12 of the 37 children (32%)
in the study group and among none of the controls (Table 2
and Fig 3). Perisigmoid epidural abscess was present in 27 chil-
dren in the study group (73%) and in 16 controls (41%)
(P¼ .036). Epidural abscess in the middle cranial fossa was
present in 10 children (27%) in the study group and in 4 (10%)
controls (P¼ .199). Subdural empyema was present in 1 child
(2.7%) in the study group and in 1 child (2.6%) in the control
group, (P ¼ 1).

Cranial Bone-Related
Complications
Extramastoid osteomyelitis was identified
in 20 of the 37 (54%) children in the study
group compared with 4 of the 39 (10%)
controls (P, .001). Emphysematous os-
teomyelitis was diagnosed in 8 children
in the study group (22%) and was not
present in the control group (Fig 4).

Extracranial Complications
A subperiosteal abscess was present in 30
children (81%) in the study group and in
30 (77%) controls, with no significant
difference due to its presence (P¼ 1) or
volume (P¼ .199). An abscess involving
the TMJ was present in 7 children in
the study group and in 1 control
(P¼ .099) (Fig 5). The following varia-

bles showed no significant group differences: extent of inflam-
matory phlegmon, the presence of cervical lymphadenopathy,
ipsilateral parotid gland hyperemia, opacification of the con-
tralateral ear air cells, and sinonasal disease. Table 3 summarizes
the sensitivity, specificity, PPV, and NPV for the significant
variables.

DISCUSSION
We hypothesized that children with F necrophorum–associated
CAM can be differentiated from those with other etiologies using
CT venography. We tested this hypothesis by comparing the
imaging characteristics of CAM in children with acute mastoiditis
caused by F necrophorum with the imaging characteristics in chil-
dren with acute mastoiditis caused by other bacteria. Our results
revealed that imaging features had very high specificity for the di-
agnosis of F necrophorum as the causative agent in CAM in
children.

Almost one-half (49%) of the children who underwent CTV
due to suspected complicated mastoiditis were infected with F
necrophorum. This result supports the reported trend of increas-
ing prevalence of F necrophorum as the causative agent in CAM

Table 1: Results
Finding Fusobacterium (n= 37) Other (n= 39) P Value

Male/female ratio 19:18 (1.01) 23:16 (1.4) .967
Site of ear infection RT:LT ratio 19:18 (1.01) 22:17 (1.3) .658
Chronic ear changes 6 (16%) 5 (13%) .674
Intracranial perisigmoid epidural abscess 27 (73%) 16 (41%) .036
Intracranial middle cranial fossa epidural abscess 10 (27%) 4 (10%) .199
Subdural empyema 1 (2.7%) 1 (2.6%) 1
SVT 24 (64%) 4 (10%) , .001
Extramastoid bone changes consistent with osteomyelitis 20 (54%) 4 (10%) , .001
Emphysematous osteomyelitis 8 (22%) 0 .015
Subperiosteal abscess 30 (81%) 30 (77%) 1
Inflammatory phlegmon (mild and extensive) 34 (92%) 38 (97%) .961
TMJ abscess 7 (19%) 1 (2.6%) .099
Ipsilateral neck lymphadenopathy 32 (87%) 33 (85%) 1
Parotid hyperemia 26 (70%) 24 (62%) .838
Contralateral ear air cell opacification 25 (68%) 28 (72%) 1
Sinonasal air cell opacification (partial and complete) 24 (65%) 31 (79%) .309

Note:—RT indicates right; LT, left.

FIG 2. The prevalence of bacteria species in the non-F necrophorum–related disease group.

Table 2: Sites of venous thrombosis

Site of Thrombosis
F necrophorum

(n = 37)
Other Bacteria

(n = 39)
Sigmoid sinus 20 (54%) 4 (10.3%)
Transverse sinus 3 (8%) 0 (0%)
Jugular fossa 13 (35%) 2 (5%)
IJV 8 (22%) 0 (0%)
Cavernous sinus 6 (16%) 0 (0%)
Superior ophthalmic vein 5 (14%) 0 (0%)
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in Israeli children, ranging from 8%6 to 32%14 during the past
decade. These findings are not a local phenomenon and are sup-
ported by studies from other areas of the world that demonstrated
an increased prevalence of F necrophorum–related otogenic infec-
tions.15,16 In addition, a national population-based study from

Sweden17 reported increased F necrophorum-related head and
neck and non-head and neck invasive infections.

Several studies have demonstrated a higher prevalence of in-
tracranial complications with F necrophorum infection, with a specif-
ically high rate of SVT.14,18-20 It was, therefore, not unexpected that

FIG 3. A 9-month-old old boy with F necrophorum–related left-sided CAM causing otogenic Lemierre syndrome variant. Axial CTV image (A) at
the level of the sigmoid sinus demonstrates an obstructing filling defect in the left sigmoid sinus consistent with SVT (white arrows), as apposed
to normal contrast filling in the right sigmoid sinus (black arrow). No contrast is seen in the left IJV (white arrowhead) with normal contrast filling in
the right IJV (black arrowhead). Also note extensive retroauricular soft-tissue phlegmon (asterisk). Sagittal-oblique MPR centered on the left jugular
bulb (B) demonstrates extension of thrombus with complete obstruction of the jugular bulb and proximal IJV, with abrupt transition (arrow) where
the thrombus ends. Coronal reformat of the sella region (C) demonstrates asymmetric contrast enhancement of the cavernous sinuses with a filling
defect on the left (arrow), consistent with thrombosis. Coronal reformat of the orbits (D) demonstrates thrombophlebitis of the right superior oph-
thalmic vein with enhancement and fat-stranding along the obstructed vein (arrow).

FIG 4. Extramastoid osteomyelitis–related bone changes in 3 different children with F necrophorum–related CAM. A 3-year-old girl (A) with
left mastoid CAM. The mastoid air cells are opacified bilaterally, but only on the left is there demineralization of the mastoid sinus plate as well
as extension of focal cortical lytic changes posteriorly along the left sigmoid plate, consistent with subtle extramastoid osteomyelitis (arrows).
A 2-year-old boy (B) with right-sided CAM with more extensive destructive bone changes posterior and anterior to the mastoid (arrows). A 4-
year-old boy (C) with left-sided CAM has abnormal air deposits in the nonpneumatized sphenoid bone, consistent with emphysematous osteo-
myelitis (circle). Note also the presence of SVT in the left jugular bulb (arrow).
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the most significant finding in the current study was the presence
of SVT (P, .001), with high specificity (0.897) and moderate
sensitivity (0.649) for F necrophorum–related CAM. SVT de-
velopment in children with CAM is likely related to infection
extending to the dura through infected bone or through emis-
sary veins. The higher rate of SVT development in children
with F necrophorum–associated AM reflects the invasive na-
ture of F necrophorum infections, which cause blood vessel
invasion, inflammation, and thrombosis. Virulent factors of this an-
aerobic bacteria include production of a lipopolysaccharide capsule,
leukocidins, lipases, deoxyribonuclease, hemolysins, hemagglutinins,
neutrophil-cytotoxic factors, and the ability to aggregate platelets
and produce proteolytic enzymes that enhance invasion.10 In addi-
tion, host factors such as prior viral infection or immune system
immaturity may also play a role.8,10 The prevalence of SVT in our
study group was 62%, which is much higher than the rates reported
in other studies: Gelbart et al14 reported a prevalence of 21% in 19
children with F necrophorum and Ulanovski et al19 reported a prev-
alence of 36.6% in 41 patients with F necrophorum. It is unclear
though if the increased rate of SVT in this study is related to changes
in F necrophorum virulence or in clinical parameters in the studied
population. This question will need to be further addressed in future
prospective studies.

Our results showed the importance of documenting the loca-
tion and extent of thrombosis. SVT involving venous structures
beyond the sigmoid sinus and jugular bulb was found to be pres-
ent in 12 (32%) children in the study group and in none of the

controls. These findings differ from those reported by Coudert
et al,16 who did not observe any significant difference in the
extent of SVT between FN mastoiditis and mastoiditis related to
other bacteria. However, those authors defined the extent of SVT
in relation to sigmoid sinus obstruction as being partial, com-
plete, or extended (involving the sigmoid sinus and the jugular
vein), and it is unclear whether their report includes a distinction
between the jugular bulb and the IJV or if they documented
thrombosis in distant venous structures. The pattern of extensive
thrombophlebitis that we encountered in this study is consistent
with the otogenic Lemierre syndrome variant (Fig 3), which was
also described in 4 of 14 pediatric cases of F necrophorum–related
complicated mastoiditis in a study by Le Monnier et al,15 and in 7
of 12 cases reviewed by Stergiopoulou and Walsh.8 Lemierre syn-
drome is a serious complication of head and neck F necrophorum
infection characterized by thrombophlebitis of the jugular venous
system, bacteremia, and possible septic embolism, leading to necrot-
izing pneumonia or involvement of multiple organs or joints.10 The
otogenic Lemierre syndrome variant in our study was found to
be unique to F necrophorum and not encountered in our control
group, thus establishing it as an important pattern to be recog-
nized by the radiologist to suggest F necrophorum infection.

Another significant finding with clinical importance was the
presence of extramastoid bone erosions, reflecting osteomyelitis
beyond the coalescent mastoiditis, which was present in 20 study
group children (54%) compared with 4 controls (4%) (P¼ .00036).
Additionally, a pattern of gas bubbles in a nonpneumatized mastoid

and/or extramastoid bone was found in
8 study group children (22%) compared
with none of the controls. The finding
of extramastoid osteomyelitis was also
described in 5 of the 12 cases (42%)
reviewed by Stergiopoulou and Walsh,8

in 4 of the 19 cases (21%) described by
Gelbart et al,14 and in 3 of the 7 cases
(43%) described by Yarden-Bilavsky
et al.18 The authors of the latter study
described 1 case of extensive osteolysis
with “small gas bubbles in the soft tissue
surrounding the mastoid cells” depicted
in a CT study, but it is unclear from
their description if gas bubbles were
present in the bone itself. Gas in bone as
a manifestation of F necrophorum osteo-
myelitis has been described in skeletal
bones as a complication of F necropho-
rum bacteremia.21 Osteomyelitis related

FIG 5. An 11-month-old girl with F necrophorum–related right-sided CAM with TMJ abscess.
Coronal reformat (A) and axial (B) CTV images demonstrate a large subperiosteal abscess (arrows)
extending to the zygomatic arch and into the glenoid fossa of the right TMJ.

Table 3: The sensitivity, specificity, PPV, and NPV for statistically significant variables

Variable PPV Sensitivity Specificity NPV
F necrophorum

(n = 37)
Other Bacteria

(n = 39)
P Value
Adjusted

SVT 0.857 0.649 0.897 0.73 24 (64%) 4 (10%) .000024
Extramastoid osteomyelitis 0.833 0.541 0.897 0.67 20 (54%) 4 (10%) .00036
Perisigmoid epidural abscess 0.63 0.73 0.59 0.69 27 (73%) 16 (43%) .005
SVT and extramastoid bone erosion 1 0.459 1 0.66 17 (46%) 0 .000023
SVT and perisigmoid epidural abscess 0.826 0.514 0.897 0.66 19 (51%) 4 (10%) .0006
Perisigmoid epidural abscess and
extramastoid bone erosion

0.889 0.432 0.949 0.64 16 (43%) 2 (5%) .00054
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to gas-forming organisms in an adult population was referred to
as emphysematous osteomyelitis, and the unique pattern of gas
deposits in the bone, such as the one we encountered in this pedi-
atric study, was termed a “pumice stone” pattern due to its resem-
blance to the surface appearance of pumice stone.22 Those authors
also noted a lack of cortical destruction in most cases of pumice
stone pattern, as had also been seen among the children presenting
with this pattern of bone destruction in our study (Fig 6). This pat-
tern is most discernable in nonpneumatized bones (eg, clivus pre-
pneumatization), and it helps to compare the affected bone with
the contralateral side for comparison of the pneumatization pat-
tern. The pumice stone pattern of osteomyelitis is considered
rare,22 but our findings suggest that it is an important pathogno-
monic pattern to recognize in F necrophorum–related CAM in
the pediatric population.

Abscess involving the TMJ is an important complication of
acute mastoiditis, which may lead to ankyloses if untreated.23,24

We found more cases of TMJ abscess in the study group (7 chil-
dren) compared with the control group (1 child). Although this
difference did not reach a level of significance (P¼ .099), we
believe it is of clinical importance, in agreement with Burgess et al,24

who also reported F necrophorum as the
most common pathogen in their case
series of 9 children with complicated
mastoiditis-related TMJ septic arthritis.

The most common complication
we encountered was extracranial sub-
periosteal abscess, which was present
in 30 study group children (81%) and
30 controls (77%). However, there was
no significant difference in the presence
(P¼ 1) or volume (P¼ .199) by which
to differentiate F necrophorum from
other bacteria. Our findings differ from
a study by Coudert et al,16 which
reported significantly higher volumes of
subperiosteal abscess in F necrophorum
acute mastoiditis. The second most
common finding in our study was intra-
cranial perisigmoid epidural abscess,
with a significantly higher prevalence
in the F necrophorum group (P¼ .036),
but with moderate sensitivity and speci-
ficity (0.73 and 0.59, respectively).

Our findings suggest that the radiol-
ogist plays an essential role in suggest-
ing the likelihood of F necrophorum–

related infection. This is of clinical im-
portance because the clinical course of
F necrophorum–related CAM in chil-
dren differs significantly from that
of other pathogens related to CAM.
Ulanovski et al19 reported that children
with F necrophorum–related mastoiditis
had a statistically significantly more
complex postoperative course and a sig-
nificantly longer IV treatment period,

which averaged 22 days for F necrophorum–related disease versus
7 days for other pathogen-related disease (P¼ .0001). Expediting
the diagnosis based on the imaging characteristics will allow an
early change of IV antibiotic protocol, guide a more aggressive
surgical approach, and facilitate parental counseling in prepara-
tion for a more protracted healing process, including the need for
extended IV antibiotics treatment, which requires, in many cases,
a peripherally inserted central catheter placement.

In this study both otogenic Lemierre syndrome variant–related
findings and pumice stone pattern emphysematous osteomyelitis
were pathognomonic to F necrophorum infection. The presence of
SVT (PPV¼ 0.857) or extramastoid osteomyelitis (PPV¼ 0.833)
or a combination of both (PPV¼ 1) is highly suggestive of F necro-
phorum. The presence of a perisigmoid epidural abscess is not
highly specific for F necrophorum (PPV¼ 0.63), but in combina-
tion with SVT (PPV¼ 0.826) or extramastoid osteomyelitis
(PPV¼ 0.889), the positive predictive value increases. The sensitiv-
ity of imaging findings is not as high as the specificity; hence, the
NPV is not high enough to allow exclusion of F necrophorum–

related disease, especially due to the increasing prevalence of F nec-
rophorum as the causative agent in pediatric CAM.

FIG 6. A 4-year-old boy with left-sided F necrophorum–related CAM complicated with a pumice
bone pattern extramastoid osteomyelitis. The hallmark of this pattern is abnormal air deposits in a
nonpneumatized bone without extensive cortical destruction, as seen in this child. Axial CTV image in
a soft-tissue window (A) and in the bone algorithm (B) demonstrates abnormal air deposits in the non-
pneumatized clivus (white arrows). A sagittal reformat (C) shows that both sphenoidal and basilar parts
of the clivus are involved (arrows), distinguished from the sphenoid sinus that has mucosal thickening
(asterisk). Similar changes are seen in the left petrous apex (arrow) (D) compared with the normal
bone in the right petrous apex. Note also the presence of SVT in the left jugular bulb (back arrow) (A).
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Our study has a few limitations. First, its retrospective nature
precludes precision verification of the retrieved clinical data and
complete standardization of imaging technique, because patients
were scanned on .1 CT scanner, including 4 children who were
referred to our tertiary medical center with imaging studies per-
formed elsewhere. Of note, all CTV studies were found to be of
adequate technique to allow diagnosis. Second, the study design
did not include an additional reader, precluding assessment of
interobserver variability. Third, statistical evaluation was limited
by the small number of subjects with clinically important find-
ings, such as the presence of thrombosis in the superior ophthal-
mic vein, suggesting that a prospective multicenter study will be
warranted to further validate our findings. Fourth, this study did
not include an MR imaging correlation, which may enhance our
understanding of disease extent in pediatric CAM and will need
to be addressed in future studies.

CONCLUSIONS
In children with CAM, CTV findings of emphysematous osteo-
myelitis and/or thrombosis in venous sites beyond the sigmoid
sinus and jugular foramen (a pattern consistent with the otogenic
Lemierre syndrome variant) should lead the radiologist to suggest
F necrophorum–related mastoiditis.

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

Brainstem Chipmunk Sign: A Diagnostic Imaging Clue across
All Subtypes of Alexander Disease

Thaís Armangue, Matthew T. Whitehead, Davide Tonduti, Laura Farina, Ali Reza Tavasoli, Arastoo Vossough,
Mariko L. Bennett, Ylenia Vaia, Geneviève Bernard, Ettore Salsano, Saadet Mercimek-Andrews, Amy Waldman, and

Adeline Vanderver

ABSTRACT

BACKGROUND AND PURPOSE: While classic brain MR imaging features of Alexander disease have been well-documented, lesional
patterns can overlap with other leukodystrophies, especially in the early stages of the disease or in milder phenotypes. We aimed
to assess the utility of a new neuroimaging sign to help increase the diagnostic specificity of Alexander disease.

MATERIALS AND METHODS: A peculiar bilateral symmetric hyperintense signal on T2-weighted images affecting the medulla oblon-
gata was identified in an index patient with type I Alexander disease. Subsequently, 5 observers performed a systematic MR imaging
review for this pattern by examining 55 subjects with Alexander disease and 74 subjects with other leukodystrophies. Interobserver
agreement was assessed by the k index. Sensitivity, specificity, and receiver operating characteristic curves were determined.

RESULTS: The identified pattern was present in 87% of subjects with Alexander disease and 14% of those without Alexander disease leu-
kodystrophy (P, .001), 3 with vanishing white matter, 4 with adult polyglucosan body disease, and 3 others. It was found equally in both
type I and type II Alexander disease (28/32, 88% versus 18/21, 86%; P¼ .851) and in subjects with unusual disease features (2/2). Sensitivity
(87.3%; 95% CI, 76.0%–93.7%), specificity (86.5%; 95% CI, 76.9%–92.5%), and interobserver agreement (k index ¼ 0.82) were high.

CONCLUSIONS: The identified pattern in the medulla oblongata, called the chipmunk sign due to its resemblance to the face of
this rodent, is extremely common in subjects with Alexander disease and represents a diagnostic tool that can aid in early diagno-
sis, especially in subjects with otherwise atypical MR imaging findings and/or clinical features.

ABBREVIATIONS: APBD ¼ adult polyglucosan body disease; ADLD ¼ adult-onset autosomal dominant leukodystrophy; AxD ¼ Alexander disease; GFAP ¼
glial fibrillary acidic protein; ION ¼ inferior olivary nucleus; IQR ¼ interquartile range; VWM ¼ vanishing white matter

Alexander disease (AxD) is a devastating leukodystrophy caused
by gain of function de novo or, less commonly, dominant

missense pathogenic variants in the glial fibrillary acidic protein
(GFAP) gene.1 Brain MR imaging pattern recognition is crucial
in guiding molecular tests to confirm the diagnosis in AxD. Before

the identification of the causative genetic etiology of AxD, Van der
Knaap et al2 described 5 MR imaging–based criteria for the diag-
nosis. Several disease classifications are currently in use. The tradi-
tional one classifies AxD on the basis of age at disease onset into
neonatal (,30days), infantile (0–2 years), juvenile (2–12 years),
and adult (older than 12 years) forms.3,4 AxD can also be classified
on the basis of clinical features at onset and brain MR imaging
findings in type I and type II AxD.5 Type I generally presents at an
earlier age with classic imaging features, including extensive supra-
tentorial leukodystrophy with frontal predominance, brainstem
and basal ganglia involvement, and parenchymal enhancement.
Type II manifests across the life span, showing atypical imaging
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features with predominant involvement of the brainstem, and, in
some cases, additional supratentorial WM involvement.5 In partic-
ular, mild-to-severe atrophy of the medulla oblongata is a common
finding with or without signal abnormalities,6 with involvement of
the middle cerebellar peduncles.7 Additionally, atypical neurora-
diologic features have been identified in AxD, including isolated
brainstem involvement and focal MR imaging lesions.8,9

Yoshida et al10 have described bilateral abnormal MR signal
of the anterior portion of medulla oblongata in 4 subjects with el-
derly-onset AxD, with the signal abnormality in the pyramids
resembling the “eye spot” of the Taenaris butterfly. We identified
a characteristic MR imaging pattern on axial T2-weighted images
affecting the medulla oblongata, with bilateral symmetric hyper-
intensity involving the central inferior olivary nucleus (ION), the
pyramids, and the cuneate and gracile fascicles with peripheral
ION and inferior peduncle sparing in an index AxD individual
and called it the chipmunk sign due to its resemblance to the
appearance of the face of this rodent. This study aims to describe
this neuroradiologic sign in subjects with AxD and assess its sen-
sitivity and specificity in the diagnostic process of AxD compared
with other leukodystrophies and genetic leukoencephalopathies.

MATERIALS AND METHODS
Setting and Participants
A new MR imaging pattern affecting the medulla oblongata on
axial T2-weighted images at the mid-olivary level, resembling a

chipmunk face, was identified in an index subject with type I
AxD, and it was defined as the chipmunk sign (Fig 1A).

Fifty-five additional subjects with pathogenic variants in
GFAP for whom at least axial T2-weighted images from brain
MR imaging were available in electronic digital format were en-
rolled in the study. Seventy-four subjects with other leukodystro-
phies and genetic leukoencephalopathies confirmed by molecular
testing, with potential brainstem involvement on MR imaging,
were included for comparison (see Online Supplemental Data for
details).11 All participants were recruited from 5 different centers
(Children’s National Health System, Washington DC, center 1;
Children’s Hospital of Philadelphia, Philadelphia, center 2;
Fondazione IRCCS Istituto Neurologico “Carlo Besta,” Milan,
Italy, center 3; Hospital for Sick Children Toronto, Ontario,
Canada, center 4; Montreal Children’s Hospital, Québec, Canada,
center 5). Institutional review board approval was obtained at
each respective institution. Informed consent for the use of
deidentified data for scientific purposes was obtained from all the
subjects who participated in clinical investigations.

MR Imaging Evaluation
A single axial T2-weighted image in TIFF for each MR imaging
was obtained at the mid-olivary level of the medulla oblongata
from the 55 subjects with AxD and 74 with non-AxD leukodys-
trophy. All images were assigned to a randomized order number
(STATA randomization function; StataCorp) and included with-
out additional clinical and/or MR imaging data in a blinded
PowerPoint file (Microsoft). All the slides were scored for the
presence or absence of the chipmunk sign (T2-hyperintense sig-
nal changes of the dorsal medulla, pyramids, and central olives
and T2-hypointense signal changes of the peripheral ION and in-
ferior peduncles) by 5 independent examiners (3 pediatric neu-
rologists with expertise in leukodystrophies (A. Vanderver, T.A.,
D.T. with.10 years’ experience in leukodystrophies) and 2 pedi-
atric neuroradiologists (L.F., M.T.W. with .12 years’ experi-
ence). The images were also scored independently for the
presence of T2-hyperintense signal changes of the medial lemnis-
cus and T2-hypointense signal of the medial longitudinal fascicu-
lus. The presence of atrophy and/or lesional mass effect was
evaluated as well. The chipmunk sign and the other MR imaging
features were considered positive by consensus if $3 observers
considered it positive. When available, an additional file with a
single axial T2-FLAIR image at the same level was assessed by the
same procedure and reviewed separately from the T2-weighted
images to assess the sensitivity and specificity of the chipmunk
sign on T2-FLAIR sequences as well.

Statistical Analysis
Interobserver agreement was assessed by the k index for multi-
ple observers. Comparative analyses on demographics were
performed using the Fisher exact test and the x 2 test, Student t
test, or Wilcoxon rank-sum test when appropriate. The confi-
dence interval (95%) of the sensitivity and specificity of the
chipmunk sign in the diagnosis of AxD was assessed by the
Wilson procedure. Multivariate binary logistic regression was
used to evaluate age at the time of MR imaging and type of

FIGURE Chipmunk MR imaging sign. T2-weighted axial MRI through
the medulla oblongata in subjects with AxD type I (A) and AxD type II
(B), an image of a chipmunk face (A, white circle), and a T2WI axial
scan of the medulla oblongata in a healthy subject (B, white circle). A
typical chipmunk sign in AxD type I (white box in A) and AxD type II
(white box in B). The black arrow indicates the inferior olivary nu-
cleus; black arrowhead, medial lemniscus; white arrow, inferior
peduncle; white arrowhead, medial longitudinal fasciculus; double
white arrows, pyramidal tracts.
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AxD as possible predictors of the presence of the chipmunk
sign in subjects with AxD.

RESULTS
Fifty-five subjects with AxD were included in this study (32 type I
MR imaging patterns, 21 type II MR imaging patterns, and 2 with
an atypical MR imaging pattern with predominant supratentorial,
bilateral, and symmetric occipital involvement). Among the 32
subjects with the type I AxD MR imaging pattern, 23 developed a
clinical picture classical for type I AxD (early infantile onset, mac-
rocephaly, delayed motor skills, and seizures), but 8 had atypical
clinical features, such as substantial brainstem–related symptoms
and slow progression, clinically resembling type II AxD.

The median age at the time of brain MR imaging was 2.1 years
(interquartile range [IQR], 1.6–5.5 years) for AxD type I MR
imaging pattern; 39 years of age (IQR, 16.4–54.0 years) for AxD
type II MR imaging pattern; 2.0 years of age (IQR, 0.8–3.1 years)
for subjects with an atypical MR imaging pattern; and 2.9 years of
age (IQR, 0.7–9.3 years; range, 0–81 years) for subjects with other
leukodystrophies and genetic leukoencephalopathies.

Interobserver agreement in assessing the presence or absence
of the chipmunk sign in subjects with AxD and a comparison
group among the 5 reviewers was excellent (k index¼ 0.82).

Medullary signal abnormalities resembling the chipmunk sign
were found more frequently in subjects with AxD (48/55, 87%)
than in the comparison non-AxD leukodystrophy group (10/74,
14%; OR¼ 43.8; 95% CI, 15.5–123.6; P, .001). This sign was
found equally in both type I and type II AxD (28/32, 88% versus
18/21, 86%; OR¼ 1.17, P¼ .851) (Figure and Online
Supplemental Data), including the subjects with type I MR imag-
ing but atypical clinical features (n¼ 8) and in the subjects with
an atypical MR imaging pattern with predominant supratentorial,
bilateral, occipital involvement (n¼ 2). Among the subjects with
AxD, a multivariate logistic analysis showed that neither AxD
type nor age at the time of MR imaging was a predictor of the
presence of the chipmunk sign (P¼ .865 and P¼ .303).

Subjects with AxD with a type II MR imaging pattern showed
more frequent T2-hyperintensity in the medial lemniscus and
atrophy but less frequent T2-hypointense signal in medial lon-
gitudinal fasciculus than subjects with AxD with a type I MR
imaging pattern (P, .05 in all) (Table). No other differences
in the involvement of anatomic structures of the medulla oblon-
gata were found when comparing both subgroups of subjects
with AxD. In some subjects with AxD, the chipmunk sign was
considered atypical due to the coexistence with additional signal
abnormalities (Table).

The small subgroup of subjects with other leukodystrophies
and an MR imaging pattern resembling the chipmunk sign were
the following: 4/4 with adult polyglucosan body disease (APBD),
3/6 with vanishing white matter (VWM), 3 others (1 with 4H leu-
kodystrophy, 1 with adult-onset autosomal dominant leukodys-
trophy [ADLD]), and 1 with Pelizaeus-Merzbacher disease.
However, these leukodystrophies are easily distinguishable from
AxD on the basis of concurrent differing supratentorial brain MR
imaging patterns (Online Supplemental Data). Furthermore, the
reduced diffusivity of WM structures that is common in VWM

and some mitochondrial disorders is not an expected imaging
finding in AxD.

Overall, the sensitivity and specificity of the chipmunk sign in
the diagnosis of AxD compared with other leukodystrophies
were 87.3% (95% CI, 76.0%–93.7%) and 86.5% (95% CI, 76.9%–
92.5%), respectively, when only brainstem imaging was reviewed,
and the area under the receiver operating characteristic curve was
0.86 (95% CI, 0.80–0.92). Among the 28 subjects (14 with AxD,
14 with non-AxD leukodystrophies) in whom axial T2-FLAIR
images were available, detection of a chipmunk sign in this sequence
showed lower interobserver agreement (k index¼ 0.63) and lower
sensitivity (57.1%; 95% CI, 32.6%–78.6%), specificity (78.6%; 95%
CI, 52.4%–92.4%), and area under the curve (0.687; 95% CI,
0.51–0.87) compared with T2-weighted images. In addition, in 7/
11 (64%) subjects in whom this sign was considered positive on
just axial T2-FLAIR images, it was categorized as mild or partial.

DISCUSSION
AxD is known to have characteristic MR imaging features.2,8,9

Brain involvement in the typical form is characterized by a frontal
predominance, periventricular T1 and T2 shortening, deep gray
nuclear involvement, brainstem involvement, and contrast enhance-
ment. Before the availability of molecular genetic testing of GFAP,
when brain biopsy was the mainstay of diagnosis, if 4 of 5 of these
criteria were satisfied, neuroimaging was considered diagnostic.
However, the neuroimaging phenotype may, in some cases, be
variable, and diagnostic criteria may be incompletely fulfilled
early in the disease process, especially in mild phenotypes and in
atypical variants, particularly in type II AxD.1–4 Additional fea-
tures are helpful to establish the diagnosis in these subjects.

We have identified an additional imaging pattern that can be
seen in subjects with AxD. Specifically, hyperintense signal on
T2-weighted images infiltrating the medullary pyramids, central
ION, and the dorsal medulla, often involving the regions of the
cuneate and gracile fascicles and sparing the inferior cerebellar
peduncles. The medial longitudinal fasciculus is often spared as
well. Signal alteration affecting the medulla oblongata resembles
the face of a chipmunk. The residual T2 hypointensity of the ION
corresponds to the chipmunk’s eyes, while spared inferior cere-
bellar peduncles form the cheeks.

When the chipmunk sign is seen, the remainder of the MR
imaging should be analyzed for features consistent with AxD,
even in the presence of atypical brain MR imaging features such
as occipital involvement or isolated brainstem involvement in
adults. In particular, tumorlike brainstem lesions can be found in
patients with AxD.12 In these cases, correct and prompt diagnosis
can be challenging because lesion biopsy would be expected to
reveal Rosenthal fibers, which are common in various neoplastic
CNS conditions, including pilocytic astrocytoma.13 The coexis-
tence of the chipmunk sign could obviate the need for biopsy in
these circumstances.

The only genetic disorders other than AxD that consistently
exhibited a similar pattern of medullary signal in our study were
APBD and VWM. However, AxD can be easily distinguished
from these disorders from both a clinical and neuroimaging per-
spective. Unlike AxD, VWM manifests restricted diffusion in the
involved WM early on and ultimately causes rarefaction of WM
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signal that approaches the CSF signal. Clinically, it is often char-
acterized by an evident sensitivity to febrile infections and minor
head trauma, which may cause a rapid neurologic deterioration
with often marked cerebellar ataxia.14,15 In APBD, the cerebral
WM involvement is more diffuse, lacking evidence of a disease
gradient, and subjects usually develop neurogenic bladder, pro-
gressive spastic gait, and peripheral neuropathy.16 Further studies
may be useful, however, to further characterize these medullary
imaging findings in APBD.

Limitations of this study include the retrospective design and
the possibility of observer bias. Against this confound, the sensi-
tivity was only 87.3% on T2-weighted images and 57.1% on T2-
FLAIR images. Moreover, due to the rarity of the disease, the
sample size is relatively small, which may affect the external valid-
ity of the chipmunk sign, though the high prevalence of this sign
further supports our analyses. Further prospective blinded studies
may be useful to validate our findings.

CONCLUSIONS
We have suggested an imaging finding called the chipmunk sign
to be characteristic of AxD in the appropriate clinical and MR
imaging context, after excluding a few other metabolic and
genetic conditions. Our approach may help physicians con-
sider this disorder earlier in the diagnostic odyssey, particu-
larly in subjects with otherwise atypical MR imaging findings
and/or clinical features. Subjects with VWM or APBD can
show a similar brainstem involvement, but clinical features as
well as additional supratentorial MR imaging features easily

help to distinguish them from AxD.
Identification of the chipmunk sign
should prompt careful assessment for
other supportive AxD imaging findings
and consideration of genetic studies for
the sequencing of GFAP.

Disclosure forms provided by the authors are
available with the full text and PDF of this
article at www.ajnr.org.
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Involvement of different anatomic structures of the medulla oblongata and additional
MR imaging features in subjects with AxD and non-AxD leukodystrophy on T2-weighted
imagesa

AxD Non-AxD
AxD
Type I

AxD
Type II VWM APBD Other

Total MRIs reviewed 55 74 32 21 6 4 67
Positive chipmunk sign 48 10 28 18 3 4 3
T2-hyperintense dorsal medulla 52 17 29 21 5 4 8
T2-hyperintense pyramids
No 8 59 7 1 2 0 57
Yes, asymmetric 5 1 2 3 0 0 1
Yes, symmetric 42 13 23 17 4 4 5

T2-hyperintense central ION
No 8 58 6 2 1 0 57
Yes, asymmetric 5 1 1 4 0 0 1
Yes, symmetric 41 13 24 15 4 4 5

T2-hypointense peripheral ION
No 6 62 4 2 2 0 60
Yes, asymmetric 1 0 0 1 0 0 0
Yes, symmetric 47 11 27 18 4 4 3

T2-hypointense IP
No 7 58 4 3 1 0 57
Yes, asymmetric 3 1 1 2 0 0 1
Yes, symmetric 45 14 27 16 5 3 6

T2-hyperintense ML 38 12 19 18 4 4 4
Atrophy 20 7 4 16 1 4 2
Mass effect lesions 5 2 3 2 0 0 2
T2-hypointense MLF 35 8 25 8 3 3 2

Note:—MLF indicates medial longitudinal fasciculus; ML, medial lemniscus; IP, inferior peduncle.
a See the Online Supplemental Data for details on patients and the comparison group.
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MOLECULAR NEUROIMAGING/NUCLEAR MEDICINE

DOTATATE PET/MR Imaging Differentiates
Secondary-Progressive from de NovoWorld Health

Organization Grade 3 Meningiomas
Joon Tae Kim, Se Jung Chris Chang, Arsalan Haghdel, Rohan R. Ramakrishna, Susan C. Pannullo, Theodore H. Schwartz,

Joseph R. Osborne, Rajiv S. Magge, Howard A. Fine, Babacar Cisse, Philip Stieg, Eaton Lin, Michelle Roytman,
Joshua D. Palmer, Nicolas A. Karakatsanis, David Pisapia, Benjamin Liechty, Jonathan P.S. Knisely, and Jana Ivanidze

ABSTRACT

BACKGROUND AND PURPOSE:WHO grade 3 meningiomas are rare and poorly understood and have a higher propensity for recur-
rence, metastasis, and worsened clinical outcomes compared with lower-grade meningiomas. The purpose of our study was to pro-
spectively evaluate the molecular profile, PET characteristics, and outcomes of patients with World Health Organization grade 3
meningiomas who were imaged with gallium 68 (68Ga) DOTATATE PET/MR imaging.

MATERIALS AND METHODS: Patients with World Health Organization grade 3 meningiomas enrolled in our prospective observatio-
nal cohort evaluating the utility of (68Ga) DOTATATE PET/MR imaging in somatostatin receptor positive brain tumors were
included. We stratified patients by de novo–versus–secondary-progressive status and evaluated the differences in the PET standard
uptake value, molecular profiles, and clinical outcomes.

RESULTS: Patients met the inclusion criteria (secondary-progressive: 7/14; de novo: 7/14). The secondary-progressive cohort had a
significantly higher per-patient number of surgeries (4.1 versus 1.6; P¼ .011) and trended toward a higher number of radiation therapy
courses (2.4 versus 1.6; P¼ .23) and cumulative radiation therapy doses (106Gy versus 68.3Gy; P¼ .31). The secondary-progressive
cohort had a significantly lower progression-free survival compared with the de novo cohort (4.8 versus 37.7months; P¼ .004).
Secondary-progressive tumors had distinct molecular pathology profiles with higher numbers of mutations (3.5 versus 1.2; P¼ .024).
Secondary-progressive tumors demonstrated higher PET standard uptake values (17.1 versus 12.4; P¼ .0021).

CONCLUSIONS: Our study confirms prior work illustrating distinct clinical outcomes in secondary-progressive and de novo World
Health Organization grade 3 meningiomas. Furthermore, our findings support (68Ga) DOTATATE PET/MR imaging as a useful man-
agement strategy in World Health Organization grade 3 meningiomas and provide insight into meningioma biology, as well as clinical
management implications.

ABBREVIATIONS: GTR ¼ gross total resection; PFS ¼ progression-free survival; RANO ¼ Response Assessment in Neuro-Oncology; RT ¼ radiation therapy;
SSS ¼ superior sagittal sinus; SSTR ¼ somatostatin-receptor; SUV ¼ standard uptake value; SUVR ¼ SUV ratio; WHO ¼ World Health Organization

Meningiomas are the most common primary brain tumor,
accounting for approximately 40% of all intracranial lesions.1

The World Health Organization (WHO) classification criteria
stratify meningiomas into 3 grades based on the frequency of
mitotic figures as evaluated histologically. Most meningiomas

are WHO grade 1 and have a favorable prognosis.1 However, a
smaller subset are classified as either WHO grade 2 or 3 meningi-
omas and are associated with greater morbidity and mortality.1

WHO grade 3 meningiomas, which account for ,2% of all
graded cases, are particularly aggressive with a higher propensity
for recurrence, metastases, and worse clinical outcomes com-
pared with lower-grade meningiomas.1,2 While patients with
WHO grade 3 meningiomas are typically treated with maximal
surgical resection and radiation therapy (RT), prognosis is poor
with 5-year recurrence rates of 50%–90% after surgery and 5-year
overall survival rates ranging from 20% to 50%.1,3 The 2021
WHO classification defines WHO grade 3 meningiomas both
histologically and molecularly. Histologic criteria for grade 3 me-
ningiomas include$20 mitotic figures per 10 high-power (400x)
fields, well-formed papillary or rhabdoid architecture (typically
supported by the presence of PBRM1 and BAP1 mutations,
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respectively), or frank histologic anaplasia with sarcomatoid, mel-
anomatoid, or carcinomatoid architecture, while molecular crite-
ria for grade 3 meningiomas include the presence of a TERT
promoter mutation or homozygous deletion of CDKN2A/B. They
can arise de novo or from secondary progression of meningiomas
of lower histologic grade, the latter of which are known to have
poorer clinical outcomes such as markedly decreased progres-
sion-free survival (PFS).2,4

While WHO grade has been used widely to guide clinical de-
cision-making and treatment-planning in meningiomas, histopa-
thologic findings alone have proved suboptimal in predicting
clinical and biologic behavior and prognosis of meningiomas. For
instance, many cases of WHO grade 1 meningioma will progress
with unexpectedly early recurrences, while many WHO grade 2
meningiomas will remain indolent and benign for the entirety of
their clinical course.5 WHO grade 3 meningiomas are even less
predictable and poorly understood compared with their lower-
grade counterparts. Therefore, additional understanding of the
diagnosis, management, and prognostic factors surrounding WHO
grade 3 meningiomas is needed to optimize treatment-planning
and patient outcomes.

The primary neuroimaging approach for the evaluation of
meningiomas is contrast-enhanced MR imaging. However, MR
imaging has considerable limitations such as in the distinction of
recurrent or residual disease from postoperative inflammation
and scarring, especially in intermediate- and high-risk meningio-
mas, further compounded in the context of prior RT.6 More
recently, gallium 68 (68Ga) DOTATATE PET has demonstrated
utility in meningioma evaluation, including diagnostic confirmation,
surgical planning, delineation of radiation therapy target volumes,
and posttreatment surveillance.7 By targeting a receptor highly
expressed on the surface of meningiomas, somatostatin receptor
2 (SSTR2), (68Ga) DOTATATE PET has contributed to improved
molecular imaging-guided management of meningiomas.7,8

The potential role of (68Ga) DOTATATE PET/MR imaging in
the characterization of WHO 3 meningiomas has not been previ-
ously studied. Here, we evaluate the clinical, pathologic, imaging
characteristics, and outcomes of patients with WHO grade 3

meningiomas in our prospective observational cohort of patients
with meningiomas undergoing (68Ga) DOTATATE PET/MR
imaging and evaluate the differences in PET findings between
patients with de novo and those with secondary-progressive WHO
grade 3 meningiomas.

MATERIALS AND METHODS
Patient Population
In this institutional review board at Weill Cornell Medicine–
approved study, a total of 151 patients with clinically suspected or
histologically proved meningiomas underwent (68Ga) DOTATATE
PET/MR imaging as part of a prospective observational study
(ClinicalTrials.gov Identifier: NCT04081701). Exclusion criteria
included contraindications to gadolinium-based contrast agents, a
history of an allergic reaction to (68Ga) DOTATATE, and pregnancy.
Within this larger cohort, 14 patients were identified as having pa-
thology-proved WHO grade 3 meningiomas and were included in
our study. None of the patients met the exclusion criteria.

Clinical Annotation
Clinical chart review was performed to collect clinical and demo-
graphic characteristics of the patient population, including age,
sex, surgical history, and RT history. PFS was determined from
the date of the initial surgery with a diagnosis of malignant me-
ningioma to the date of recurrence or progression by the
Response Assessment in Neuro-Oncology (RANO; https://
radiopaedia.org/articles/rano-criteria-for-glioma?lang¼us) criteria
on MR imaging, death, or last radiologic follow-up.9

Image Acquisition
PET/MR imaging was performed on a Biograph mMR scanner
(Siemens) in all cases except in 1 patient who was scanned on the
Signa PET/MR scanner (GE Healthcare). All PET data acquisi-
tions started at a mean of 7 [SD, 3]minutes postinjection of 172.9
[SD, 18.4] MBq of (68Ga) DOTATATE. The PET data were con-
tinuously acquired in 3D list-mode for a total of 50minutes and
then histogrammed to a single sinogram of a timeframe of 7–57
[SD, 3]minutes postinjection. The PET data were continuously

SUMMARY

PREVIOUS LITERATURE: WHO grade 3 meningiomas are rare, representing only 2% of all meningiomas, and are associated with
high morbidity and mortality. MRI has significant limitations in meningioma evaluation, especially in intermediate- and high-risk
tumors. [68Ga] DOTATATE PET has demonstrated high utility in meningioma evaluation and treatment planning. There thus exists
a marked unmet need for improved targeted imaging strategies in the management of WHO grade 3 meningiomas. In this study,
we evaluate the imaging characteristics, molecular profile, and clinical outcomes of patients with WHO grade 3 meningiomas
who were imaged with [68Ga] DOTATATE PET/MRI.

KEY FINDINGS: We found patients with secondary-progressive WHO grade 3 meningiomas to have worse progression-free sur-
vival (PFS) compared with those with de novo disease, concordant with prior literature. We further found that the secondary
progressive cohort demonstrated higher lesion SUV on [68Ga] DOTATATE PET/MRI, as well as increased rate of mutations.

KNOWLEDGE ADVANCEMENT: This work supports [68Ga] DOTATATE PET/MRI as a management strategy in WHO grade 3 menin-
giomas and raises the possibility of non invasively differentiating secondary-progressive and de novo meningiomas. Additionally,
this work raises important questions regarding meningioma biology such as the role of SSTR2 signaling and mutation rate in
higher-grade meningiomas.
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acquired in 3D list-mode for a total of 50minutes and then
histogrammed to a single sinogram of a timeframe of 7–57
[SD, 3] minutes postinjection.

All PET images were reconstructed with the default ordered
subsets expectation maximization reconstruction algorithms of
the manufacturer with point spread function modeling using 3
iterations and 21 (Biograph mMR) or 28 subsets (Signa). The
resulting image matrix size was 344� 344� 127 (192� 192� 89)
voxels with a voxel size of 2.086� 2.086� 2.031mm (1.875�
1.875� 2.780) mm for Biograph mMR (Signa). During image
reconstruction, the PET data were corrected for attenuation,
scatter, randoms, normalization, dead time, decay, and frame
duration using the default settings. For attenuation and scatter
correction, the manufacturer’s default method and settings for
estimating the MR imaging–based brain tissue attenuation map
were used.

MR imaging was performed according to institutional proto-
col, including pre- and postcontrast sagittal 3D T1 sampling per-
fection with application-optimized contrasts by using different
flip angle evolution (SPACE; Siemens) (TR/TE, 600–700ms/11–
19ms, 120° flip angle, 1-mm section thickness) and postcontrast
3D T2 FLAIR (TR/TE, 6300–8500ms/394–446ms, 120° flip angle,
1-mm section thickness). MR imaging–based attenuation correc-
tion was obtained according to the manufacturer’s standard-of-
care specifications. For patients who underwent PET/CT and MR
imaging separately, the CT image set of PET/CT was subsequently
registered to the postcontrast T1-weighted MR images using the
rigid registration algorithm residing on a syngo.via workstation
(Siemens), and the resulting transformation matrix was then
applied to the PET image set to register it to the MR images.

Quantitative Image Analysis
All reconstructed PET images were initially displayed in quantita-
tive units of becquerel/milliliter. Then the absolute maximum
standard uptake value (SUV) metric was calculated at every
image voxel by dividing the respective becquerel/milliliter pixel
value by the ratio of the administered dose of the radiotracer in
units of becquerel over the subject’s body weight (in grams) to
remove the confounding effect of radiotracer dose and body
weight when quantifying the (68Ga) DOTATATE uptake in every
tissue. Regional absolute maximum SUV scores were subse-
quently extracted from a set of image pixels defining the VOIs in
each PET image. Previous studies with (68Ga) DOTATATE PET
have demonstrated high sensitivity and specificity in measuring
cellular SSTR2 expression in the target regions with both absolute
maximum SUV and SUV ratio (SUVR) normalized to the
superior sagittal sinus (SSS).10 If multiple (68Ga) DOTATATE
scans were available, the scan closest to the time of the initial
surgery that diagnosed WHO grade 3 meningioma was used
for analysis.

To standardize the comparison of lesion SUV across patients,
we normalized the VOI-based lesion SUV to the SSS SUV (cra-
nial blood pool). The VOIs were drawn for the target lesions, and
maximum SUVs were reported as part of the routine clinical ra-
diology report at our institution. The maximum SUV is referred
to as SUV hereafter. The PET/MR imaging and PET/CT images
were read by a fellowship-trained neuroradiologist with additional

board certification in nuclear medicine. The images were inter-
preted for the clinical purpose of diagnosing suspected CNS
SSTR2-positive tumors, and the radiologists had access to the full
patient information at the time of study interpretation. The ana-
tomic delineation of the VOIs in the PET images was based on the
coregistered sagittal 3D T1-weighted postcontrast MR images
with respective axial and coronal reformats, which were drawn to
include the entire pituitary gland as visualized on postcontrast T1
imaging, as determined by the interpreting neuroradiologist.

Genomic and Molecular Pathology Characterization
Next-generation targeted sequencing was performed on surgi-
cally removed tumors in 11 of 14 patients using the Oncomine
Comprehensive Assay. Of the 6 tumors analyzed from the sec-
ondary-progressive cohort, 1 sample was WHO grade 1, three
samples were WHO grade 2, and 2 samples were WHO grade 3
at the time of genetic analysis. All 5 samples from the de novo
cohort were WHO grade 3. The oncologic assay detects muta-
tions in 99 genes, copy number variation in 49 genes, and fusion
in 23 genes. TERT promoter mutations were not included in this
panel. If multiple molecular pathology studies were obtained in
an individual patient, only the most recent results were included
for analysis.

Statistical Analysis
The Mann-Whitney test was performed to compare SUVs, surgi-
cal and radiation therapy history, and mutational burden of me-
ningioma lesions of patients with de novo–versus–secondary-
progressive tumor. PFS was analyzed by Kaplan-Meier curves, and
comparisons between groups were performed using log-rank tests.

Ethics Approval and Consent to Participate
Institutional review board approval was obtained from the insti-
tutional review board committee of Weill Cornell Medicine for
this Health Insurance Portability and Accountability Act–compli-
ant study. All experimental protocols were approved by the Weill
Cornell Medicine institutional review board committee.
Informed consent was obtained from all subjects. All methods
were carried out in accordance with relevant guidelines and
regulations.

Consent for Publication
Consent to publish any individual data has been obtained as part
of the informed consent process.

RESULTS
Patient Characteristics
Fourteen patients met the inclusion criteria. The mean age was
65.6 years (range, 43–81 years), and 7 of 14 were women (50%).
The average follow-up time defined by time elapsed from initial
surgery diagnosing WHO grade 3 meningioma to the latest neu-
roradiographic follow-up was 3.6 years (range, 0.3–11.5 years).
All patients had surgical resection of their meningioma, 9 of 14
required $2 surgeries in total, and 13 of 14 patients (93%) had
adjuvant RT. Twelve of 14 patients (86%) had progression or re-
currence of disease by the RANO criteria applied on follow-up
MR imaging examinations post-initial surgical resection.
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When we compared de novo–versus–secondary-progressive
disease cohorts, 7 patients (50%) were initially diagnosed with de
novo WHO grade 3 meningiomas and 7 (50%) were initially
diagnosed with either WHO grade 1 or 2 and secondarily pro-
gressed to WHO grade 3 meningioma. Within the secondary-
progressive cohort, 2 patients had an initial diagnosis of WHO
grade 1 meningioma, while 5 patients had an initial diagnosis of
WHO grade 2 meningioma. Clinical and demographic character-
istics of comparing the 2 cohorts are outlined in Table 1. The

secondary-progressive cohort had a significantly higher per-
patient number of surgeries (4.1 versus 1.6; P¼ .011) and a trend
toward a higher number of RT courses (2.4 versus 1.6; P¼ .23)
and a higher cumulative RT dose (106Gy versus 68.3Gy; P¼ .31)
during their treatment course. Gross total resection (GTR),
assessed by MR imaging following initial surgery diagnosing ma-
lignant meningioma, was achieved in 86% of patients in the de
novo cohort versus only 57% in the secondary-progressive cohort
(P¼ .56). The secondary-progressive cohort had a median of 7
individual lesions per patient compared with a median of 3 indi-
vidual lesions per patient identified in the de novo cohort
(P¼ .13). Extracranial metastasis of meningioma was observed in
3 of 7 patients in the secondary-progressive cohort versus 1 of 7
patients in the de novo cohort (P¼ .56), with metastasis sites
most commonly found in the liver but also in the lung and bones.
There was no statistically significant difference in age or sex
between the 2 groups.

Clinical Outcomes
Patients in the secondary-progressive cohort had significantly
lower PFS following a diagnosis of WHO grade 3 meningioma,
with a median PFS of 4.8months compared with 37.7months
observed in the de novo cohort (P¼ .004) (Fig 1A). Across the
entire cohort, the median PFS was 20.1months. Within the sec-
ondary-progressive cohort, those determined to have achieved
GTR on postsurgical MR imaging had a significantly higher
median PFS of 11.7 months compared with those with subtotal
resection who had a median PFS of only 2.5months (P¼ .01)
(Fig 1B).

Genomic Analysis
Molecular pathology profiling was performed using the Oncomine
Comprehensive Assay across 5 samples in the de novo cohort as
well as 6 samples from the secondary-progressive cohort. Notably,
the 6 samples from the secondary-progressive cohort included 1
sample that wasWHO grade 1, two samples that wereWHO grade
2, and 3 samples that were WHO grade 3 at the time of genetic
analysis. Despite undergoing molecular pathology profiling at
lower grades, the secondary-progressive tumors exhibited a distinct
molecular profile with a statistically significant higher number of
mutations overall at 3.5-versus-1.2 mutations identified per tumor

Table 1: Comparison of demographics, surgical, and radiation history, PFS, molecular pathology, and SUV on (68Ga) DOTATATE PET
between patients with de novo–versus–secondary-progressive WHO grade 3 meningiomaa

De Novo WHO
Grade 3

Secondary-Progressive
WHO Grade 3

No. of Patients 7 7
Age (mean) (yr) 69.1 (range, 46–80) 62.6 (range, 43–81)
Sex 28% female (2/7) 58% female (4/7) P ¼ .59
Median No. of distinct lesions 3 7 P ¼ .13
Percentage of patients with extracranial metastasis 13% (1/7) 43% (3/7) P ¼ .56
Average total number of surgeries per patient 1.6 4.1 (2.3) P ¼ .011
Average total rounds of RT per patient 1.6 2.4 (1.1) P ¼ .23
Average total cumulative radiation dose per patient 68.3 Gy 106Gy P ¼ .31
PFS (median) 37.7mo 4.8mo P ¼ .004
Recurrence or progression to date 71% (5/7) 100% (7/7) P ¼ .46
Average No. of genomic alterations per tumor 1.3 (range, 0–3) 3.6 (range, 1–6) P ¼ .037
Average maximum SUV of (68Ga) DOTATATE 12.4 (range, 4.1–58.7) 17.1 (range, 4.7–99.4) P ¼ .0021

a For the secondary-progressive WHO grade 3 cohort, the number of surgical and radiation treatments reported reflects patients’ entire clinical course, while the number
in parentheses reflects treatment that occurred after degeneration into WHO grade 3.

FIG 1. A, Kaplan-Meier curve comparing the PFS of patients with de
novo (green) versus secondary-progressive (blue) WHO grade 3 me-
ningioma. B, Kaplan-Meier curve comparing the PFS of patients with
secondary-progressive WHO grade 3 meningioma who underwent
GTR (green) versus subtotal resection (STR) (blue). PFS was deter-
mined using the RANO criteria on follow-up MR imaging post-initial
surgery diagnosing WHO grade 3 meningioma.
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in the de novo cohort (P¼ .024) (Fig 2). The secondary-progres-
sive malignant meningiomas were also found to have significantly
higher clinically significant mutations (Table 2). Mutations
identified by the Oncomine Comprehensive Assay were stratified
into either pathogenic or variants of uncertain significance. When

the specific mutations were stratified by clinical significance, the de
novo cohort had mutations that were 33% pathogenic and 67% of
unknown significance, whereas the secondary-progressive malig-
nant meningiomas exhibited mutations that were 72% patho-
genic and 28% of unknown significance (Table 2). Across the
cohort, the most common mutations were in NF2 followed by
CDKN2A and TP53.

Descriptive and Correlative Analysis of SUV
Across all lesions, the mean SUV was 15.8. (68Ga) DOTATATE
PET demonstrated significantly higher SUVs in secondary-pro-
gressive tumors, with a mean SUV of 17.1 compared with 12.4 in
the de novo group (P¼ .0021) (Fig 3). Similarly, the SUV ratio
relative to the SSS tended to be higher in the secondary-progres-
sive cohort; however, this difference did not reach statistical sig-
nificance (SUVR of 14.8 versus 11.5, P¼ .31). Pituitary gland
SUVs were not significantly different between the 2 groups (pitui-
tary SUV of 16.3 versus 15.3 in the secondary-progressive and de
novo cohorts, respectively; P¼ .63). SUV_SSS were not statistically

Table 2: Summary of molecular pathology profiling through the Oncomine Comprehensive Assay across 5 samples in the de novo
cohort as well as 6 samples from secondary-progressive cohorta

De Novo (D.N.)/Secondary
Progressive (S.P.) Pathogenic Variants

Variants of Unknown
Significance

WHO Grade at
Time of Analysis

S.P. 1) CDKN2A loss
2) CDKN2B loss
3) FANCG splice site deletion
4) MTAP loss
5) TP53 V31L

– 3

S.P. 1) ARID1 frameshift alteration
2) FBXW7 frameshift deletion

1) TSC2 in frame insertion
2) CDH1 missense

3

S.P. 1) NF2 nonsense
2) CDKN2A deletion

– 3

S.P. 1) MSH2 nonsense
2) TP53 nonsense
3) PTEN frameshift deletion
4) GNAS missense

– 2

S.P. – 1) PIK3R1 missense
2) TSC1 missense
3) NOTCH1 missense
4) NF2 missense

2

S.P. 1) NF2 splice site
2) CDKN2A deletion

– 1

D.N. 1) BRCA2 frameshift deletion
2) NF2 nonsense

1) BRCA2 missense 3

D.N. – 1) CCND1 amplification
2) RPS6KB1 amplification

3

D.N. – 1) ATM missense 3

D.N. – – 3

D.N. – – 3

Note:—The en dash indicates no mutations found.
a Notably, the 6 samples from the secondary-progressive cohort included 1 sample that was WHO grade 1, two samples that were WHO grade 2, and 3 samples that were
WHO grade 3 at the time of genetic analysis. Mutations were stratified by clinical significance and categorized as either pathogenic or variants of unknown significance.
TERT promoter mutations were not included in this panel.

FIG 2. Comparison of the number of genomic alternations per tumor
between de novo versus secondary-progressive (SP) WHO grade 3
meningiomas. The Mann-Whitney test was performed to test statisti-
cal significance. A single asterisk indicates P value, .05.
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different between the 2 cohorts, with SUV_SSS of 1.1 and 1.4 in the
de novo and secondary-progressive cohorts, respectively (P¼ .17).
Representative patient images from each cohort are shown in Fig 4.

DISCUSSION
While meningiomas overall are the most common primary brain
tumor, WHO grade 3 meningiomas are rare and thus under-
studied, with only around 300 cases ofWHO grade 3 meningiomas
diagnosed annually in the United States, limiting our understand-
ing of the natural history as well as the optimal diagnostic and
therapeutic management.11 While patients with WHO grade 3
meningiomas are typically treated with maximal surgical resection
and RT, clinical outcomes are poor, with recurrence rates of 50%–
90% by 5 years after surgery and a 5-year overall survival rate of
20%–50%.1-3 Given their high morbidity and mortality rates, it is
critical to optimize the diagnostic and therapeutic management of
WHO grade 3 meningiomas.

Whether WHO grade 3 meningiomas arise de novo or from
secondary progression has also proved to have important prog-
nostic implications. Approximately one-half of all WHO grade 3
meningiomas are diagnosed de novo, while the other half arise
from secondary progression of a previously diagnosed lower his-
tologic grade. In our study, patients with secondary-progressive
WHO grade 3 meningiomas had markedly decreased PFS com-
pared with the de novo cohort, consistent with previous findings
from other studies.2,4 The exact mechanism underlying this ob-
servation is not yet clearly understood, though 1 explanation may
lie in the differences in molecular pathology.

Although it is known that higher-grade meningiomas have
greater rates of genetic mutations, we found that even within
WHO grade 3 meningiomas, those that progressed from lower-
grade tumors compared with de novo cases had a distinct molec-
ular profile with higher rates of genetic mutations overall and in
specific genes such as NF2 and CDKN2A/B, which have been
known to be implicated in more aggressive disease reported in
the literature.12 Our genetic data were collected through the
Oncomine Comprehensive Assay, which is a targeted next-gener-
ation sequencing assay that tests a panel of genes with known
oncologic implications, but it notably did not include TERT pro-
moter mutations. For the secondary-progressive cohort, genomic
data were available from 6 patients; however, some samples were
analyzed before dedifferentiation to WHO grade 3, with 1 sample
being WHO grade 1 and 2 samples beingWHO grade 2 at the time
of molecular testing. Nevertheless, the secondary-progressive cohort
still had a greater mutational burden both in number and clinical
relevance compared with the de novo cohort. This finding may
help to explain the more aggressive clinical course of secondary-
progressive WHO grade 3 meningiomas, arguing that de novo–
versus–secondary-progressive status may be an important prog-
nostic factor for WHO grade 3 meningiomas, and they may even
be considered 2 distinct clinical entities moving forward.

MR imaging, the criterion standard for meningioma surveil-
lance, has significant limitations such as distinguishing recurrent
or residual disease from postoperative findings, and there has
been a marked unmet need for more targeted imaging strategies,
especially in intermediate- and high-risk tumors.6 More recently,
(68Ga) DOTATATE PET has demonstrated high utility in me-
ningioma evaluation, including diagnostic confirmation, surgical
planning, delineation of radiation therapy target volumes, and post-
treatment surveillance.7 Although the utility of (68Ga) DOTATATE
PET/MR has been shown in meningioma diagnosis and treatment-
planning, its role has not previously been systematically investigated
in patients with WHO grade 3 meningioma, in part due to limited
sample sizes. This is the first study evaluating the clinical charac-
teristics and utility of (68Ga) DOTATATE PET/MR imaging in a
cohort of patients with exclusively WHO grade 3 meningioma
and comparing secondary-progressive and de novo cohorts. Just as
seen previously with WHO grades 1 and 2 meningiomas, (68Ga)
DOTATATE PET is very useful in distinguishing recurrent or re-
sidual disease from postoperative findings in WHO grade 3 me-
ningioma compared with evaluation on MR imaging alone. For

FIG 3. SUV on (68Ga) DOTATATE PET/MR of de novo–versus–second-
ary-progressive (SP) WHO grade 3 meningioma lesions. The Mann-
Whitney test was performed to test the statistical significance.
Double asterisks indicate P value, .01.

FIG 4. Representative cases of DOTATATE-PET/MR imaging and corresponding T1-weighted postcontrast images of a patient with de novo
WHO grade 3 meningioma (left) and a patient with secondary-progressive WHO 3 meningioma (right).

778 Kim Jun 2024 www.ajnr.org



instance, 1 patient with surgical resection of WHO grade 3 menin-
gioma was thought to have achieved GTR on postsurgical MR
imaging with questionable residual disease versus postoperative
changes but then later was found to have had definitive residual
disease and subtotal resection on (68Ga) DOTATATE PET.

Previously, (68Ga) DOTATATE has been routinely used in
the evaluation of gastroenteropancreatic neuroendocrine tumors
years before it was used in meningioma management. For gastro-
enteropancreatic neuroendocrine neoplasms, the sensitivity of
(68Ga) DOTATATE decreases with an increased grade of the tu-
mor, possibly due to downregulation of SSTR2 with increasing
tumor grade.13 A similar mechanism in meningiomas could be
hypothesized; however, we found that on the contrary, (68Ga)
DOTATATE PET SUV was significantly higher in secondary-
progressive WHO grade 3 tumors compared with de novo
tumors, despite the secondary-progressive tumors having signif-
icantly higher rates of genetic mutations. Our findings suggest
that downregulation of SSTR2 does not occur with an increase in
WHO grade in meningiomas, with the possibility that the receptor
may be upregulated. Thus, (68Ga) DOTATATE remains a clinically
useful approach in meningiomas regardless of WHO grade.

At present, determining meningioma grade is not possible on
the basis of neuroimaging alone. Our findings suggest the possi-
bility of noninvasively differentiating secondary-progressive from
de novo WHO grade 3 meningiomas using (68Ga) DOTATATE
PET/MR imaging, which has high clinical relevance, given the
known difference in prognosis between the 2 groups previously
shown by other authors and confirmed in our study.

Additionally, this work raises important questions regarding
the role of SSTR2 in meningioma biology. SSTR2 downstream
signaling is implicated in a diverse range of physiologic processes
such as the secretion of insulin and glucagon, thyroid-stimulating
hormone and growth, and neuronal excitability.14-16 However,
the role of SSTR2 in meningioma biology and the correlation
between SSTR2 expression and clinical outcomes remain to be
determined prospectively. In immunohistochemical studies, no
correlation between SSTR2 expression and tumor grade was found;
however, there was a positive correlation with higher microvessel
density.17,18 Clinically, higher SSTR2 expression was correlated
with a higher risk of recurrence after surgical resection.18,19

Notably, higher SSTR2 expression was correlated with improved
PFS following somatostatin-receptor (SSTR)-targeted radionuclide
therapy, which may be due to higher binding of the SSTR-targeted
theragnostic agent and thus higher treatment effectiveness.18,19

Taken together, it is still unclear whether SSTR2 expression is
related to tumor grade or prognosis. Our data suggest that sec-
ondary-progressive WHO grade 3 meningiomas have an elevated
(68Ga) DOTATATE SUV compared with de novo disease, sug-
gesting a link between elevated SSTR2 expression and worsened
clinical outcomes, though formal immunohistochemical studies
have yet to be performed. Notably, in a study encompassing all
WHO grade meningiomas, a higher DOTATATE PET SUV was
associated with a higher tumor growth rate,20 which is concord-
ant with our WHO grade 3–specific findings, with higher SUVs
reflecting worsened PFS. However, in our study, we were unable
to directly correlate tumor SUV and PFS due to the small sample
size. In another study, there was a strong correlation between

tumor vascularity and SSTR2 expression in WHO grades 2 and 3
but not grade 1 meningiomas, suggesting that SSTR2 may play a
role in tumor vascularity in higher-grade tumors.21

SSTR2 expression in meningiomas has also emerged as a
potential therapeutic target. SSTR2-directed peptide receptor ra-
dionuclide therapy with b -emitters 90 yttrium (90Y) and 177
lutetium (177Lu) has shown promise in the treatment of unre-
sectable or refractory meningiomas.22,23 Other systemic treat-
ment options have emerged such as dacarbazine and adriamycin,
hydroxyurea, temozolomide, and irinotecan, but their efficacy
has not yet been shown in clinical trials.24 While rare, SSTR2-neg-
ative meningioma has been reported in the literature and is an
important additional indication of a lack of direct correlation
between SSTR2 expression and WHO grade.25 SSTR2-targeted
therapeutic effort may be beneficial in WHO grade 3 meningio-
mas, possibly more so in the secondary-progressive cohort, which
may be expressing higher levels of SSTR2.

One significant limitation of this study is the determination of
de novo disease, because it is possible that tumors arose from
lower-grade meningiomas but were only first diagnosed with pa-
thology once the tumor had already progressed to WHO grade 3
disease. Although this limitation may be an unavoidable con-
founder in the original categorization of WHO grade 3 meningio-
mas as either being de novo or secondary-progressive, our data
suggest that regardless of de novo–versus–secondary-progressive
status, those with a higher SUV, on average, had shortened PFS fol-
lowing surgical resection. This finding suggests that inWHO grade
3 meningiomas, SUV alone could be predictive of worse prognosis
and thus guide clinical decision-making. Another limitation to our
study is the small sample size; however, due to the low incidence of
the disease, this has been the case in all other published studies and
remains a bottleneck in our effort to fully understand the natural
history and optimal management of WHO grade 3 meningiomas.
Nevertheless, our study remains the first to investigate a cohort of
WHO grade 3 meningiomas with (68Ga) DOTATATE PET/MR
imaging and thus has the potential to increase our understanding
of this rare entity, thereby improving clinical outcomes.

CONCLUSIONS
This is the first study evaluating the clinical characteristics and
utility of (68Ga) DOTATATE PET/MR imaging in a cohort of
patients with WHO grade 3 meningiomas and comparing sec-
ondary-progressive and de novo WHO grade 3 tumors. We found
that compared with the de novo group, the secondary-progressive
cohort demonstrated worsened clinical outcomes, including signif-
icantly decreased PFS, in accordance with previous studies. In
addition to distinct molecular profiles with higher mutational bur-
den, we also report significantly increased SUVs in secondary-pro-
gressive compared with de novoWHO grade 3 meningiomas. This
work further supports (68Ga) DOTATATE PET/MR imaging as a
useful management strategy in WHO grade 3 meningiomas and
raises the possibility of differentiating secondary-progressive and
de novo malignant meningiomas with PET/MR imaging in the
clinical context. This work raises important questions regarding
meningioma biology such as the potential role of SSTR2 signaling
in WHO grade 3 meningiomas, which may represent a potential
therapeutic target in future clinical trials.
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ORIGINAL RESEARCH
MOLECULAR NEUROIMAGING/NUCLEAR MEDICINE

Optimization of [18F]-FDOPA Brain PET Acquisition Times for
Assessment of Parkinsonism in the Clinical Setting
Graham Keir, Faizullah Mashriqi, Christopher Caravella, Sean A.P. Clouston, Josephine N. Rini, and

Ana M. Franceschi

ABSTRACT

BACKGROUND AND PURPOSE: Fluorine 18-fluoro-L-dopa ([18F]-FDOPA) was approved by the FDA in 2019 and reimbursed by the
Centers for Medicare & Medicaid Services in 2022 for use with PET to visualize dopaminergic nerve terminals in the striatum for
evaluation of parkinsonism. We sought to determine the optimal image acquisition time for [18F]-FDOPA PET by evaluating rater-
estimated FDOPA positivity and image quality across 4 time points.

MATERIALS AND METHODS: Brain PET/CT was acquired 90 minutes following injection of 185 megabecquerel (5 mCi) of
[18F]-FDOPA. PET was acquired in list mode for 20 minutes, and data were replayed to represent 15-, 10-, and 5-minute acquisitions.
By means of MIMneuro, PET/MR imaging or PET/CT was independently graded for FDOPA positivity and image quality by 2 readers,
blinded to the clinical report and diagnosis. Expert neuroradiologist clinical reads were used as the criterion standard.

RESULTS: Twenty patients were included, average age 65.6 years, 55% women. Image-quality ratings decreased with shorter acqui-
sition times for both readers (reader 1, r ¼ 0.23, P ¼ .044; reader 2, r ¼ 0.24, P¼ .036), but there was no association between
abnormality confidence scores and acquisition time (reader 1, r ¼ –0.13, P¼ .250; reader 2, r ¼ –0.19, P¼ .100). There was a high
degree of consistency in intra- and interrater agreement and agreement with the expert reads when using acquisition times of
$10 minutes (maximal confidence score consistency [r ¼ 0.92] and interrater agreement [k ¼ 0.90] were observed at
15 minutes), while image quality was consistently rated as low and FDOPA positivity ratings were inconsistent when using a 5-minute
acquisition time.

CONCLUSIONS: Our study suggests that image-quality ratings were stable after 15minutes and that between-subject abnormality
detection rates were highly consistent between the 2 readers when acquired for at least 10 and up to 20 minutes but were incon-
sistent at 5 minutes. Shorter [18F]-FDOPA PET acquisition times may help maximize patient comfort while increasing throughput in
the clinical setting.

ABBREVIATIONS: AADC ¼ aromatic amino acid decarboxylase; AC ¼ attenuation-corrected; DaT ¼ dopamine transporter; PD ¼ Parksinson disease; PS ¼
parkinsonian syndromes

Parkinsonian syndromes (PS) are a heterogeneous group of dis-
orders that present with motor symptoms that are mostly

ascribed to idiopathic Parkinson disease (PD). This group includes
PD as well as atypical PS such as multiple system atrophy,

progressive supranuclear palsy, dementia with Lewy bodies, and
corticobasal degeneration. PS are distinguished from other causes
of parkinsonism (essential tremor, drug-induced parkinsonism,
and vascular parkinsonism) by the presence of nigrostriatal
degeneration. This distinction is crucial to initiate the appropriate
therapy and prevent the possible harmful effects of unsupported
levodopa therapy when the symptoms mimic PD but are not neu-
rodegenerative. Functional imaging with dopamine ligands can
aid with this distinction by targeting either the presynaptic or
postsynaptic dopaminergic system.1

Several radiotracers are currently used for presynaptic dopami-
nergic molecular imaging, with the most common being radio-
pharmaceuticals N-3-fluoropropyl-2-(R)- carboxymethoxy-3-(R)-
(4-[iodine 123] iodophenyl) nortropane (123I FP-CIT, dopamine
transporter scan [DaTscan]) and 3,4-dihydroxy-6-[fluorine 18
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fluoro-L-dopa ([18F]-FDOPA).2 [18F]-FDOPA is a radiolabeled
analog of L-DOPA used to image metabolic abnormalities of pre-
synaptic DaTs and L-type amino acid transporters and may be
used for the assessment of PS.3 Tracer accumulation in the stria-
tum corresponds to the level of radiotracer uptake into the presyn-
aptic nerve terminal, dopa-decarboxylase (aromatic amino acid
decarboxylase [AADC]) activity, and vesicular storage in the pre-
synaptic dopaminergic neurons.4,5 Studies have demonstrated
that the uptake of [18F]-FDOPA in the basal ganglia is reduced in
PD,6 thereby facilitating the differentiation between PS and non-
neurodegenerative causes of parkinsonism. Characteristic findings
in patients with PD include asymmetric reduction of [18F]-
FDOPA uptake in the striatum, with greater reductions typically
noted contralateral to the clinically more-affected side.7,8 In addi-
tion, radiopharmaceutical binding is lowest in the posterior puta-
men compared with the anterior putamen and caudate nucleus,
which is referred to as the rostrocaudal gradient of FDOPA
uptake.9,10 Reductions in [18F]-FDOPA uptake have consistently
been shown to best correlate with disease severity and clinical bra-
dykinesia scores, while the correlation with tremor, rigidity, and
postural disturbance is less significant.11-15

[18F]-FDOPA has been FDA-approved to visualize dopami-
nergic nerve terminals in the striatum for the evaluation of adult
patients with suspected PS since 2019 and received Centers for
Medicare & Medicaid Services payment approval in late
2022.16,17 Our current institutional protocol for [18F]-FDOPA
brain PET is in accordance with the FDA prescribing guidelines18

and includes list mode acquisition for 20minutes, though acqui-
sition times for PET vary depending on scanner sensitivity and
administered dose. Notably, the highest uptake of the radiotracer
in the striatum is approximately 90minutes postinjection of
[18F]-FDOPA.19,20 Using dynamic acquisitions, we noted anecdo-
tally that the clarity of the images might imply that a shorter ac-
quisition time could be sufficient for the assessment of
nigrostriatal dysfunction in the clinical setting. There are several
potential benefits to a shorter acquisition time. First, patients with
parkinsonism often have trouble lying still in the scanner for long
periods owing to tremors or other movement disorders or cogni-
tive impairments, so a shorter PET scan duration may improve
patient comfort and reduce motion artifacts. Additionally, shorter
acquisition times could allow increased throughput of patients,
enabling greater access and allowing more patients the opportu-
nity to be evaluated by this emerging technique. Therefore, we

sought to determine the optimal image
acquisition time for [18F]-FDOPA brain
PET by evaluating reader confidence
and image quality across 4 acquisition
periods.

MATERIALS AND METHODS
We started our clinical FDOPA PET
imaging service in November 2022, and
the first 20 patients imaged at our insti-
tution were selected for this study.
Patients were instructed to withhold PD
medications, if applicable, for 12hours
before the PET scan, and followed a

low-protein diet beginning in the evening before the examination,
with nothing by mouth except for water for 4 hours before the ex-
amination. All subjects were pretreated with carbidopa, 150mg,
approximately 1 hour before IV injection of 185-megabecquerel
[5-mCi] [18F]-FDOPA. Brain PET/CT was acquired on a
Discovery 710HD scanner (GE Healthcare) 90minutes following
injection in list mode for 20 minutes and reconstructed according
to the standard institutional protocol (Table 1). Following each
20-minute acquisition, data were reconstructed to represent 15-,
10-, and 5-minute acquisition times.

Following Northwell institutional review board approval, the
attenuation-corrected (AC) PET data across 4 time points were
anonymized, and all indicators of acquisition time were removed,
as were the CT and separately acquired brain MR imaging studies
for each subject. These anonymized studies were then analyzed
by 2 readers, blinded to the clinical report and final diagnosis.
These 2 readers were the same for every patient and consisted of
senior residents in diagnostic radiology with clinical experience
reading DaTscans. Both readers participated in multiple training
sessions for FDOPA PET interpretation using MIMNeuro soft-
ware (Version 7.3.2; MIM Software) before study commencement.
By means of MIMneuro, findings of [18F]-FDOPA PET/MR
imaging or PET/CT (if MR imaging was unavailable) were inde-
pendently graded for reader confidence on the likely FDOPA
positivity of an image using a 5-point scale (0 ¼ definitely nor-
mal, 1 ¼ probably normal, 2 ¼ equivocal, 3 ¼ probably abnor-
mal, 4 ¼ definitely abnormal). For analyses of inter- and
intrarater agreement and when comparing scores with the
expert rater, confidence scores were dichotomized to indicate
the presence/absence of abnormal findings using a cutoff of
$3 (probably abnormal). Image quality was graded on a 3-
point scale (1 ¼ poor quality, 2 ¼ acceptable, 3 ¼ excellent);
poor-quality images were those rated as 1 in this scale.

Expert clinical reads by a board-certified fellowship-trained
neuroradiologist with an MD/PhD and 10 years of brain PET/MR
imaging clinical and research experience were used as the criterion
standard.

Statistical Analysis
Sample characteristics were described using means (SDs) or per-
centages if appropriate and stratified by neuroradiology expert
reads (Tables 2 and 3). Nonparametric trend tests were used to
determine whether demographic characteristics, image quality,

Table 1: [18F]-FDOPA brain PET/CT protocola

CT Parameters PET Parameters
Kilovolt (peak) 120 Acquisition (1-bed) 20-Min static acquired

in list mode
Max mA (auto mA off) 95 Reconstruction VUE Point FXb

Noise index NA Matrix 192 � 192
CT section thickness (mm) 3.75 Iterations 2
Rotation (sec) 0.8 Subsets 32
Pitch (mm/rot) 1.375 Z-axis filter Heavy
FOV (cm) 50 Postfilter (mm, FWHM) 4

FOV (cm) 30

Note:—Max indicates maximum; FWHM, full width at half maximum; rot, rotation; NA, not applicable; mA,
milliamperê.
a Discovery 710HD scanner.
b GE Healthcare.
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and abnormality confidence scores varied by FDOPA abnormal-
ity. Next, intraindividual consistency was measured using the
Spearman rank-order correlation within individuals to determine
the extent to which FDOPA images were rated consistently in
terms of confidence of abnormal findings and image quality across
scanning parameters. Because the Spearman r may be biased in
cases in which rankings remain stable though average scores differ,
the Cohen k was also used to examine the presence/absence of

abnormal imaging findings for all rater times and when comparing
raters and the neuroradiologist’s expert reads. To visually differen-
tiate these measures, we used a different cell color (red, green, and
blue) to differentiate the test type; then darker hues of each color
were used to indicate stronger associations (Table 4). Two-
tailed t tests were used to examine the statistical significance
of the Spearman r and Cohen k in all tests. Because of the
large number of comparisons and the small sample size made

up of relatively unique patients, sta-
tistical significance in the final analy-
ses was reported in 2 ways. Bold
italicized typeface was used to report
statistically significant results that
passed the false discovery rate (0.05).
Supplemental analyses were com-
pleted to examine image-quality rat-
ings using x 2 tests to estimate the
impact of acquisition time on the
raters’ ratings of image quality.
However, while we did attempt to
account for image-quality rankings
when considering positivity scores,
due to the small sample size, these
efforts were unsuccessful in most
cases and these analyses are not pre-
sented. Analyses were completed by
using STATA 17/MP (StataCorp).

RESULTS
Demographic and clinical characteristics
for n ¼ 20 subjects included in the
study are depicted in Tables 2 and 3.
The patients had an average age of
65.6 years, and 55% were women. No
differences were evident in demographic
characteristics between groups, but the
confidence and quality scores differed
between groups across all ratings. In
general, the scans rated by the neuro-
radiologist’s expert read as having
abnormal findings had higher confi-
dence scores and lower image-quality
ratings than those rated as having
normal findings.

Per the neuroradiologist’s expert
read, 10 studies (50%) had abnormal
findings as evaluated at the standard
20-minute acquisition time (Fig 1).
There was no association between
reader confidence and acquisition time
(reader 1, r ¼ –0.13, P¼ .250; reader 2,
r ¼ –0.19, P¼ .100). However, image-
quality ratings were lower among
images with shorter acquisition times
for both reviewers (reader 1, r ¼ 0.23,
P ¼ .044; reader 2, r ¼ 0.24, P ¼ .036)
(Figs 2 and 3).

Table 2: Demographic characteristics for subjects (n= 20) stratified by neuroradiologist
expert read results at the standard 20-minute acquisition time

Characteristic

Whole
Sample
(n= 20)

Expert Rated Scan
Findings as

Abnormal (n= 10)

Expert Rated Scan
Findings as Normal

(n= 10) P Value
Age (yr) 65.6 (14.9) 62.8 (17.4) 68.4 (12.3) .402
Female (%) 55.0 40.0 70.0 .189
Clinical history
Tremor in hand/leg (%) 60.0 70.0 50.0 .361
PD (%) 15.0 30.0 0.0 .060
Right unilateral (%) 10.0 10.0 10.0 1.000
Left unilateral (%) 20.0 30.0 10.0 .264
Bilateral (%) 20.0 20.0 20.0 1.000
Bradykinesia (%) 25.0 50.0 0.0 .010

Table 3: Reader confidence and image quality scores stratified by neuroradiologist
expert read results at the standard 20-minute acquisition timea

Whole
Sample
(n= 20)

Expert Rated Scan
Findings as Abnormal

(n= 10)

Expert Rated as Scan
Findings as Normal

(n= 10) P Value
Confidence score (mins)
20 1.6 (1.4) 2.9 (0.8) 0.4 (0.5) ,.001
15 1.8 (1.4) 3 (0.7) 0.6 (0.5) ,.001
10 2 (1.5) 3.3 (0.7) 0.7 (0.9) ,.001
5 2.2 (1.3) 3 (0.9) 1.4 (1) .001
Image quality (mins)
20 2.2 (0.7) 1.8 (0.7) 2.6 (0.6) .003
15 2.2 (0.8) 1.8 (0.7) 2.6 (0.6) .004
10 2 (0.9) 1.6 (0.7) 2.5 (0.8) .006
5 1.7 (0.8) 1.3 (0.5) 2.2 (0.9) .009

a No differences between scans with abnormal and normal findings were statistically significant as determined
using nonparametric trend tests.

Table 4: Measures of image-rating agreement and consistency across the 2 raters and
the expert neuroradiologist read using different acquisition timesa

a Rank order agreement is shown in blue; intra-/interrater agreement across image ratings is shown in green. The
correspondence of confidence scores to the expert neuroradiologist read completed at a standard 20-minute ac-
quisition time is shown in shades of red across the diagonal. The strength of the association is reported by color
gradations. Statistically significant associations evident after adjusting for the false discovery rate are shown in
bold italicized typeface. The optimal cutoff for rater 1 compared with the expert rating included scans rated as
equivocal, while the optimal cutoff for rater 2 compared with expert raters included only those with a probable
abnormal finding and above.
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Analysis of interrater reliability (Table 4) revealed that an
abnormal finding on an image was rated similarly between readers
at 20-, 15-, and 10-minute acquisition times. However, the inter-
rater confidence scores were inconsistent across raters and between

the raters and the expert neuroradiologist read at 5minutes.
In contrast, ratings were relatively consistent both in terms
of rank order and abnormality agreement when using image-
acquisition times of 10–15minutes. Of interest, the maximal

association in confidence scores between
raters occurred at 15minutes (r ¼
0.92), while the maximal k when com-
paring raters also occurred at 15minutes
(k ¼ 0.90).

Not shown as main results are
examinations of image-quality ratings
made by the 2 readers (Online
Supplemental Data), which showed
relatively less consistent results. For
example, the raters consistently
scored image quality lower when ac-
quisition times were 5minutes (r ¼
0.68, P ¼ .001), compared with 10-
minute (r ¼ 0.36, P ¼ .124), 15-mi-
nute (r ¼ 0.43, P ¼ .058), or 20-mi-
nute (r ¼ 0.29, P ¼ .209) acquisition
times. Raters agreed that image quality
was poor in most scans when using a
5-minute acquisition time (Online
Supplemental Data).

DISCUSSION
Functional imaging with dopamine
ligands targets the dopaminergic system
and is currently used to aid with the dis-
tinction of PD from other conditions
that mimic the disease. Following the
FDA approval of [18F]-FDOPA PET in
2019, which was obtained on the basis
of a clinical trial of 56 patients with sus-
pected PS,16,21 we introduced [18F]-
FDOPA PET into practice and incorpo-
rated this study into our routine clinical

FIG 1. [18F]-FDOPA brain PET and fused [18F]-FDOPA brain PET/MR imaging at a standard 20-mi-
nute acquisition time. The healthy subject (A and B) demonstrates the characteristic “comma
sign” uptake in the striatum. The subject with abnormal findings (C and D) demonstrates marked
loss of uptake in the bilateral striatum, particularly involving the bilateral putamina and left .
right caudate nuclei, corresponding to more extensive right-sided clinical deficits.

FIG 2. Normal findings on [18F]-FDOPA AC PET at 5-minute (A), 10-minute (B), 15-minute (C), and 20-minute (D) acquisition times. Note that
image-quality ratings were stable following 15minutes, and between-subject abnormality detection rates were highly consistent between the 2
readers when using 10-, 15-, or 20-minute acquisition times but were inconsistent at 5minutes.
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workflow for PD assessment, because it is currently reimbursed by
the Centers for Medicare & Medicaid Services in the United
States.17 The present study sought to examine the influence of
imaging-parameter selection and quality on abnormality ratings
and found that the optimal acquisition times for [18F]-FDOPA
PET for clinical purposes was approximately 10–15minutes.

The European Association of Nuclear Medicine and the
Society of Nuclear Medicine and Molecular Imaging have devel-
oped joint clinical practice guidelines that address clinical and
technical aspects of dopaminergic imaging for patients with PS,
to assist radiologists in recommending, performing, interpreting,
and reporting the results of dopaminergic imaging in patients
with PS.22 Per these guidelines, the diagnostic importance of pre-
synaptic dopaminergic imaging (ie, [18F]-FDOPA PET; DaT
SPECT) is the following: 1) to support the differential diagnosis
between essential tremor and neurodegenerative PS;23-26 2) to
help distinguish dementia with Lewy bodies and other dementias
(in particular, Alzheimer disease);27-29 3) to support the differen-
tial diagnosis between PS due to presynaptic degenerative dopa-
mine deficiency and other forms of PS (eg, drug-induced,
psychogenic, or vascular parkinsonism);30-32 and 4) to detect
early presynaptic PS.33,34

The goal of [18F]-FDOPA PET visual assessment is to qualita-
tively analyze uptake in the striatum (putamen and caudate nu-
cleus) by setting the maximum color scale value to the maximal
tracer value in the striatum. Moreover, [18F]-FDOPA not only
allows qualitative interpretation, but there are established quanti-
tative parameters that can be calculated to objectively quantify
the degree of striatal neuronal loss.35-38 Semiquantitative analysis
may be performed in the clinical setting, typically by calculating
the striato-occipital ratio, which has been shown to correlate with
clinical disability ratings.35 Quantitative analysis of dynamic
time-activity curves may also be used to determine multiple
aspects of [18F]-FDOPA influx constants (Ki maps).36 For exam-
ple, Dhawan et al38 demonstrated a graphic approach to compare
the striatal-to-occipital ratio and influx constant in [18F]-FDOPA
PET studies, highlighting a similar accuracy using a short 10-mi-
nute scan at 95minutes post-radiopharmaceutical injection.
Similarly, in our study, visual image-quality ratings were stable
following 15minutes, and between-subject abnormality detection

rates were highly consistent between 2 readers when using 10-,
15-, or 20-minute acquisition times but were inconsistent at
5minutes. While acquisition times for PET vary depending on
the scanner sensitivity and the administered dose, these results
suggest that neuroradiologists may consistently and reliably inter-
pret [18F]-FDOPA PET at acquisition times shorter than the tra-
ditionally used 20 minutes.

Several studies have found that [18F]-FDOPA PET and the
DaTscan are highly accurate and diagnose PD with similar levels
of sensitivity and specificity.2,19,39 There are several major advan-
tages that favor the use of [18F]-FDOPA PET over DaT
SPECT.2,39-42 These include improved image resolution (�5mm
for PET versus �13-14 mm for SPECT), shorter imaging ses-
sions, lower radiation burden, similar-to-reduced cost, and no
risk of potential iodine-induced thyroid-related side effects and
therefore no need for the administration of the Lugol solution
before the examination to fully saturate the thyroid to protect it
from radiation exposure.41 Furthermore, the ability to fuse [18F]-
FDOPA PET with either CT or MR structural imaging and the
introduction of simultaneous PET/MR imaging scanners for the
assessment of movement disorders provides the ability to corre-
late with concurrent anatomic abnormalities (eg, lacunar infarcts
in the striatum; enlarged perivascular spaces), which may provide
added value and help confirm or exclude the existence of con-
comitant pathologies.43

There are several limitations to [18F]-FDOPA PET dopami-
nergic imaging. For example, Wallert et al40 suggested that [18F]-
FDOPA PET may be less sensitive than DaTscans in patients
with clinically uncertain PS in the clinical setting. This suggestion
may relate to the challenges of interpretation in routine practice
outside the research setting. A meta-analysis has also suggested
that the decrease in activity in the striatum of patients with PD is
consistently smaller in studies assessing [18F]-FDOPA PET com-
pared with DaT SPECT.10 Furthermore, in early disease, there is a
relative increase in [18F]-FDOPA uptake compared with vesicle
monoamine transporter 2 imaging, with the radiotracer carbon 11
[11C] dihydrotetrabenazine likely corresponding to compensatory
upregulation of AADC activity in early-stage PD.5 Finally, limita-
tions specific to our study include its relatively small sample size,
lack of quantitative analyses (we focused on visual interpretation

FIG 3. Abnormal findings on [18F]-FDOPA AC PET at 5-minute (A), 10-minute (B), 15-minute (C), and 20-minute (D) acquisition times. Note that
image-quality ratings were stable following 15minutes, and between-subject abnormality detection rates were highly consistent between the 2
readers when using 10-, 15-, or 20-minute acquisition times but were inconsistent at 5minutes.
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only in an attempt to closely mimic routine clinical practice), and
absence of long-term follow-up of study subjects for clinical moni-
toring of disease progression.

CONCLUSIONS
[18F]-FDOPA PET is a promising emerging technique for the assess-
ment of parkinsonism. Despite several minor limitations, our study
suggests that image-quality ratings were stable at 10–15minutes,
and that between-subject abnormality detection rates were highly
consistent between 2 readers when using 10-, 15-, or 20-minute
acquisition times but were inconsistent at 5minutes. As this novel
dopaminergic imaging technique translates into clinical practice,
shorter PET acquisition times may help maximize patient com-
fort while increasing throughput in the clinical setting.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Callosal Interhemispheric Communication in Mild
Traumatic Brain Injury: A Mediation Analysis on WM

Microstructure Effects
Sohae Chung, Tamar Bacon, Joseph F. Rath, Alaleh Alivar, Santiago Coelho, Prin Amorapanth, Els Fieremans,

Dmitry S. Novikov, Steven R. Flanagan, Joshua H. Bacon, and Yvonne W. Lui

ABSTRACT

BACKGROUND AND PURPOSE: Because the corpus callosum connects the left and right hemispheres and a variety of WM bundles
across the brain in complex ways, damage to the neighboring WM microstructure may specifically disrupt interhemispheric commu-
nication through the corpus callosum following mild traumatic brain injury. Here we use a mediation framework to investigate how
callosal interhemispheric communication is affected by WM microstructure in mild traumatic brain injury.

MATERIALS AND METHODS: Multishell diffusion MR imaging was performed on 23 patients with mild traumatic brain injury within
1 month of injury and 17 healthy controls, deriving 11 diffusion metrics, including DTI, diffusional kurtosis imaging, and compartment-
specific standard model parameters. Interhemispheric processing speed was assessed using the interhemispheric speed of process-
ing task (IHSPT) by measuring the latency between word presentation to the 2 hemivisual fields and oral word articulation.
Mediation analysis was performed to assess the indirect effect of neighboring WM microstructures on the relationship between
the corpus callosum and IHSPT performance. In addition, we conducted a univariate correlation analysis to investigate the direct
association between callosal microstructures and IHSPT performance as well as a multivariate regression analysis to jointly evaluate
both callosal and neighboring WM microstructures in association with IHSPT scores for each group.

RESULTS: Several significant mediators in the relationships between callosal microstructure and IHSPT performance were found in
healthy controls. However, patients with mild traumatic brain injury appeared to lose such normal associations when microstruc-
tural changes occurred compared with healthy controls.

CONCLUSIONS: This study investigates the effects of neighboring WM microstructure on callosal interhemispheric communication
in healthy controls and patients with mild traumatic brain injury, highlighting that neighboring noncallosal WM microstructures are
involved in callosal interhemispheric communication and information transfer. Further longitudinal studies may provide insight into
the temporal dynamics of interhemispheric recovery following mild traumatic brain injury.

ABBREVIATIONS: aCR/sCR/pCR ¼ anterior/superior/posterior corona radiata; aIC/pIC/rIC ¼ anterior/posterior/retrolenticular limb of the internal capsule;
CC ¼ corpus callosum; Cg ¼ cingulum (cingulate gyrus); Ch ¼ cingulum (hippocampus); Da ¼ intra-axonal diffusivity; De

|| ¼ extra-axonal axial diffusivity; De
\ ¼

extra-axonal radial diffusivity; DKI ¼ diffusional kurtosis imaging; ƒ ¼ axonal water fraction; FA ¼ fractional anisotropy; gCC/bCC/sCC ¼ genu/body/splenium
of corpus callosum; IHSPT ¼ interhemispheric speed of processing task; L ¼ left; LVF ¼ left visual field; MD/AD/RD ¼ mean/axial/radial diffusivities; MK/AK/RK ¼
mean/axial/radial kurtosis; MTBI ¼ mild traumatic brain injury; R ¼ right; RT ¼ reaction time; RVF ¼ right visual field; SFOF ¼ superior fronto-occipital fasciculus;
SLF ¼ superior longitudinal fasciculus; SM ¼ standard model; TBSS ¼ Tract-Based Spatial Statistics

Mild traumatic brain injury (MTBI), commonly known as
concussion, is a major public health problem with potentially

serious clinical sequelae for weeks to months after injury or even

longer.1,2 It is known that stretch and torsion injury to the WM can

occur after head injury and that the corpus callosum (CC) is partic-

ularly at risk.3,4 Several MTBI studies using diffusion MR imaging

to study human brain microstructure corroborate findings from

biomechanical modeling reflective of this finding.5-8

The CC forms a critical central pathway for interhemispheric

communication and information transfer. Damage to the CC is

likely to impact normal interhemispheric communication9,10 and

could contribute to the complex and subtle symptoms central to

MTBI.11,12 Indeed, some prior studies have shown that callosal

degradation may influence the information transfer and integration
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between the hemispheres in patients with CC degradation as well as

in normal aging.13 Also, an association between posterior callosal
atrophy and slowed cross-hemisphere processing of visual informa-

tion has been shown in patients with MS.14 However, impairments
relating to callosal injury are not easily identified. Further compli-

cating the situation, the CC does not function alone but instead
connects adjacentWMbundles across the brain in an intricate way15

that could mediate the callosal interhemispheric communication.
Because MTBI comprises a heterogeneous group of injuries

and manifests as a heterogeneous group of symptoms, there is a
great need for focused studies of region-specific injury and its
impact on specific functional domains. Therefore, the purpose of
this work is to study how callosal interhemispheric communica-
tion is affected by WM microstructure in patients with MTBI
compared with healthy controls. Callosal and neighboring WM
microstructures are studied in both healthy controls and patients
with MTBI using advanced diffusion MR imaging methods

including DTI,16 diffusional kurtosis imaging (DKI),17 and the
standard model (SM) of diffusion in WM18,19 to tap tissue micro-
structure noninvasively. While DTI and DKI parameters are, by
design, not specific to tissue components,20 the SM can estimate
biophysically more meaningful and compartment-specific pa-
rameters of tissue microstructure,21,22 including axonal water
fraction (ƒ), intra-axonal diffusivity (Da), and extra-axonal axial
and radial diffusivities (Djj

e and D?
e , respectively). Several studies

including animal validation21,23 and in vivo human studies6,24-27

suggest that these parameters are more informative than empiri-
cal diffusion measures.

A visual stimulus-response test, the interhemispheric speed of
processing task (IHSPT),14 has been used in this work to assess
interhemispheric processing speed. The IHSPT measures latency
in articulating a word presented to the left hemi-visual field,
requiring information to travel across hemispheres (Fig 1). It has
been shown that performance on this task is facilitated through
the CC, a critical pathway for interhemispheric communica-
tion.14,28 Here, we hypothesize that there are measurable changes
in neighboring WM microstructures in patients with MTBI that
may disrupt the callosal interhemispheric communication. A
mediation framework is used to investigate how a neighboring
WM microstructure (ie, mediator) indirectly affects the associa-
tion between callosal microstructure and interhemispheric proc-
essing in MTBI (Fig 2B). In addition, a univariate correlation
analysis is performed to investigate the direct association between
callosal microstructures and IHSPT performance, and a multivar-
iate regression analysis is performed to jointly evaluate both cal-
losal and neighboring WM microstructures simultaneously in
association with IHSPT performance for each group.

MATERIALS AND METHODS
Study Population
This study has been approved by our Institutional Review Board,
and all experiments were performed under relevant guidelines
and regulations. All subjects were prospectively recruited from
the Institutional Concussion Center or Emergency Department and
provided written informed consent before the procedure. Inclusion
criteria were the following: 1) age range of 18–65years, 2) diagnostic
MTBI criteria defined by the American Congress of Rehabilitation
Medicine29 including loss of consciousness of,30minutes, and 3)
brain injury within 1month. We excluded patients with the fol-
lowing: 1) a reported history of head trauma, neurologic illness, or

psychiatric disorders; 2) a history of par-
ticipation in organized contact sports; 3)
any contraindication to MR imaging;
and 4) non-right-handed individuals
to avoid the confounding effects of
handedness in IHSPT test performance.
We studied 23 patients with MTBI
(mean age, 36 [SD, 14] years; 9 men)
and 17 healthy controls (mean age, 34
[SD, 1] years; 8 men). Postconcussion
symptoms were assessed by using the
Rivermead Postconcussion Symptoms
Questionnaire.30 The mean total scores
of this questionnaire for patients with

FIG 1. A schematic illustration of the IHSPT probes of hemispheric
and callosal WM integrity by measuring processing speed and latency
in the articulation of words presented to the LVF and RVF in individu-
als with left-hemisphere language dominance and vice versa for right-
hemisphere-dominant individuals. For individuals with left-language
dominance (most), visual information presented to the RVF projects
to the left primary visual cortex with access to primary language cen-
ters in the same hemisphere (blue), whereas visual information from
the subject’s LVF projects to the contralateral (right) primary visual
cortex and must then cross the midline to access core language cen-
ters in the left brain (red). A difference in latency between presenta-
tion and oral articulation of the word can be measured to tap
interhemispheric processing speed.

FIG 2. Path diagrams illustrate the total (or entire) effect model (A) and the mediation model
(B).19 The mediation model decomposes the total effect, c, into the direct effect, c’, and the indi-
rect effect, ab ¼ c–c’, where a is the independent-mediator effect and b is the mediator-out-
come effect. The paths a, b, c, and c represent the regression coefficients.
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MTBI were 23 (SD, 16). The characteristics of the study population
are summarized in the Table. For all subjects, brain MR imaging
and an IHSPT test were acquired within 1week of each other.

MR Imaging Acquisition
MR imaging was performed on 3T MR imaging scanners
(Magnetom Skyra or Magnetom Prisma, Siemens), with 23 sub-
jects using Magnetom Skyra and 17 using Magnetom Prisma.
Multishell diffusion imaging was performed with 5 b-values (250,
1000, 1500, 2000, 2500 s/mm2) along with 5 diffusion-encoding
direction schemes (6, 20, 20, 30, 60, respectively) using multiband
(factor of 2)31 EPI for accelerated acquisitions with an anterior-
posterior phase-encoding direction. Other parameters included
the following: FOV¼ 220� 220mm, matrix¼ 88� 88, number
of slices¼ 56, 2.5-mm isotropic resolution, a partial Fourier fac-
tor ¼ 6/8, TR/TE¼ 4900/95ms, bandwidth¼ 2104Hz/pixel, a
generalized autocalibrating partially parallel acquisition factor
of 2. Three nonweighted diffusion images (b¼ 0 s/mm2) were
also acquired. An additional image with b¼0 s/mm2 with a
reversed phase-encoding direction was acquired for geometric
artifact correction.32

IHSPT
The IHSPT test was used to evaluate the interhemispheric speed
of processing by measuring latency between words presented to
the left visual field (LVF) and right visual field (RVF) and the
subject’s oral articulation of these words.14 This test links visual
perception and expressive language, specifically testing interhe-
mispheric communication between primary visual and language
pathways. For left-language-dominant individuals, words pre-
sented to the RVF project to the left hemisphere, and the average
reaction time (RT) between presentation and articulation (Fig 1,
blue) is slightly faster than for words presented to the LVF, which
project to the right hemisphere and then are required to cross the
midline to access core language centers in the left hemisphere
(Fig 1, red). This process is reversed for right-language-dominant
individuals. The test was performed using E-Prime 2.0 software
(Psychology Software Tools) to control the precision of visual
stimulus presentation and data collection. Each trial consisted
of a simple 3-letter word randomly presented for 150ms to ei-
ther the LVF or RVF. Subjects were instructed to speak the
word as quickly as possible, and the RT between presentation

and articulation was recorded auto-
matically. Eighty random trials were
conducted from a set of 110 three-let-
ter words. Trials were excluded if the
RT was 2 SDs above or below the sub-
ject’s own mean (considered distrac-
tion or a possible unrelated vocal
trigger). The IHSPT test score (per-
centage) was calculated using the
absolute difference of the median RTs
for LVF and RVF word presentations,
divided by the average RT between
them, and then multiplied by 100 to
obtain a percentage score. Note that
to account for individual variabilities

of language dominance, the absolute difference of the RTs
was used.

Image Analyses
Diffusion Image Processing. Denoising for the DWIs was per-
formed using the Marchenko-Pastur principal component analy-
sis method.33 By means of the Diffusion parameter EStImation
with Gibbs NoisE removal (DESIGNER) pipeline (https://github.
com/NYU-DiffusionMRI/DESIGNER-v2),34 denoised diffusion
images were corrected for Gibbs ringing artifacts35 and then were
rigidly aligned and corrected for eddy current distortions and
subject motion simultaneously.36 EPI-included distortions were
also corrected using a b¼0 image with reverse phase-encoding.32

For DTI parameters, a b-value of 1000 was used. In total, 11 dif-
fusion metrics including DTI (fractional anisotropy [FA], mean/
axial/radial diffusivities [MD/AD/RD]), DKI (mean/axial/radial
kurtosis [MK/AK/RK]), and SMmetrics (ƒ, Da, Djj

e , D
?
e ) were cal-

culated using in-house software (SMI toolbox; https://www.
smisupplychain.com/tools/smi-toolbox/).19,37 To minimize scanner
variability, we used ComBat (https://github.com/Jfortin1/ComBat
Harmonization)38,39 for harmonization of diffusion parametric maps,
preserving biologic variabilities such as age, sex, and disease group.

Tract-Based Spatial Statistics. Voxelwise group comparisons of
diffusion metrics were performed using Track-Based Spatial
Statistics (TBSS)36 with age as a covariate. Briefly, all subjects’ FA
maps were projected to the FA skeleton template (Montreal
Neurological Institute 152 space), which was thresholded at an FA
of 0.3 to restrict the analysis to WM regions with highly aligned
fiber bundles. Other diffusion maps underwent unified processes
by projecting them to the FA skeleton. Voxelwise analysis was then
performed on the skeleton for each diffusion parameter.

ROI. Twenty-seven ROIs were explored on the basis of being
major cerebral WM tracts, including the genu, body, splenium of
the CC (gCC, bCC, sCC), right and left anterior, posterior, retro-
lenticular limb of the internal capsule (aIC, pIC, rIC), anterior,
superior, posterior corona radiata (aCR, sCR, pCR), posterior
thalamic radiation, external capsule, cingulum (cingulate gyrus)
(Cg), cingulum (hippocampus) (Ch), superior longitudinal fasci-
culus (SLF), and superior fronto-occipital fasciculus (SFOF),
respectively. ROIs were generated on the basis of the John Hopkins

Characteristics of the patients and healthy controls

Patients with MTBI (n= 23) Healthy Controls (n= 17)
Male/female 9:14 8:9
Age (mean) (yr) 36 (SD, 14) 34 (SD, 11)
Education (mean) (yr) 16 (SD, 2) 17 (SD, 2)
Time since injury (mean) (days) 18 (SD, 8) –

Injury mechanism (No.)
Hit by object 8
Fall 8
Car collision 4
Assault 1
Other 2

RPQ total score (mean) 23 (SD, 16) 6 (SD, 8)
IHSPT score (mean) (range) (%) 5.8 (SD, 5.7) (0.1–25.6) 5.2 (SD, 3.1) (0.3–10.8)

Note:—RPQ indicates Rivermead Postconcussion Symptoms Questionnaire; IHSPT; Interhemispheric Processing
Speed Test.
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University ICBM-DTI-81 WM Atlas labels40 by nonlinearly regis-
tering each subject’s FA map to the FA template using FSL (http://
www.fmrib.ox.ac.uk/fsl).36 A reversed warping procedure was per-
formed to assign the atlas labels to each subject’s space. All ROIs
were manually reviewed and edited as needed. For each ROI, the
mean value of each diffusion metric was obtained only in voxels
with FA$ 0.3 to restrict the analysis toWM regions.

Statistical Analyses
Groups were compared in terms of sex using a Fisher exact test
and in terms of age using an exact Mann-Whitney U test. Group
differences on the IHSPT scores were assessed with 1-way
ANCOVA with age as a covariate.

Mediation analysis was performed to decompose the total
effect of the CC microstructure on IHSPT (c in Fig 2A) into a
direct effect (c’ in Fig 2B) and an indirect, mediated effect (ab in
Fig 2B) through 1 mediator (ie, neighbor WM microstructure),
where the paths a, b, c’, and c represented the regression coeffi-
cients in Fig 2. The mediation model used in this work included
1 mediator as shown in Fig 2B. Mediation analysis was conducted
using PROCESS41 in the SPSS (SPSS) framework with 5000 boot-
strap resamples adjusted for age. A significant mediated effect
was determined if the 95% CI did not contain zero.

In addition, we conducted a univariate correlation analysis
with age as a covariate to investigate the association between cal-
losal microstructures and IHSPT performance as well as a multi-
variate regression analysis to jointly evaluate both callosal and
neighboring WM microstructures in association with IHSPT
scores for each group. We used SPSS, Version 28.

For TBSS, statistical analysis was conducted with 5000 ran-
dom permutations to identify statistically significant voxels, cor-
rected for multiple comparisons with threshold-free cluster
enhancement. For ROI analysis, MANCOVA, was performed by
adjusting for age. The level of significance was set at P, .05.

RESULTS
Groups were not significantly different in terms of sex (P¼ .75,
Fisher exact test), age (P¼ .98, Mann-Whitney U test), and
IHSPT scores (P¼ .65, ANCOVA).

Mediation analysis found several significant mediators in the
healthy control group, located mostly in an array of areas: 1)
between gCC and IHSPT: aIC, pIC, rIC, aCRL, sCR, pCRL,
CgR, ChL, SLFL, SFOF; 2) between bCC and IHSP: aICL, pIC,
rICR, sCR, SFOFL; and 3) between sCC and IHSPT: aIC, pIC,
rICR, sCRL, ECR, ChR, SFOFL (Fig 3, upper row). Patients
with MTBI appeared to lose some of the normal associations
(Fig 3, lower row). More details are summarized in the Online
Supplemental Data.

Significant univariate correlations and a trend toward significance
between the CC and IHSPT scores were observed in the healthy con-
trol group: gCC (Da, r¼ 0.51, P¼ .046; Djj

e , r ¼ �0.49, P¼ .052)
and sCC (Da, r¼ 0.46, P¼ .071; Djj

e , r ¼ �0.58, P¼ .019), but
these relationships were not seen in the MTBI group.
Multivariate regression analysis also found significant associa-
tions of several WM regions with IHSPT scores mainly including
gCC, sCC, aICL, pICR, rICR, sCRL, SFOFL in the healthy control
group, but fewer WM regions in the MTBI group (Online
Supplemental Data), showing consistent results with the results
of mediation analysis.

Group differences were revealed using TBSS analysis in sev-
eral diffusion maps (Fig 4). There were significantly different
areas demonstrating lower FA, MK, AK, RK in the MTBI group
compared with the healthy control group as well as areas demon-
strating higher MD, AD, RD, Da, and D?

e in MTBI, mainly in
left-sided WM regions including bCC, aICL, aICl, aCRL, sCRL,
pCRL, ECL, CgL, SLFL and SFOFL. The results of ROI analyses
were consistent with TBSS results (Online Supplemental Data).

DISCUSSION
In this study, univariate analysis has found significant correla-
tions between callosal microstructures and IHSPT performance
in the healthy control group because we know that the callosum
serves as a link between 2 cerebral hemispheres, allowing them to
communicate. However, these relationships have not been seen
in the MTBI group. Moreover, we have found several significant
mediators in the healthy control group, involving mainly bilateral
WM regions including capsular WM, the corona radiata, cingulum,

FIG 3. Mediation analysis demonstrates significant indirect mediators (neighbor WM ROIs) in the relationships (A) between the genu of the CC
and IHSPT performance including areas (yellow) of aIC, pIC, rIC, aCRL, sCR, pCRL, Cg, ChL, SLFL, and SFOF in healthy controls (upper row) and no
area in patients with MTBI (lower row); (B) between the body of the CC and IHSPT performance including areas (green) of aICL, pIC, rICR, sCR,
SLFL, and SFOFL in healthy controls (upper row) and aICR, sCRR, SLFL, and SFOFR in patients with MTBI (lower row); and (C) between the splenium
of the CC and IHSPT performance including areas (purple) of aIC, pIC, rICR, aCRL, sCR, pCRL, ECR, ChR, SLFL, and SFOFL in healthy controls (upper
row) and rICL, pCRL, CgL, and SLFL in patients with MTBI (lower row). Details are in the Online Supplemental Data.
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SLF, and SFOF (Fig 3, upper row). These results support the idea
that callosal interhemispheric communication is also mediated by
neighboring WM microstructures. This mediation is plausible
because we know that the CC is not an isolated structure. However,
in patients with MTBI, we found a loss of normal mediators, sug-
gesting the anticipated disruption of normal relationships possibly
due to increased IHSPT scores (ie, slowing of interhemispheric
communication) that may be related to microstructural changes
after injury (Fig 3, lower row). Our finding is supported by the
TBSS results showing microstructural alterations in patients
with MTBI compared with healthy controls (Fig 4), in keeping
with prior diffusion findings indicative of extra-axonal changes
such as vasogenic edema in the acute and subacute periods of
injury considered reversible.42 In particular, extra-axonal diffu-
sion markers, Djj

e and D?
e , have been suggested as potential

markers of oligodendrocytes, extracellular inflammation, gliosis,
and vasogenic edema.43-45 Thus, significant increases in extra-
axonal diffusion have been previously reported in patients with
mild cognitive impairment, Alzheimer disease, as well as MTBI,
particularly in callosal regions.6,45 The results of multivariate
regression analysis, which assesses the impact of the relationships
between multiple WM regions and IHSPT scores simultaneously,
are consistent with the mediation analysis results showing signifi-
cant associations of several callosal and noncallosal WM micro-
structures with IHSPT scores in the healthy control group but
fewer regions in the MTBI group (Online Supplemental Data).

There are several limitations to this study. First, it includes a
relatively small number of total subjects. The variability between
patients in the early phases (,1 month postinjury) of MTBI
results in a heterogeneous sample, which may dilute the general-
izability of the results. The use of this method to inform the
degree of injury in the context of clinical presentation and symp-
toms on an individual level would require larger cohorts. Second,
the mediation model used in this study includes a single media-
tor, and there is a potential for multiple mediators that warrants
further studies. Third, analyses were performed on MR images
obtained from 2 scanners. We did reduce interscanner variability
by using an established data-harmonization method, ComBat,38

which was performed on a larger-scale data set of 125 subjects,
including diffusion images from other MTBI studies using the
same diffusion sequence. Biologic variabilities such as age, sex,
and disease group were preserved while removing interscanner
variability. Fourth, although groups were not significantly differ-
ent in terms of sex (P¼ .75, Fisher exact test), there may still be
possible limitations in our analysis due to potential differences in
terms of different interhemispheric connectivity between men
and women.46 This issue warrants further study with larger
cohorts. Finally, a small percentage of individuals does have hem-
ispheric codominance for language, making it difficult to accu-
rately capture interhemispheric speed of processing using this
tool. In most individuals, the left hemisphere is dominant for lan-
guage; however, there is variability across the population. To
reduce the confounding effects of handedness in IHSPT test per-
formance, we excluded non-right-handed individuals.

CONCLUSIONS
This study reveals significant WM mediators that affect the rela-
tionships between callosal microstructure and interhemispheric
processing in healthy controls, supporting the idea that callosal
interhemispheric communication is also influenced by neighbor-
ing WMmicrostructures. In MTBI, a loss of normal relationships
is observed. This disruption may contribute to the subtle symp-
toms central to MTBI, especially those involving complex tasks.
Future longitudinal studies with a larger cohort would provide
insight into the temporal dynamics of interhemispheric recovery
after MTBI.
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FIG 4. TBSS results comparing diffusion measures betweenMTBI and healthy control groups. Clusters of voxels (red) demonstrating significantly lower
FA, MK, AK, and RK in the MTBI group compared with the healthy control group (P, .05, family-wise error–corrected) are present diffusely across the
entire WM. Increased MD, AD, RD, Da, and De

\ are seen in mainly left-sided, WM regions including bCC, aICL, pICL, aCRL, sCRL, pCRL, ECL, CgL, SLFL,
and SFOFL in the MTBI group. A heat map showing differences between groups is overlaid on the mean FA template and WM skeleton (green).
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Functional Connectivity Changes on Resting-State fMRI after
Mild Traumatic Brain Injury: A Systematic Review

Siddhant Dogra, Soroush Arabshahi, Jason Wei, Lucia Saidenberg, Stella K. Kang, Sohae Chung, Andrew Laine, and
Yvonne W. Lui

ABSTRACT

BACKGROUND: Mild traumatic brain injury is theorized to cause widespread functional changes to the brain. Resting-state fMRI
may be able to measure functional connectivity changes after traumatic brain injury, but resting-state fMRI studies are heterogene-
ous, using numerous techniques to study ROIs across various resting-state networks.

PURPOSE: We systematically reviewed the literature to ascertain whether adult patients who have experienced mild traumatic
brain injury show consistent functional connectivity changes on resting-state -fMRI, compared with healthy patients.

DATA SOURCES:We used 5 databases (PubMed, EMBASE, Cochrane Central, Scopus, Web of Science).

STUDY SELECTION: Five databases (PubMed, EMBASE, Cochrane Central, Scopus, and Web of Science) were searched for research
published since 2010. Search strategies used keywords of “functional MR imaging” and “mild traumatic brain injury” as well as related
terms. All results were screened at the abstract and title levels by 4 reviewers according to predefined inclusion and exclusion criteria.
For full-text inclusion, each study was evaluated independently by 2 reviewers, with discordant screening settled by consensus.

DATA ANALYSIS: Data regarding article characteristics, cohort demographics, fMRI scan parameters, data analysis processing soft-
ware, atlas used, data characteristics, and statistical analysis information were extracted.

DATA SYNTHESIS: Across 66 studies, 80 areas were analyzed 239 times for at least 1 time point, most commonly using independent
component analysis. The most analyzed areas and networks were the whole brain, the default mode network, and the salience net-
work. Reported functional connectivity changes varied, though there may be a slight trend toward decreased whole-brain func-
tional connectivity within 1 month of traumatic brain injury and there may be differences based on the time since injury.

LIMITATIONS: Studies of military, sports-related traumatic brain injury, and pediatric patients were excluded. Due to the high num-
ber of relevant studies and data heterogeneity, we could not be as granular in the analysis as we would have liked.

CONCLUSIONS: Reported functional connectivity changes varied, even within the same region and network, at least partially
reflecting differences in technical parameters, preprocessing software, and analysis methods as well as probable differences in indi-
vidual injury. There is a need for novel rs-fMRI techniques that better capture subject-specific functional connectivity changes.

ABBREVIATIONS: DMN ¼ default mode network; FC ¼ functional connectivity; ICA ¼ independent component analysis; IQR ¼ interquartile range; mTBI ¼
mild traumatic brain injury; rs-fMRI ¼ resting-state fMRI; SN ¼ salience network; TBI ¼ traumatic brain injury

Mild traumatic brain injury (mTBI) is a common injury that,
nevertheless, can pose difficult diagnostic and therapeutic

challenges.1 Conventional neuroimaging including CT and

structural MR imaging plays a key role in mTBI assessment and

management, such as the identification of intracranial hemor-

rhage, but it has limited sensitivity for the detection of underlying

abnormalities that have no clear macrostructural correlate.2

Advanced neuroimaging has been used during the past decade in

an attempt to characterize more subtle post-mTBI neurobiologi-

cal changes.
After mTBI, it is believed that disruptions occur in the organi-

zation of large-scale brain activity.2 Blood oxygen level–depend-
ent functional MR imaging has, thus, been used to study changes
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in intrinsic brain connectivity. In particular, functional connec-
tivity (FC) as reflected in low-frequency blood oxygen level–
dependent fluctuations of resting-state fMRI (rs-fMRI),3 and its
organization into various resting-state networks1,4 has been used
in an attempt to understand the injury.

Approximately a decade ago, a comprehensive review of
fMRI in mTBI by McDonald et al1 included a mere 2 studies of
resting-state changes following mTBI. Since then, there has
been an explosion of literature in this area. Part of the challenge
in interpreting these results is the diversity of brain regions and
networks studied and the great variety of methods that can be
used to analyze FC in rs-fMRI. Common approaches include
correlational methods (relying on selections of ROIs and/or
seeds and correlating the corresponding rs-fMRI signal time-
series with time-series of all other voxels [ROI/seed-to-voxel] or
other ROIs/seeds [ROI/seed-to-ROI/seed] to map connectivity5)
as well as independent component analysis (ICA; decomposition
of brain-wide rs-fMRI into independent spatiotemporal compo-
nents that can be correlated to determine connectivity6), both of
which may be performed in a static fashion using the entire time-
series or in a dynamic fashion using a sliding-window approach.
Graph theory can also be used to study FC at either local or global
levels.7 Finally, regional homogeneity is commonly used to mea-
sure synchronization of low-frequency fluctuations of a particular
voxel with its nearest neighbors,8 while fractional amplitude of
low-frequency fluctuations quantifies low-frequency oscillations
as a reflection of local spontaneous activity.9

In this systematic review, we explore the current literature on
FC in mTBI regarding whether adult patients who have mTBI
show consistent FC changes on rs-fMRI, compared with healthy
patients. We summarize thematic findings in terms of FC
changes following injury and comment on discordances that are
observed.

MATERIALS AND METHODS
Database Search
This study was registered with the International Prospective
Register of Systematic Reviews (PROSPERO; ID CRD42022360114)
and performed as per Preferred Reporting Items for Systematic
Reviews and Meta-Analyses of Diagnostic Test Accuracy
(PRISMA) guidelines.

In November 2022, five databases (“PubMed,” “EMBASE,”
“Cochrane Central,” “Scopus,” “Web of Science”) were searched
for research published since 2010. The search strategy used the
keywords “functional MR imaging” and “mild traumatic brain
injury” as well as related terms. Search terms can be found in the
Online Supplemental Data.

Inclusion criteria were the following: peer-reviewed human
research 1) performed in adults older than 18 year of age; 2)
written in English; 3) involving the use of rs-fMRI; 4) including
a measure of FC; 5) published in or after 2010; and 6) comparing
patients with mTBI with healthy controls. Blast/military trau-
matic brain injury (TBI) was excluded because military-related
blast injury has a unique mechanism relating to propagating
pressure waves. Sport- and athletic-related injury was also
excluded because many such studies occur either in pediatric
subjects and/or specifically feature individuals exposed to

repetitive head impacts and repeat TBI. Of course, many studies
may have included a number of these types of etiologies without
distinguishing their results from those of other etiologies.
Consequently, we were able to exclude only studies whose
entire cohort had one of these mechanisms. Specifically, exclu-
sion criteria were the following: 1) preclinical animal studies;
2) inclusion of pediatric patients younger than 18 years of age;
3) reviews, meta-analyses, books, case reports, or case series; 4)
moderate or severe TBI; 5) cohorts of only sports- or athletic-
related TBI; 6) cohorts of only blast-related TBI; 7) cohorts of
only military TBI; 8) cohorts of only repetitive TBI; and 9)
only task-mediated fMRI studies.

All results were screened at the abstract and title levels by 4
reviewers (S.D., S.A., J.W., L.S.) according to predefined inclusion
and exclusion criteria. Each study was evaluated independently
by 2 reviewers, with discordant screening settled by consensus.
Two reviewers (S.D., S.A.) performed full-text data screening and
extraction, with disagreements settled by consensus.

Data Extraction and Synthesis
We excluded the following categories: article characteristics
(title, author, journal, year), cohort demographics (time since
injury, age, sex), fMRI scan parameters (ie, TE, TR, scan dura-
tion, scanner model, and magnet strength), data analysis proc-
essing software, atlas used, data characteristics (including
analysis method applied, studied ROI or network, connectivity
measures), and statistical analysis information (method, multi-
ple-comparison correction).

FC changes were graded on an ordinal scale from �2 to 12:
�2 and12 denoting studies reporting only decreases or increases
in FC, respectively; �1 and11 denoting studies reporting mixed
results with most areas showing decreased or increased FC,
respectively; and 0 if no changes were reported. If there were an
equal number of areas with increased and decreased changes, we
assigned an ordinal score of 0 but noted that there was equal
change in each direction.

For all studies, time since mTBI was binned into either
,1month, 1–6months, or.6months, with some studies having
multiple evaluations at different time points. For these studies,
results were examined separately for each of these time periods.

Of note, in some cases, the whole brain was evaluated by ICA,
and several resting-state networks were subsequently identified as
independent components. In most such cases, the identified com-
ponents were specific named resting-state networks; for these
studies, we report the individual networks and their changes, as
well as the whole brain and its change as a conglomeration of the
network changes.

Risk of bias and applicability were assessed by 3 reviewers
(S.D., S.A., J.W.). Each study was evaluated by 2 reviewers with
disagreements settled by consensus. The case-control version of
Newcastle-Ottawa Scale was used for this assessment.10

RESULTS
Our initial search found 10,946 results, 2405 of which were dupli-
cates and were removed before screening. The remaining 8541
underwent title and abstract screening from which 107 results
were considered for full-text review. Four of these could not be
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found online and may have been abstracts or conference papers.
Among the 103 remaining results, 19 were only abstracts and 18
did not meet the criteria for inclusion (9 studied the wrong popu-
lation, 6 did not compare with a healthy control group, 1 was not
in English, 1 was not peer-reviewed, and 1 was not an rs-fMRI
study). Full-text data extraction was ultimately performed for 66
studies (Fig 1).2,4,8,11-73 A summary of these articles can be found
in the Online Supplemental Data.

Risk of Bias
The case-control version of the Newcastle-Ottawa Scale was used
for assessment of the risk of bias. Representativeness of cases for
Shumskaya et al70 was thought to have unclear applicability
because only fronto-occipital injuries were included. Otherwise,
there was appropriate selection, comparability, and exposure for
all studies, because subjects with and without mTBI were clearly
distinguishable and verified through interview.

Cohort Characteristics and Technical Parameters
These studies included a median of 31 healthy controls (inter-
quartile range [IQR], 20–42). Depending on the time since mTBI
was evaluated in the study, studies with subjects scanned within 1
month of mTBI included a median of 48 (IQR, 28.5–56.5) sub-
jects, studies with subjects scanned between 1 and 6 months of
mTBI included a median of 25 (IQR, 23–42) subjects, and studies
with subjects scanned.6 months from mTBI included a median
of 28 (IQR, 20.5–50) subjects. Thirty-eight of 66 (57.6%) studies

did not specify the mechanisms of
mTBI. Among the 28 that did, traffic/
motor vehicle collisions were by far the
most common etiology (18/28, 64.3%).

On average, the healthy control cohort
consisted of a mean of 47.6% women
(SD, 12.6%) with a mean age of 36.6
(SD, 6.7) years, and the mTBI cohort
consisted of 43.6% women (SD, 14.3%)
with a mean age of 36.6 (SD, 7.0) years.

Regarding the MR imaging scanner,
60 studies (90.9%) used a 3T magnet, 5
studies (7.6%) used a 1.5T magnet, and
one (1.5%) did not specify the magnet
strength. The mean TE and TR were
29.1 (SD, 4.4 ) ms and 2082.1 (SD, 308)
ms. The mean rs-fMRI duration was
7.4 (SD, 2.5) minutes.

Processing software used across all
the studies varied from statistical para-
metric mapping (SPM, Versions 5, 6, 8,
12; http://www.fil.ion.ucl.ac.uk/spm/
software/spm12), FMRIB Software
Library (FSL; http://www.fmrib.ox.ac.
uk/fsl), Group ICA of fMRI Toolbox
Software (GIFT; http://mialab.mrn.org/
software/gift/), Analysis of Functional
NeuroImages (AFNI; http://afni.nimh.
nih.gov/), medInria (https://med.inria.
fr/), Data Processing & Analysis of Brain

Imaging (DPABI; http://rfmri.org/DPABI), FreeSurfer (https://
surfer.nmr.mgh.harvard.edu/fswiki/DownloadAndInstall), the
graph theoretical network analysis (GRETNA; https://www.nitrc.
org/projects/gretna/) toolbox, to the Resting-State fMRI Data
Analysis Toolkit (REST; http://rfmri.org/REST).

Connectivity Changes
Across 66 studies, 80 distinct areas were collectively analyzed 239
times at least at 1 time point (Online Supplemental Data). Sixteen
analyses included multiple time points (,1month between
mTBI and the scan, 1–6months, and .6months) (Online
Supplemental Data). The most common analysis approaches
used were ICA (n¼ 106), ROI/seed-to-ROI/seed (n¼ 62), and
ROI/seed-to-voxel (n¼ 32), followed distantly by graph theory
methods (n¼ 17, Online Supplemental Data), ICA-based
dynamic FC (n¼ 14), regional homogeneity (n¼ 4), and frac-
tional amplitude of low-frequency fluctuations (n¼ 4).

The most-commonly analyzed areas and networks were the
whole brain (45 analyses across 37 studies), the default mode
network (DMN) (32 analyses across 25 studies), and the salience
network (SN, 13 analyses across 10 studies). Studies that sepa-
rately analyzed patients with and without postconcussive symp-
toms are explicitly labeled in Supplementary Table 2 (Online
Supplementary Data).

Figure 2 shows panels of histograms of FC changes in the
whole brain, the DMN, and the SN, with respect to scans per-
formed ,1month since mTBI, 1–6months since mTBI, and

FIG 1. PRISMA flow diagram detailing study identification, screening, and inclusion.
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.6months since mTBI. By comparing the left half of each plot
(frequencies of �2 and �1) with the right half (frequencies of 1
and 2), we can get a sense of the relative frequency of
decreased-versus-increased FC. For example, ,1 month after
mTBI, there were 9 more analyses that found decreased FC
across the whole brain compared with increased FC (7,�2 stud-
ies; 8, �1 study; 1, 11 study; and 5, 12 studies), possibly sug-
gesting a trend toward decreased whole-brain FC acutely after
mTBI. These changes may persist 1–6 months post-mTBI in the
whole brain, whereas there are 5 studies that found decreased
FC versus none with increased FC. At .6months in the whole
brain, as well as all time points with the DMN and SN, the dif-
ferences are not as robust.

DISCUSSION
In the past decade, many more approaches to studying mTBI
using rs-fMRI have been developed and applied. The 2012 review

of McDonald et al1 found only 2 studies evaluating the effect of
mTBI on resting-state FC, one of which looked at the thalamus
with ROI-to-voxel and ICA approaches and another that looked
at the DMN and the task-related network with an ROI-to-ROI
approach.4,72 In comparison, this present review includes 66
studies using any of 9 analysis methods to study a total of 61 dis-
tinct areas, demonstrating how much the literature has grown in
the interim.

In part, because of this growth, the data we reviewed show
immense heterogeneity with respect to FC changes, even among
studies that evaluate the same networks or ROIs using the same
techniques in the same timeframe since injury. Most reassuring,
control and mTBI groups, on average, were similar in both age
and sex distribution, and nearly all studies were performed on 3T
magnets. Besides variability in methods as noted above, probably
one of the most challenging aspects of studying mTBI arises from
the heterogeneity of the injury itself and the manifestations of

FIG 2. FC changes, categorized on an ordinal scale and separated by the time since injury.�2¼ only decreased FC changes,�1¼more areas of
decreased FC change than areas of increased FC change, 0¼ no FC changes (black) or the same number of areas of decreased and increased FC
(gray), 1¼more areas of increased FC change, 2¼only areas of increased FC changes (changes all relative to results in healthy controls). Gray
bars are separate from black bars, ie, 3 studies found an equal number of areas of increased and decreased FC in the DMN at,1 month. Eight
found no changes, so a total of 11 studies were classified as a 0.
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injury. This issue continues to plague the field because injured
individuals are inherently difficult to categorize. In addition,
another source of variability among studies likely arises from
technical sources such as scan parameters, preprocessing meth-
ods, brain atlas selected, and so forth.

When analyzing FC changes, we focused on 3 main regions:
the whole brain, DMN, and SN, because these were the most
widely studied. There was a slight predilection toward decreased
whole-brain FC early after mTBI (,1month of injury), though
the heterogeneity of the results precludes drawing any strong con-
clusion. Also, there was no definite trend across time, though
more studies showed decreased FC within 1month of injury com-
pared with 1–6months or .6months after injury, suggesting that
perhaps functional hypoconnectivity is the dominant response im-
mediately following mTBI and is followed by recovery with time.

The underlying neurophysiologic changes following mTBI are
not yet fully characterized, so it is difficult to confidently identify
a biological basis for acute hypoconnectivity. Increasing evidence
points to cerebrovascular injury as a key hallmark of mTBI, char-
acterized by disrupted cerebrovascular reactivity and neurovascu-
lar coupling.74 Studies using arterial spin-labeling to quantify
CBF after mTBI report inconsistent findings, with suggested
reduced CBF acutely after injury and varied responses in the sub-
acute phase, similar to our findings regarding FC after mTBI.75

Because cerebrovascular disease is known to influence network
connectivity, there may be a link between FC changes and CBF
changes.76 In any case, it is clearly possible that there is a tempo-
ral evolution of connectivity changes across time after injury, and
this is reflected in the literature.

Limitations include exclusion of studies consisting entirely of
military, sports-related mTBI, and pediatric patients. Moreover,
some studies included a small number of participants with
sports-related mTBI; we were unable to exclude FC changes from
only these specific subjects, so they do contribute to our results.
Second, due to the high data heterogeneity, we could not be as
granular as we would have liked. For example, we were forced to
bin FC changes into arbitrary temporal categories, which likely
limit our view of temporal changes after injury. It is certainly pos-
sible that there are more nuanced temporal changes within or
across these bins that were not feasible to capture; and, in fact,
the current results suggest that this possibility may be true.
Similarly, for the sake of practicality, we present FC changes on
an ordinal scale based on the number of regions within each study
found to show FC changes; however, this particular metric may
not well-capture FC changes in mTBI. We also were not able to
report the location of FC changes due to the amount of data ana-
lyzed. Finally, we did not perform subgroup analyses on patients
with persistent symptoms, though the Online Supplementary
Data do include information on studies that looked at ROIs/net-
works in asymptomatic-versus-symptomatic patients. We hope
that our conglomerated data summary makes it easier for future
investigations to identify and analyze subsets of these studies to
answer more focused questions.

CONCLUSIONS
rs-fMRI is a noninvasive method to study FC of the brain that
has been increasingly applied over the past decade to understand

underlying functional brain alterations after mTBI. Due to a vari-
egated landscape of rs-fMRI analysis methods and the still rela-
tively naive understanding we have of mTBI, we find immense
heterogeneity in the literature. We see a slight tendency toward
decreased whole-brain FC within 1 month of mTBI, though
group-based fMRI analysis at the present time does not easily
reveal clear concordance among published studies. This issue
may relate to a combination of underlying heterogeneity in the
mTBI population as well as current limitations of rs-fMRI group-
wise analysis methods. As a result, the present study is also lim-
ited in its ability to parse temporal differences and nuanced
changes in connectivity across studies. There is a need for an
improved description of subjects with mTBI as well as new rs-
fMRI approaches that better capture subject-specific alterations
of brain connectivity.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Structural Brain MR Imaging Alterations in Patients with
Systemic Lupus Erythematosus with and without

Neuropsychiatric Events
Sebastiano Vacca, Michele Porcu, Matteo Piga, Lorenzo Mannelli, Elisabetta Chessa, Jasjit S. Suri, Antonella Balestrieri,

Alberto Cauli, and Luca Saba

ABSTRACT

BACKGROUND AND PURPOSE: Systemic lupus erythematosus is a complex autoimmune disease known for its diverse clinical manifesta-
tions, including neuropsychiatric systemic lupus erythematosus, which impacts a patient’s quality of life. Our aim was to explore the relation-
ships among brain MR imaging morphometric findings, neuropsychiatric events, and laboratory values in patients with systemic lupus
erythematosus, shedding light on potential volumetric biomarkers and diagnostic indicators for neuropsychiatric systemic lupus erythematosus.

MATERIALS AND METHODS: Twenty-seven patients with systemic lupus erythematosus (14 with neuropsychiatric systemic lupus er-
ythematosus, 13 with systemic lupus erythematosus), 24 women and 3 men (average age, 43 years, ranging from 21 to 62 years) were
included in this cross-sectional study, along with 10 neuropsychiatric patients as controls. An MR imaging morphometric analysis,
with the VolBrain online platform, to quantitatively assess brain structural features and their differences between patients with
neuropsychiatric systemic lupus erythematosus and systemic lupus erythematosus, was performed. Correlations and differences
between MR imaging morphometric findings and laboratory values, including disease activity scores, such as the Systemic Lupus
Erythematosus Disease Activity Index and the Systemic Lupus International Collaborating Clinics Damage Index, were explored. An
ordinary least squares regression analysis further explored the Systemic Lupus Erythematosus Disease Activity Index and Systemic
Lupus International Collaborating Clinics Damage Index relationship with MR imaging features.

RESULTS: For neuropsychiatric systemic lupus erythematosus and non-neuropsychiatric systemic lupus erythematosus, the brain regions
with the largest difference in volumetric measurements were the insular central operculum volume (P value ¼ .003) and the occipital cor-
tex thickness (P ¼ .003), which were lower in neuropsychiatric systemic lupus erythematosus. The partial correlation analysis showed that
the most correlated morphometric features with neuropsychiatric systemic lupus erythematosus were subcallosal area thickness asymmetry
(P , .001) and temporal pole thickness asymmetry (P ¼ .011). The ordinary least squares regression analysis yielded an R2 of 0.725 for the
Systemic Lupus Erythematosus Disease Activity Index score, with calcarine cortex volume as a significant predictor, and an R2 of 0.715 for
the Systemic Lupus International Collaborating Clinics Damage Index score, with medial postcentral gyrus volume as a significant predictor.

CONCLUSIONS: The MR imaging volumetric analysis, along with the correlation study and the ordinary least squares regression
analysis, revealed significant differences in brain regions and their characteristics between patients with neuropsychiatric systemic
lupus erythematosus and those with systemic lupus erythematosus, as well as between patients with different Systemic Lupus
Erythematosus Disease Activity Index and Systemic Lupus International Collaborating Clinics Damage Index scores.

ABBREVIATIONS: Ang ¼ angular gyrus; APS ¼ antiphospholipid syndrome; C3 ¼ complement component 3; C4 ¼ complement component 4; Calc ¼ cal-
carine cortex; norm ¼ normalized; NP ¼ neuropsychiatric; NPSLE ¼ neuropsychiatric systemic lupus erythematosus; OCP ¼ occipital cortex; OLS ¼ ordinary
least squares; PGA ¼ Physician Global Assessment; SCA ¼ subcallosal area; SLE ¼ systemic lupus erythematosus; SLEDAI ¼ Systemic Lupus Erythematosus
Disease Activity Index; SLICC-DI ¼ The Systemic Lupus Erythematosus International Collaborating Clinic Damage Index/American College of Rheumatology
Damage Index; TMP ¼ temporal pole; WMH ¼ white matter hyperintensities

Systemic lupus erythematosus (SLE) is a complex autoimmune
disease, characterized by a dysregulated immune system that

leads to chronic inflammation and the potential for multiorgan
involvement,1 affecting 5.14 (range, 1.4–15.13) per 100,000 per-
son-years and 0.40 million annually, respectively.2,3 SLE more
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frequently affects the musculoskeletal system and skin, but it can
also manifest as neuropsychiatric events,4 causing significant
mortality and morbidity, accounting for up to 19% of deaths in
patients with SLE,5 while impairing patients’ quality of life. The
etiology of neuropsychiatric SLE (NPSLE) remains poorly under-
stood, and the identification of reliable biomarkers would be cru-
cial for early diagnosis, prognosis, and therapeutic intervention.6

Advances in medical imaging techniques, particularly MR imag-
ing of the brain, have provided valuable insights into the structural
and functional alterations associated with NPSLE.7-11 MR imaging
allows noninvasive visualization of brain structures and facilitates
the detection of abnormalities that may contribute to the develop-
ment of neuropsychiatric symptoms in patients with lupus. Despite
imaging advancements, there is still little consensus on the associa-
tion of MR imaging measurements and the clinical side of NPSLE.

The diversity of neuropsychiatric manifestations in lupus
presents significant diagnostic challenges. These manifestations
can range from mild cognitive dysfunction to severe disorders,
including psychosis, mood disorders, seizures, and cerebrovascu-
lar events.12-14 Moreover, these symptoms may be unrelated to
SLE and represent primary psychiatric conditions in the overlap
with SLE, making accurate diagnosis, the attribution process, and
appropriate management essential.13 Laboratory investigations,
including autoantibody profiles and serologic markers, play a
crucial role in the diagnosis and monitoring of lupus.

The association between structural MR imaging alterations
and SLE has been investigated by few studies, such those included
in the meta-analysis by Cox et al,15 in which they confirmed that
hippocampus, corpus callosum, and total gray matter volume
measures in patients with SLE were considerably lower than those
in age- and sex-matched controls. However, their association
with brain MR imaging findings and neuropsychiatric events
remains insufficiently explored.

The aim of the study was to explore the correlations among
brain morphometric MR imaging findings, neuropsychiatric
events, and laboratory values in NPSLE.

MATERIALS AND METHODS
The study was designed as exploratory and cross-sectional. Patients
with SLE were recruited from those referred to the Lupus Clinic,
rheumatology department of our university hospital (Rheumatology
Unit, Azienda Ospedaliero-Universitaria, Cagliari, Italy) between
April 2019 and February 2020, on the basis of the following inclusion
criteria: 1) fulfillment of the 2019 criteria of the American College
of Radiology/European Alliance of Associations for Rheumatology;
2) 18 years of age or older; and 3) the ability to provide informed
consent. The local Independent Ethics Committee examined and
approved the study protocol (protocol No. PG/2019/4522). All par-
ticipants provided written informed consent.

Clinical and Immunologic Data
Demographics, classic atherogenic risk variables (such as hyper-
tension, hyperlipidemia, and smoking), and basic laboratory data
were evaluated for patients and controls. Patients were classified
regarding SLE duration, activity, damage, conventional serology,
autoantibodies, and therapy. Disease activity by the Physician
Global Assessment (PGA) was evaluated on a 0–3 visual scale.16

The SLE Disease Activity Index (SLEDAI)17 was used to evaluate
the state of the disease in 9 organ systems, including the CNS, vascu-
lar, renal, musculoskeletal, serosal, cutaneous, immunologic, consti-
tutional, and hematologic systems. An SLEDAIof $6 is consistent
with active disease. To evaluate accumulated damage in multiple
organs, we used the Systemic Lupus International Collaborative
Clinics/American College of Rheumatology Damage Index.18

Complement component 3 and 4 (C3 and C4) levels, anti-dou-
ble stranded DNA, anti-Ro/SSA, anti-La/SSB, anti-Sm, anti-RNP,
and antiphospholipid antibodies (lupus anticoagulant, anticardioli-
pin and anti-b 2 glycoprotein I) were recorded. Also, brain-reac-
tive antibodies, such as antineuronal antibodies, anti-Ribosomal P,
and anti-DWEYS were included in the immunologic data.19

Furthermore, therapeutic information was acquired, includ-
ing whether the patients were under any anticoagulant and
antiplatelet agent and the milligrams/day equivalent of their
prednisone dosage, hydroxychloroquine, immunosuppressants,
and any biologic drug.

The presence of NPSLE was assessed according to the 1999
American College of Radiology nomenclature20 through the con-
firmation of the attribution of a neurologic event to SLE accord-
ing to expert opinion.

The control group with 10 patients who were diagnosed with a
neuropsychiatric (NP) event derives from the article by Babayan
et al:21 6 patients were diagnosed with a major depressive episode,
1 with anorexia nervosa, 1 with alcohol use disorder, 1 with bipo-
lar disorder, and 1 with obsessive-compulsive disorder.

Neuroradiologic Data
MR imaging examinations were conducted within 1month of
enrollment. The Vantage Titan 3T scanner (Canon Medical
Systems), equipped with a 32-channel head coil, was used for
brain MR imaging. Patients with contraindications for MR imag-
ing, such as claustrophobia or the presence of incompatible MR
imaging devices, were excluded from the study.

The MR imaging protocol included a structural 3D T1-
weighted fast-field echo (3D MPRAGE) sequence for morpho-
metric analysis. The 3DMPRAGE was acquired in the axial plane
from the cranial vertex to the occipital foramen, with the follow-
ing parameters: section thickness ¼ 1mm; matrix ¼ 1024; FOV
¼ 256 � 256; TE ¼ 2.8ms; TI ¼ 950ms; TR ¼ 6.3ms; flip angle
¼ 9°. Patients with brain MR imaging scans positive for inciden-
tal clinically significant pathologic findings, such as brain tumors,
were excluded from the study.

For the NP control group, MR imaging was performed on a
3T scanner (Magnetom Verio; Siemens) equipped with a 32-
channel head coil. The MP2RAGE sequence was acquired for
assessment of brain structures with a voxel resolution of 1mm
(isotropic). Most important, these T1-weighted images differ
from MPRAGE T1-weighted images because they are uniform
and free of other imaging properties (ie, proton density, T2*) that
can affect morphometric measurements. The total acquisition
time for MP2RAGE was 8minutes 22 seconds.21

Volumetric Analysis
The morphometric analysis was performed on anonymized struc-
tural 3D MPRAGE scans using the automated Vol2Brain online
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tool (https://www.volbrain.net).22 This Internet-based system was
used for the automated analysis of volumetric brain data, quanti-
fying the global brain volume (intracranial cavity, GM, WM,
CSF) as well as the volume and mean cortical thickness of 135
brain structures.

Statistical Analysis
To compare continuous and categoric variables between groups,
respectively, we used the Student t test or Mann-Whitney U test
(for normally or non-normally distributed data, respectively) and
the Fisher exact test. ANCOVA was used to correct for variables.
Correlation analysis, using either the Pearson coefficient or
Spearman coefficient (for normally or non-normally distributed
data, respectively) was performed on every variable. The most
correlated MR imaging features with every clinical and immuno-
logic variable were partially correlated with the neurologic events,
accounting for the prednisone dose, SLEDAI, the presence of
NPSLE, and age and sex as partial correlations. Moreover, the
neurologic events were correlated with MR imaging variables,
accounting for prednisone dose, SLEDAI, age, and sex.

Ordinary least squares (OLS) regression analysis was per-
formed on every clinical and immunologic continuous feature,
considered as the target variable, using the most correlated MR
imaging features as the predictor variables. A P value of,.05 was
considered statistically significant. All statistical analyses were
conducted on Python, Version 3.9.

RESULTS
Patient Characteristics
Twenty-seven patients with a diagnosis of SLE were included in
the study, of which 24 were women and 3 were men. The average
age was 43 years, with a mean disease duration of 7.8 (SD, 11.9)
years (Online Supplemental Data). On average, their SLEDAI-2K
score was 8.29, while The Systemic Lupus Erythematosus
International Collaborating Clinic Damage Index (SLICC-DI)
and PGA were 0.96 and 1.04, respectively. The 14 patients who
had $1 NP event (6 mood abnormalities, 4 seizures, 3 cerebro-
vascular accidents, 2 cases of psychosis, 1 movement disorder, 1
acute confusional state) had, on average, a SLEDAI-2K of 10.5,
while those who did not experience an NP event of 5.9. Likewise,
the patients with NPSLE had a higher PGA and SLICC-DI, as
well as, on average, a higher double stranded DNA titer (Online
Supplemental Data). Every patient except one was on a steroid
regimen (96%), prednisone, while 8 were taking an anticoagulant
(29%); 19, hydroxychloroquine (70%); 23, an immunosuppressive
agent (85%); and 9, a biologic drug (33%). Other patient charac-
teristics are in the Online Supplemental Data.

Volumetric Analysis
Volumetric differences between various groups were tested.
Differences in MR imaging scans of patients with SLE were ana-
lyzed by grouping them on the basis of different clinical and
immunologic data. Regarding patients with NPSLE and non-
NPSLE, many brain regions and their characteristics were found
to be different, and the 5 most statistically significant that were
lower in the NPSLE group were the following: central operculum
of insula total volume percentage (P value ¼ .003), occipital cortex

(OCP) total thickness norm (P ¼ .003), OCP left thickness norm
(P¼ .004), angular gyrus (Ang) right thickness in millimeters (P¼
.004), OCP total thickness in millimeters (P ¼ .005) (Fig 1). When
comparing NP events with NPSLE and SLE, with the Wilcoxon
test and ANOVA, the brain regions differing the most between the
groups were the GRe (gyrus rectus), SGT, and IGt (P, .001).

Regarding the SLEDAI-2K, after the Wilcoxon test, the main
differences in MR imaging features between the 2 groups, one
with a score of ,4 and the other above it, based on studies such
as Yee et al,23 were the following: parahippocampal gyrus total
thickness greater in higher SLEDAI (P ¼ .006), as well as both its
right and left thickness taken separately were greater the higher
the SLEDAI (P, .02), and calcarine cortex (Calc) right volume
percentage, greater with higher SLEDAI scores. (Fig 2).

The SLICC-DI analysis, in which the patients were divided on
the basis of the presence of organ damage or not (SLICC-DI of at
least 1 and 0), revealed how the opercular part of the inferior
frontal gyrus total and right volume percentage differed the most
between groups (P¼ .003 and .007), with the damaged group
having the smaller volume; another region was the right medial
precentral gyrus volume percentage (P¼ .008), volume in cubic
centimeters (P value¼ .015). (Fig 3).

Four patients were diagnosed with antiphospholipid syn-
drome and were shown to have diminished thickness in the fol-
lowing areas: Anterior insula left thickness in millimeters
(P¼ .001), anterior cingulate gyrus right thickness in millimeters
(P ¼ .001), middle temporal gyrus total volume percentage (P
value ¼ .001), as well as more abnormal-appearing white matter
volume in cubic centimeters (P¼ .006).

Correlation Analysis
Regarding the partial correlation analysis (Fig 2), the most cor-
related MR imaging features with NPSLE were the following:
subcallosal area (SCA) thickness asymmetry (r¼ 0.45, P¼ .003),
amygdala right volume percentage (r¼ 0.43, P¼ .042), temporal
thickness asymmetry (r¼ 0.47, P¼ .025), and temporal pole
(TMP) thickness asymmetry (r¼ 0.52, P¼ .011). Both SCA and
TMP thickness asymmetry were positively correlated with the
presence of a CVA event after partial correlation (r¼ 0.71,
P, .001 and r¼ 0.69, P, .001, respectively) (Online
Supplemental Data).

On the other hand, the partial correlation analysis of the neu-
rocognitive events revealed a strong positive partial correlation
(correlation: 0.662, P, .001) between depression and medial pre-
central gyrus volume asymmetry, with a negative one for the vol-
ume percentage of the cerebellar vermal lobules VIII–X
(correlation: �0.5784, P ¼ .004). Similarly, a strong positive par-
tial correlation between seizures and angular gyrus thickness
asymmetry (correlation: 0.671, P, .001) was found, as well as a
negative one with medial orbital gyrus left thickness norm (corre-
lation: �0.548, P ¼ .006). Our analysis demonstrated a strong
negative partial correlation between psychosis and insular right
volume percentage (correlation: �0.688, P, .001), in addition to
a positive correlation with pallidum total volume in cubic centi-
meters (correlation: 0.644, P, .001). Furthermore, the correla-
tion with cerebrovascular accidents yielded significant results,
such as its relationship with SCA thickness asymmetry (correlation:
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0.710, P, .001) and gyrus rectus right thickness in millimeters
(correlation:�0.693, P, .001).

OLS Regression
The OLS regression analysis conducted on the continuous varia-
bles as the target ones, yielded an R2 of 0.725 and an adjusted R2

of 0.553 for the SLEDAI score, and a R2 of 0.715 and an adjusted
R2 of 0.537 for the SLICC-DI score. For SLEDAI, the overall sig-
nificance of the model, as measured by the F-statistic (F ¼ 4.226,
P ¼ .005; F ¼ 4.012, P ¼ .006), indicates that at least one of the
predictor variables has a statistically significant effect on SLEDAI-
2k and SLICC-DI, respectively.

DISCUSSION
The purpose of this study was to explore the relationship between
laboratory values, specifically antibodies, and brain MR imaging
findings in patients with SLE. Additionally, it examined the inci-
dence of NP events in connection with brain MR imaging results.

Among our patient cohort, the most prevalent NP manifesta-
tions included mood abnormalities, particularly depression, in
addition to seizures, psychosis, and cerebrovascular disease. The
prevalence of NP events in our population aligns with a meta-
analysis by Unterman et al,24 in which the most common neuro-
logic syndromes encompassed headache, mood abnormalities

(especially depression), cognitive dysfunction, seizures, and cere-
brovascular disease.

Few studies have explored brain MR imaging lesion loads in
patients with NPSLE, especially in contrast to controls or patients
without NPSLE. Roldan et al25 conducted a retrospective study
involving 76 patients with SLE and 26 controls, revealing signifi-
cantly higher whole-brain and hemisphere lesion loads in
patients (all, P, .020). Moreover, a robust association emerged
between neurocognitive z scores across all categories and whole-
brain and hemisphere lesion loads. Notably, these associations
became more pronounced when factoring in glucocorticoid med-
ication and the SLEDAI.

When investigating GM atrophy and its correlation with
NPSLE and SLE, an article by Cagnoli et al,26 in which 20 patients
with NPSLE, 18 with SLE, and 18 controls, were included, high-
lighted how GM atrophy was seen in both groups in the temporal
and parietal lobes and was most pronounced in the posterior
thalamus bilaterally (P, .05); moreover, both groups showed a
significant increase in regional GM volume in the posterior para-
hippocampal gyrus.

A retrospective study by Sârbu et al27 exploring 108 patients
with NPSLE elucidated the relationship between WM alterations
and NPSLE cognitive and immunologic features. In 59.3% of
cases, brain abnormalities were detected. Cerebrovascular syn-
drome and microbleeds correlated with large-vessel disease,

FIG 1. Wilcoxon rank-sum test results combining multimodal MR brain imaging and machine learning to unravel neurocognitive function in non-
NPSLE for volumetric differences between patients with SLE and NPSLE, SLEDAI-2K higher or lower than 4, and SLICC-DI higher or lower than 1.
PHG indicates parahippocampal gyrus; OpiFG, opercular part of the inferior frontal gyrus; MPoG, medial precentral gyrus; CO, central operculum
of the insula; SMG, supramarginal gyrus.
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cognitive impairment linked to white matter hyperintensities
(WMH), and myelopathy associated with inflammatory-like
lesions. Low C4 and CH50 levels were related to inflammatory-
like lesions, while lupus anticoagulant levels were related to
WMH, microbleeds, and atrophy (P, .010).

In our investigation, the comparison between patients with
NPSLE and those without NPSLE revealed the OCP, particularly
its total thickness and the left-hemispheric portion, as a potential
biomarker distinguishing these 2 groups. Specifically, the total
thickness of the OCP and the angular gyrus, along with the total
volume percentage of the central operculum of the insula,

appeared smaller in the NPSLE group
than in the non-NPSLE group.
Notably, a statistically significant posi-
tive connection emerged between the
NPSLE diagnosis and SCA thickness
asymmetry, indicating that individuals
with NPSLE exhibit greater asymmetry.
After adjusting for confounders, every
other MR imaging feature retained sta-
tistical significance, reinforcing the
relationship. Subsequently, these same
regions were scrutinized concerning
NP events. Both the TMP and SCA
thickness asymmetry were associated
with cerebrovascular events (P, .050).

The volume of cerebellar vermal
lobules VIII–X differed significantly.
These findings corroborate those of
Mártensson et al,28 who observed lower
cerebellar GM density in patients with
SLE, especially within cerebellar vermal
lobules VIII and VII.

To explore this issue further, we
assessed the correlation and partial cor-
relation of cerebellar vermal lobules
VIII–X with and in the presence of spe-
cific NP events. While the correlation
was significant (r ¼ �0.55, P, .001),
the adjusted P value slightly exceeded
significance (r ¼ �0.40, P¼ .057).
Concerning NP events, the partial cor-
relation with a depressive disorder was
notable (r ¼ �0.44, P, .001). These
findings align with previous research
highlighting the weak correlation
between SLE and delayed psychomotor
speed,29 a common feature of major
depressive disorder, as proved by sev-
eral studies29,30 including a systematic
review by Bennabi et al,31 who pointed
out how it might be correlated with the
disease severity.

Anti-double stranded DNA anti-
bodies, a pertinent marker in SLE,32,33

were associated with depressive epi-
sodes and notably reduced insular, hip-

pocampal, and brainstem volumes. The activation of the
complement system, reflected in reduced C3 levels, correlated
with diminished precuneus left and total thickness. Intriguingly,
Calc right and total volume showed inverse correlations with C3
levels and a direct association with seizures (P, .05).

The impact of antiphospholipid syndrome (APS) on the CNS
has been well-documented.34,35 Kaichi et al35 demonstrated a
higher prevalence of abnormal MR imaging findings in patients
with APS and SLE, including large territorial infarcts, lacunar
infarcts, and those with cortical localization (P¼ .010), compared
with the CNS in patients with SLE without APS. Our findings

FIG 2. Tissue segmentation of a patient with NPSLE and one with SLE, respectively, first and second
row. Each color represents a different brain structure, such as gray and white matter and CSF.

FIG 3. Structure segmentation of a patient with NPSLE and one with SLE, respectively, first and
second row. Each color represents a different brain region.
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confirm a moderate association between APS and the presence of
WM abnormalities (r ¼ 0.47, P, .001). WMH have been shown
to correlate with neurocognitive disfunction in patients with
NPSLE, as shown by Monahan et al,36 because they reported that
lower total brain volume and GM volume are associated with
lower cognitive functioning in all domains (P, .01). In our
study, we observed significant positive correlations between CVA
events and white matter abnormalities (r ¼ 0.44, P ¼ .041), as
well as depressive episodes, suggesting that their pathogenesis
could be vascular or inflammatory, as discussed by Huang et al,37

along with a recent review by Leal Reato et al,38 highlighting its
multifaceted pathophysiology. Notably, we also discovered rela-
tionships between these events and GM features, including SCA
thickness asymmetry, TMP thickness asymmetry, and right fron-
tal operculum of the insula thickness.

Regarding the other NP events, one of the few studies that
investigated their association with WMH or GM hyperintensities
has been conducted by Arinuma et al,39 in which 53 patients with
NPSLE underwent brain MR imaging, and the frequency of brain
lesions, present in 25 of them, for different NP events was
assessed. Most of the events were associated with WMH and GM
atrophy, with marked severity in almost one-half of them. Events
such as psychosis and mood disorders were rarely associated with
MR imaging abnormalities in this article, while we found that
depressive episodes were positively correlated with features like
medial precentral gyrus volume asymmetry (P, .001), and nega-
tive correlations were observed with features related to the OCP
thickness (P ¼ .002); instead, insular (P, .001) and frontal vol-
umes (P¼ .001) were negatively correlated with psychotic events,
and superior temporal gyrus (P ¼ .004) and cuneus (P ¼ .010)
thickness asymmetry was directly correlated with movement dis-
orders, contrary to FO right volume (P ¼ .014), which was lower
in such patients.

Furthermore, to better assess the impact of NP events on their
own on brain volumes, we tested whether the NP group signifi-
cantly differed from the NPSLE and SLE groups. Indeed, our vol-
umetric analysis revealed that different brain regions differed
between the NP and the other groups, such as GRe, SGT and IGT
(P, .001), instead of those that stood out when comparing
NPSLE and SLE, suggesting that there is a difference between
patients with NPSLE and those with NP disorders.

To conclude our analysis, we used an OLS regression model
to further assess MR imaging and clinical variable association
(Online Supplemental Data). Notably, Calc right volume percent-
age has a positive coefficient of 63.0838 with a significant P value
of .035, suggesting that an increase in Calc right volume percent-
age is associated with higher SLEDAI-2k scores. Inferior occipital
gyrus volume asymmetry and SCA left thickness in millimeters
both have coefficients with P values slightly above the typical sig-
nificance threshold of .05 (P ¼ .061 and .151, respectively).
Medial precentral gyrus right volume percentage (P ¼ .01) was
negatively associated (�68.4273) with SLICC-DI, indicating a
decrease in its volume for higher scores.

This last step adds to the increasing literature on machine
learning applications in NPSLE, with MR imaging data, as
shown by recent articles such as the one by Tay et al,40 in which
a multimodal model, constructed using machine learning and

incorporating microstructural, perfusion, and permeability pa-
rameters, effectively predicted the neurocognitive performance
of individuals with SLE.

A limitation of this study is the difference in imaging acquisi-
tion between the 2 data sets, because it can affect morphometric
measurements.

CONCLUSIONS
These findings confirm the interplay between brain structural
attributes and NP events, suggesting that quantitative MR imag-
ing–based biomarkers could be helpful in stratifying this condi-
tion. However, further research is warranted to validate and
extend these preliminary observations.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ULTRA-HIGH-FIELD MRI/IMAGING OF EPILEPSY/DEMYELINATING DISEASES/INFLAMMATION/

INFECTION

Investigating Sea-Level Brain Predictors for Acute Mountain
Sickness: A Multimodal MRI Study before and after

High-Altitude Exposure
Wei Zhang, Jie Feng, Wenjia Liu, Shiyu Zhang, Xiao Yu, Jie Liu, Baoci Shan, and Lin Ma

ABSTRACT

BACKGROUND AND PURPOSE: Acute mountain sickness is a series of brain-centered symptoms that occur when rapidly ascending
to high altitude. Predicting acute mountain sickness before high-altitude exposure is crucial for protecting susceptible individuals.
The present study aimed to evaluate the feasibility of predicting acute mountain sickness after high-altitude exposure by using
multimodal brain MR imaging features measured at sea level.

MATERIALS AND METHODS:We recruited 45 healthy sea-level residents who flew to the Qinghai-Tibet Plateau (3650 m). We con-
ducted T1-weighted structural MR imaging, resting-state fMRI, and arterial spin-labeling perfusion MR imaging both at sea level and
high altitude. Acute mountain sickness was diagnosed for 5 days using Lake Louise Scoring. Logistic regression with Least Absolute
Shrinkage and Selection Operator logistic regression was performed for predicting acute mountain sickness using sea-level MR
imaging features. We also validated the predictors by using MR images obtained at high altitude.

RESULTS: The incidence rate of acute mountain sickness was 80.0%. The model achieved an area under the receiver operating char-
acteristic curve of 86.4% (sensitivity¼ 77.8%, specificity¼ 100.0%, and P, .001) in predicting acute mountain sickness At sea level,
valid predictors included fractional amplitude of low-frequency fluctuations (fALFF) and degree centrality from resting-state fMRI,
mainly distributed in the somatomotor network. We further learned that the acute mountain sickness group had lower levels of
fALFF in the somatomotor network at high altitude, associated with smaller changes in CSF volume and higher Lake Louise Scoring,
specifically relating to fatigue and clinical function.

CONCLUSIONS: Our study found that the somatomotor network function detected by sea-level resting-state fMRI was a crucial
predictor for acute mountain sickness and further validated its pathophysiologic impact at high altitude. These findings show prom-
ise for pre-exposure prediction, particularly for individuals in need of rapid ascent, and they offer insight into the potential mecha-
nism of acute mountain sickness.

ABBREVIATIONS: AMS ¼ acute mountain sickness; ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; DC ¼ degree centrality; fALFF ¼ fractional
amplitude of low-frequency fluctuations; LASSO-LR ¼ Least Absolute Shrinkage and Selection Operator logistic regression; LLS ¼ Lake Louise Score; rs-fMRI ¼
resting-state fMRI; ROC ¼ receiver operating characteristic; SMN ¼ somatomotor network; SpO2 ¼ saturation of pulse oxygen

Approximately 25%–90% of sea-level residents who travel to
high altitude will have acute mountain sickness (AMS), depend-

ing on the altitude, the speed of ascent, and individual susceptibility.1

AMS is a series of symptoms including headache, dizziness, and

malaise. It can even lead to incapacitation or life-threatening condi-
tions such as high-altitude cerebral edema and pulmonary edema.2

It was recommended that high-altitude travelers have medical
consulting regarding AMS before exposure.3 Predicting AMS
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before exposure is also essential for protecting individuals from
greater health risks. Because rapid ascent is a risk factor of AMS,1

individuals requiring rapid ascent to high-altitude areas might
particularly need the prediction, such as those undertaking urgent
high-altitude missions like disaster relief, medical rescue, and
some scientific investigations. Currently, 2 main factors show
promise in predicting AMS: the history of AMS and migraine4

and the adaptation performance in moderate hypoxia, such as the
cardiopulmonary function in artificial hypoxic environments4-7

and adaptation extents at moderate altitudes.8-12 However, the
prediction performance was inconsistent and debated, because
studies have reported conflicting results using the same predic-
tors.13-16 Furthermore, most individuals have limited high-alti-
tude experience, making prediction based on history less
feasible. The artificial hypoxic environments, often requiring
specialized labs, are also debated for not adequately replicating
the hypobaric conditions of real high altitude.17

The inconsistent performance in predicting AMS may be due
to an incomplete understanding of the mechanisms.18 Among
the hypotheses, the brain plays a key role in both human and ani-
mal research.19,20 The physiologic adaptation after high-altitude
exposure is brain-centered and crucial for the onset of AMS,
which is hypothesized to involve multiple neural processes such
as the perception and processing of the sensory information from
a high-altitude environment21,22 and the activation of the auto-
nomic neural system.23,24 The swelling of gray and white mat-
ter, the morphologic changes of the cortex, the restricted
outflow of CSF, and the increased CBF can increase intracra-
nial pressure and thus cause AMS,25,26 while the contributions
of different components toward AMS are still debated.27 Those
hypotheses involve multiple aspects of the brain, including
function, structure, and perfusion. However currently, multi-
modal MR imaging studies for AMS scanned at both sea level
and high altitude are still rare and have not involved integrated
pre-exposure prediction.28,29 The feasibility of using multimo-
dal MR imaging to investigate and predict AMS requires fur-
ther verification.

In this study, we arranged for 45 participants to fly from sea
level to the Qinghai-Tibet Plateau. They underwent 3 modalities
of MR imaging twice (before and after high-altitude exposure)
and were diagnosed as having AMS or non-AMS. On the basis of
the previous studies, we hypothesized that the AMS group would
have distinct cerebral features at sea level, detectable by multimo-
dal MR imaging, and that we could further investigate its patho-
physiologic impact using MR imaging after exposure.

MATERIALS AND METHODS
Study Design
This study was conducted in both sites of the Chinese People’s
Liberation Army General Hospital (Beijing, at sea level) and The
General Hospital of Tibet Military Region (Lhasa, 3650 m above
sea level). In Beijing as a baseline, participants were scanned by 3
modalities: T1-weighted imaging, resting-state fMRI (rs-fMRI),
and arterial spin-labeling (ASL) perfusion MR imaging. Then,
participants traveled to Lhasa via commercial flights within 2
days. In Lhasa, participants underwent the same MR imaging
protocol at 22 hours and were diagnosed as either having AMS or

not having AMS during the first 5 days at the following time
points: 9, 22, 46, 70, and 94hours. The flow chart of the study
design is shown in Fig 1A. Demographic and physiologic features
were recorded at baseline for prediction.

Participants
A total of 49 participants were recruited through community
advertising. Four participants were excluded due to strong head-
motion artifacts on MR imaging at baseline, identified after post
hoc checking. Two rs-fMRIs from the 45 participants at high
altitude were excluded due to poor image quality, but sea-level
data from these 2 participants were still valid and included for
prediction.

The recruitment criteria were as follows: 1) 20–40 years of age;
2) no history of severe head trauma, chronic headache, chronic
sleep disorders, other neuropathy, or psychosis; 3) nonsmokers
and not abusing alcohol; 4) not taking any prescription or non-
prescription medications at the time of the study; 5) no chronic
heart or lung disease, diabetes, hypertension, or other basic dis-
eases; 6) right-handed; 7) originally from and currently residing
at sea level and not having traveled to an altitude above 1500 m
in the past year; and 8) no carotid or intracranial vascular
lesions detected by MRA.

AMS Diagnosis
The AMS diagnosis is based on the latest Lake Louise scoring.30

Participants with a headache score of$1 and a Lake Louise
Score (LLS) of$ 3 were diagnosed with AMS on a daily basis.
Participants diagnosed with AMS at least once during the
5 days at high altitude were grouped as having AMS. The LLS
is composed of 4 main different subscores: 1) headache, 2) gas-
trointestinal symptoms, 3) fatigue and/or weakness, and 4)
dizziness/light-headedness. The extra subscore, the clinical-
functional score, was used to evaluate the overall impact on
patients with AMS but is not included in the total score.

Multimodal MR Imaging Acquisitions and Preprocessing
MR imaging was performed using a 3T Discovery MR 750 scan-
ner (GE Healthcare) both at sea level and high altitude to mini-
mize variance caused by scanner differences.

T1-weighted structural MR imaging was acquired using the
3D fast-spoiled gradient recalled protocol with the following pa-
rameters: TR ¼ 6.9ms, TE ¼ 3.0ms, TI ¼ 450ms, flip angle ¼
12°, FOV ¼ 25.6 cm, 188 slices with section thickness ¼ 1mm,
matrix ¼ 256� 256, voxel resolution ¼ 1mm, and number of
excitations¼ 1.

rs-fMRI was acquired measuring blood oxygenation level–de-
pendent signals with an EPI sequence: TR¼ 2000ms, TE¼ 30ms,
flip angle¼ 90°, FOV¼ 24.0 cm, 41 slices with section thickness¼
3mm, matrix ¼ 64� 64, voxel resolution ¼ 3.75mm, and time-
series length¼ 240.

For pseudocontinuous ASL perfusion images, the labeling
duration¼ 1.5 seconds, postlabel delay¼ 2.0 seconds, TR¼ 4844ms,
TE ¼ 10.5ms, TI ¼ 2025ms, flip angle ¼ 111°, bandwidth ¼
62.5 kHz, FOV¼ 24 cm, 36 slices with section thickness ¼ 4mm,
acquisition matrix ¼ 128� 128, resolution ¼ 1.875mm, and
number of excitations ¼ 3. The proton density–weighted images
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were obtained with a saturation recovery acquisition with identi-
cal parameters.

A summary of the multimodal MR imaging preprocessing
pipeline is shown in Fig 1B. We have summarized the prepro-
cessing steps and features extracted for each technique in
Table 1. For detailed preprocessing steps, refer to the Online
Supplemental Data.

Prediction Input and Methods
The sea-level MR imaging features were summarized by
the mean values in ROIs from the Automated Anatomical

Labeling atlas31 (https://www.sciencedirect.com/science/article/pii/
S1053811919307803) or the surface atlas32 and were used as pre-
diction input. Sea-level demographic and physiologic features were
also entered as potential confounding covariates.

For the prediction methods, we used the Least Absolute
Shrinkage and Selection Operator33 logistic regression (LASSO-
LR) due to its capability for feature selection (detailed implemen-
tation is in the Online Supplemental Data). We applied the leave-
one-out framework for cross-validation.

We primarily evaluated the final prediction performance
using the area under the curve (AUC) of the receiver operating

FIG 1. The study design and the analysis pipelines for multimodal MR images. A, The study design. Participants were recruited and underwent
MR imaging at sea level, ascended to the high altitude by plane, were scanned by MR imaging at 22 hours, and evaluated for AMS 5 times at high
altitude. B, Multimodal MR imaging preprocessing. Different preprocessing pipelines produced 11 features from 3 modalities of MR imaging, and
these features were further summarized by the mean value in ROIs. C, Feature selection. The sea-level MR imaging features for prediction of
AMS were selected by LASSO-LR and re-verified by univariate logistic regression. Sea-level predictors were subsequently verified using high-alti-
tude MR imaging and AMS scores (LLS) collected at high altitude. DPARSF indicates Data Processing Assistant for Resting-State fMRI; LR, logistic
regression; PD, proton density–weighted images; PVC, partial volume correction.
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characteristic (ROC) because of the unbalanced labels (36 AMS
of 45 participants). The ROC is suitable for measuring the classi-
fication performance on unbalanced labels34-36 because it is gen-
erated across a range of decision thresholds and is less sensitive to
unbalanced label distribution. Sensitivity and specificity were also
calculated at the cut-point of the best Youden index. All predic-
tion methods were implemented using the scikit-learn toolbox,
Version 1.0.2 (https://scikit-learn.org/stable/index.html).

Statistical Analyses
For investigating the valid predictors, we performed the feature-
selection pipeline shown in Fig 1C. Specifically, we accepted valid
predictors that passed both multivariate LASSO-LR and univari-
ate logistic regressions.

T tests were performed to compare image features between
groups. Because the predictors are regionally averaged, we further
reverified them by detecting group differences between AMS and
non-AMS at both voxelwise and network-wise scales, using MR
imaging data from both sea level and high altitude.

All features were converted to a standard normal z score
before prediction and statistical analyses.

The voxelwise analysis of MR images was performed on the
basis of Statistical Parametric Mapping (SPM 12;http://www.fil.
ion.ucl.ac.uk/spm/software/spm12). The network-wise t tests
between groups used the predefined brain network atlas (https://
surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation_Yeo2011).37

This atlas was used to re-verify the regional predictors and to
detect potential networks involved. A partial Pearson correlation
was used to assess the relationship between MR imaging predic-
tors and other brain features they might influence. Before the sta-
tistical tests mentioned above, the values were regressed by the
covariates of age and sex to exclude their potential effects. The
statistical analyses were performed using related in-house scripts
in Matlab (MathWorks).

RESULTS
Incidence Rate of AMS
The demographic and physiologic information at sea-level base-
line is provided in Table 2, and no significant difference between
AMS and non-AMS groups was detected using t tests and x 2 tests.

The overall incidence rate of AMS during 5 days was 80.0%
(36 of 45 participants; 95% CI , 66.7%–1.1%). The daily incidence
rates of AMS were as follows: 66.7% at 9 hours after exposure
(95% CI, 51.1%–80.0%), 48.9% at 22hours (95% CI, 33.3%–
64.4%), 46.7% at 46hours (95% CI, 31.2%–62.2%), 31.1% at
70 hours (95% CI, 17.8%–46.7%), and 17.8% at 94hours (95% CI,
6.7%–28.9%). Individual AMS diagnoses are provided in the
Online Supplemental Data.

Prediction of AMS Using Multimodal Sea-Level MR Imaging
We used each type of feature in ROIs from sea-level multimodal
MR imaging to predict AMS at high altitude (Fig 2, and with
Youden cutoff in the Online Supplemental Data). Two fMRI
metrics showed significant predictive performance: for fALFF
as input, AUC¼ 78.1%, sensitivity ¼ 80.5%, and specificity¼
77.8% (P¼ .0098) and for degree centrality (DC) as input,
AUC¼ 86.4%, sensitivity¼ 77.8%, and specificity¼ 100.0%

Table 1: Preprocessing and features of multimodal MR imaging

Technique
Preprocessing

Pipeline Main Preprocessing Steps
Features after
Preprocessing ROI No.

T1-sMRI (volume) Voxel-based
morphometry

Denoising, bias cleaning, affine
registration, segmentation,
spatial normalization, volume
modulation, smoothing

GM volume 166
WM volume 166
CSF volume 166

T1-sMRI (surface) Surface-based
morphometry

Surface reconstruction, cortical
parcellation, spatial
normalization, smoothing

Cortical thickness 68
Gyrification index 68
Fractal dimension 68
Sulcus depth 68

Rs-fMRI DPARSF standard
preprocessing pipeline

Time point removal, section
timing, realignment, affine
registration, nuisance
regression, head motion
correction, spatial
normalization, metric
calculation, smoothing

fALFF 166
Regional homogeneity 166
DC 166

ASL CBF quantification
pipeline

Coregistration, CBF calculation,
partial volume correction,
spatial normalization, whole-
brain normalization, smoothing

CBF 166

Note:—DPARSF indicates Data Processing Assistant for Resting-State fMRI (Matlab); sMRI, structural MR imaging.

Table 2: Demographic and physiologic features for the AMS
and non-AMS groups at sea-level baselinea

Non-AMS (n= 9) AMS (n= 36) P Value
Age (yr) 27.3 (SD, 3.8) 29.4 (SD, 4.6) .1497
Sex (M/F) 5/4 17/19 .1779
Height (cm) 168.9 (SD, 6.5) 168.4 (SD, 8.5) .8776
Weight (kg) 61.1 (SD, 8.0) 64.7 (SD, 13.3) .4462
BMI (kg/m2) 21.4 (SD, 2.3) 22.6 (SD, 3.2) .2848
SBP (min–1) 111.3 (SD, 12.1) 111.9 (SD, 12.4) .9094
DBP (min–1) 75.1 (SD, 8.1) 75.6 (SD, 8.7) .8703
MAP (min–1) 87.2 (SD, 9.2) 87.7 (SD, 9.6) .8823
HR (min–1) 74.3 (SD, 7.2) 74.1 (SD, 8.1) .9402
SpO2 (%) 97.8 (SD, 0.8) 97.6 (SD, 0.7) .4137

Note:—BMI indicates body mass index; DBP, diastolic blood pressure; HR, heart
rate; MAP, mean arterial pressure; SBP, systolic blood pressure.
a Data are means unless otherwise indicated.
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(P¼ .0008). Other input features had no significant predictive
performance, including combined features (such as all fMRI
features or all multimodal MR imaging features). The full per-
formance list of all types of input is provided in the Online
Supplemental Data.

Identification and Verification of Sea-Level MR Imaging
Predictors
Following the predictions, sea-level predictors were identified
from the multivariate LASSO-LR. Then, these potential predic-
tors were re-verified by univariate logistic regression, and only
those that passed both regressions were regarded as valid predic-
tors. Valid predictors were fALFF and DC values in the regions
listed in Table 3.

Among the valid predictors, risk factors with ORs . 1 were
mainly located in the orbitofrontal cortex and the right supra-
marginal gyrus. Protective factors with odds ratios , 1 were
mainly located in the paracentral lobule, supplementary motor
area, and Rolandic operculum, all of which belonged to the soma-
tomotor network (SMN). The left superior and middle temporal
gyri were also included as protective factors, which were near the
Rolandic operculum. These predictors selected by the LASSO-LR
models remained robust during the leave-one-out cross-valida-
tion (Online Supplemental Data).

Predictors of AMS Present in the SMN Both at Sea Level
and High Altitude
To further verify the region-wise predictors, we performed voxel-
wise t tests between groups on the fMRI metrics (fALFF and DC)
maps. Both at sea level and at high altitude, the AMS group
showed weaker functional metrics mainly in the motor and sen-
sorimotor areas (Fig 3A, -C) than the non-AMS group (under
P, .05, corrected by Gaussian random field).

We further verified the region-wise predictors by detecting
network-wise group difference on the z-scored fMRI metric (fALFF
and DC) maps using a predefined atlas.37 At sea level (Fig 3B), the
significant functional group difference in the predefined SMN
between the AMS and non-AMS groups was detected by t tests: For
fALFF, the AMS group showed significantly (P¼ .0082) lower val-
ues than the non-AMS group in the SMN (mean AMS)¼ �0.2095
(SD, 0.1613), mean (non-AMS)¼ 0.8381 (SD, 0.2140), group
difference¼ 1.0476 (95% CI , 0.3590–1.7362). Similarly, for DC, the
AMS group had significantly (P¼ .0424) lower values than the non-
AMS group in the SMN (mean AMS) ¼ �0.1706 (SD, 0.1632),
mean (non-AMS)¼ 0.6824 (SD, 0.2693), group difference¼ 0.8529
(95% CI, 0.1394�1.5665). At high altitude (Fig 3D), for fALFF,
the AMS group showed significantly (P¼ .0320) lower values
than the non-AMS group in the SMN (mean AMS) ¼ �0.1486
(SD, 0.1685), mean (non-AMS)¼ 0.5615 (SD, 0.3019), group

FIG 2. ROC curve analysis of MR imaging features. The prediction performance using different features of multimodal MR imaging as input,
measured by the AUC of the ROC curves. fALFF and DC from fMRI were detected as valid predictors, yielding significant AUC values. CT indi-
cates cortical thickness; FD, fractal dimension; GI, gyrification index; GMV, gray matter volume; ReHo, regional homogeneity; SD, sulcus depth;
WMV, white matter volume, CSFV, CSF volume. ** P, .01, *** P, .001.
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difference ¼ 0.7101 (95% CI, �0.0227�1.4429). No significant
group differences were observed in networks other than the
SMN under the threshold of P¼ .05.

AMS Features Associated with the SMN at High Altitude
Using the multimodal MR imaging scanned at high altitude, we
further identified the influence of fMRI predictors (fALFF and
DC in SMN) by performing the partial Pearson correlation
between fMRI predictors and other modalities of brain MR imag-
ing at high altitude (including the whole-brain GM, WM, CSF,
and CBF). At 22hours after exposure, the fALFF in the SMN was
significantly correlated with the percentage changes of CSF vol-
ume (r¼ 0.3277 and P¼ .0365, shown in Fig 4A). Other brain
components except CSF were also examined but showed no sig-
nificance; these are listed in the Online Supplemental Data.

Moreover, we examined the relationship between fMRI pre-
dictors in the SMN and 5 different LLS subscores, which were all
measured immediately before MR imaging and at 22 hours at
high altitude. In Fig 4B, by performing the t tests, we found that
the group that showed significantly (P¼ .0460) positive fatigue
symptoms had lower fALFF in the SMN (mean positive LLS) ¼
�0.2578 (SD, 0.1523), (mean negative LLS)¼ 0.4186 (SD,
0.3341), group difference¼ 0.6764 (95% CI,�0.0136�1.3664),
and the group whose clinical function was affected had signifi-
cantly (P¼ .0024) lower fALFF (mean positive LLS) ¼ �0.5836
(SD, 0.1265), (mean negative LLS) ¼ 0.3525 (SD, 0.3214), group
difference¼ 0.9361 (95% CI, 0.3403�1.5320), and significantly
(P¼ .0112) lower DC, (mean positive LLS) ¼ �0.5452 (SD,
0.1612), (mean negative LLS)¼ 0.2380 (SD, 0.2799), group
difference¼ 0.7832 (95% CI, 0.0856�1.4808) in the SMN.

DISCUSSION
Although a previous MR imaging study for AMS28,29 had
detected several brain abnormalities in the diffusion MR imaging
after exposure, to the best of our knowledge, our study was the
first to perform multimodal MR imaging at sea level and at high
altitude for both integrated predicting and mechanistic investigating

of AMS. The major findings lie in 2 parts:
First, we discovered that sea-level SMN
function can predict AMS with a high
performance of AUC¼ 86.4%, which
offered a method to predict the AMS risk
for individuals requiring rapid ascent to
high-altitude areas, such as those under-
taking urgent high-altitude missions.
Second, we further verified that the pre-
dictors also showed significant group
difference between AMS and non-AMS
at high altitude. The predictors were
also associated with the changes in CSF
volume and the extent of fatigue and
clinical function.

These findings suggest that a cere-
bral functional basis for AMS can be
detected early at sea level and shows
promise as a noninvasive and accu-
rate prediction tool and can offer

insight into the neural basis of the susceptibility and develop-
ment of AMS.

Methodologic Considerations for the Reliability of
Prediction
We used LASSO-LR for its capability for feature selection
(Online Supplemental Data). The selected features remained ro-
bust in cross-validation and different coefficient thresholds
(Online Supplemental Data). We did not correct multiple com-
parisons among predictors because we used a data-driven
LASSO-LR but did not screen all features. The multiple-compari-
sons correction might unnecessarily increase the risk of type II
errors (false-negatives), thereby hindering the exploring of mean-
ingful predictors. Despite including ASL MR imaging and struc-
tural MR imaging at both sites, our exploratory analyses rarely
identified significant predictors from these modalities. We
observed several ROC curves significantly below the diagonal
line. This finding suggests that while these modalities may hold
some useful information, they fail to provide robust and reliable
predictions, indicating their limited applicability in this con-
text.34,38 The combined features like all fMRI or all MR imaging
features showed insignificant performance (Online Supplemental
Data), which indicates that simply combining all features into the
prediction model will lead to overfitting and that each type of fea-
ture should be tested independently.

AMS Predictors as the Functional Features in the SMN
We found that functional features of fALFF and DC in the SMN
were significant predictors for AMS (Table 3). We used both vox-
elwise and network-wise t tests to re-verify these predictors, as
shown in Fig 3. The SMN in the predefined brain network atlas37

broadly includes the primary motor and somatosensory cortices
as well as part of the superior temporal gyrus, and these regions
match the protective predictors well (Table 3).

For the fALFF and DC as predictors, higher DC in the SMN
indicates that the SMN plays a more critical role in facilitating
communication and information flow among other brain regions,

Table 3: ORs of significant predictors for AMS, selected by both the LASSO-LR and uni-
variate logistic regression

Input Features/Input Regions B OR (95% CI) P Value
fALFF
Left Rolandic operculum �1.324 0.266 (0.091–0.778) .0157
Left supplementary motor area �1.931 0.145 (0.025–0.857) .0331
Right superior frontal gyrus, medial orbital 1.272 3.567 (1.207–10.543) .0214
Right anterior orbital gyrus 0.852 2.344 (1.049–5.236) .0379
Right supramarginal gyrus 1.288 3.624 (1.296–10.139) .0141
Left paracentral lobule �2.727 0.065 (0.009–0.488) .0078
Left superior temporal gyrus �1.040 0.354 (0.150–0.836) .0179
Left middle temporal gyrus �1.367 0.255 (0.081–0.803) .0196
Right pulvinar inferior thalamus 0.894 2.445 (1.014–5.895) .0466
DC
Right superior frontal gyrus, dorsolateral 1.363 3.907 (1.169–13.058) .0268
Right superior frontal gyrus, medial orbital 1.230 3.422 (1.213–9.649) .0200
Right gyrus rectus 1.432 4.186 (1.280–13.693) .0179
Right medial orbital gyrus 1.157 3.179 (1.076–9.396) .0365
Right supramarginal gyrus 0.879 2.409 (1.053–5.513) .0374
Left paracentral lobule �1.463 0.232 (0.079–0.677) .0075
Right paracentral lobule �1.587 0.205 (0.066–0.633) .0059

Note:—B indicates b coefficient.
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FIG 3. Comparison of functional metrics between AMS and non-AMS groups. A, Sea-level voxelwise differences. Differences between
AMS and non-AMS groups are identified using t tests, corrected with the Gaussian random field at P, .05. For both fALFF and DC, AMS
showed increased functional metrics in the medial prefrontal cortex, supramarginal gyrus, posterior cingulate cortex, and superior frontal
gyrus and decreased functional metrics in the supplementary motor area, postcentral gyrus, paracentral lobule, Rolandic operculum, mid-
dle cingulate cortex, and superior temporal gyrus. B, Sea-level network-wise differences. Among 7 typical functional networks at sea level,
we detected significant lower fALFF and DC in the SMN in the AMS group (*: P, .05; **: P, .01). The error bars present the standard error
of the mean (SEM). C, High-altitude voxelwise differences. At high altitudes, for both fALFF and DC, AMS showed decreased functional
metrics in the postcentral gyrus, Rolandic operculum, and superior temporal gyrus. D, High-altitude network-wise differences. Among 7
typical functional networks at high altitude, we detected significant lower fALFF in SMN in the AMS group (*: P, .05). The error bars present
SEM. L indicates left; R, right.
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while higher fALFF in the SMN means stronger spontaneous neu-
ral activity.39,40 Insignificant regional homogeneity results sug-
gested that AMS might be less related to local synchrony within
brain regions. Because weaker SMN function leads to higher AMS
probability in this study, resting-state sea-level SMN could poten-
tially indicate the capability for subsequent high-altitude adapta-
tion, showing promise for clinical use. The stronger SMN activity
for better adaptation aligns with previous studies, which regard the
SMN as regions responsible for integrating sensory signals from
the environment, especially for the sensation of hypoxia,41-43 while
hypoxia is a commonly-recognized trigger of AMS.1 Moreover,
the SMN is found to be specifically affected by the brain hy-
poxia–ischemia injury in the former reports on neonatal rats
and humans;44-46 this finding can also be related to the impor-
tant role of SMN during the high-altitude hypoxia and the onset
of AMS. In summary, we speculated that a functionally more
active SMN could imply a more efficient processing and inte-
gration of sensory input, indicating protective and adaptive
compensatory mechanisms in response to exposure.

The risk factors of AMS in Table 3 and Fig 3A were mainly
distributed in the orbitofrontal cortex and right supramarginal
gyrus, aligning with the sensory processing function that was pre-
viously proposed.47,48 However, these group differences did not
remain significant at high altitude (Fig 3C). Therefore, this study
focused more on the SMN as the most promising protective pre-
dictor of AMS.

Identifying the Pathophysiologic Impact of AMS
Predictors at High Altitude
At high altitude, a weaker SMN function showed a significant
association with less change of CSF volume after exposure (Fig
4A). Other modalities of GM, WM, and CBF showed no correla-
tion with SMN function (Online Supplemental Data). Changes in

CSF and the saturation of pulse oxygen (SpO2) are shown in the
Online Supplemental Data. This result provides evidence for the
differential effects of various brain components at the onset of
high-altitude symptoms.25,27 On the basis of the high-altitude
MR imaging, our results propose that among the volume effect of
different brain components,19 CSF is directly related to brain
functional activity during AMS, a relationship also observed in
a previous study,49 and we propose a potential mechanism of
AMS susceptibility: SMN-based functional predictors might be
dynamically associated with AMS by reflecting changes in CSF
flow after exposure.

Then, we detected the differences of SMN function between
LLS-positive and -negative groups (Fig 4B). Although headache is
widely believed to be the key factor of AMS,2 our t test analyses
suggest that the SMN function might lead to the development of
AMS by influencing the levels of fatigue and the clinical function.
In detail, the clinical function measures the overall influence
extent of the symptoms on the individual’s activity. The relation-
ships between weaker SMN function and fatigue or clinical function
was formerly confirmed in studies without high-altitude expo-
sure50,51 and was in line with our results. However, our results fur-
ther suggest that this mechanism can underlie the onset of AMS.

Overall, we suggest that the functional features of the SMN
within the brain serve as early indicators and pathologic features
of AMS, which suggests focusing on the functional aspects of the
brain in future AMS research.

Potential Clues for Future Treatment and Prevention of
AMS
Our SMN-based hypothesis on AMS susceptibility could potentially
explain why lower-altitude or hypoxic training before exposure is
effective in preventing AMS,52 as interpreted by the augmentation
of SMN functionality during training, because this augmentation

FIG 4. The pathophysiologic impact of sea-level functional predictors on AMS, measured at 22 hours after high-altitude exposure. A,
Correlation between the fALFF in the SMN and the percentage change in CSF volume. The partial Pearson correlation coefficient is r¼ 0.3277
and P¼ .0365, considering the effects age and sex. B, T test comparisons show significant differences in fALFF and DC in the SMN between par-
ticipants having positive LLS subscores and those with zero subscores. The error bars present standard error of the mean. The LLS subscores
associated with SMN function were fatigue and clinical function scores. * P, .05; **P, .01.
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was also observed in training patients with incomplete spinal cord
injury.53 Additionally, the relationship between SMN activity and
CSF dynamics or LLS subscores might suggest a potential treatment
target. Treatments that modulate CSF volume and flow in response
to changes in clinical function or fatigue state could be explored
during the development of AMS.

Limitations
Our study had limitations. First, we defined AMS as any diagno-
sis during the 5 time points at the plateau to achieve a generic
prediction for wider populations, but future studies can consider
the different onset, duration, and extent of AMS as separate sub-
groups. Second, all participants are sea-level residents with ages
relatively limited to 20–40 years (mean, 28.7 [SD, 4.4] years).
Therefore, the generalizability to other age ranges and to resi-
dents at high altitude is relatively weaker. However, we selected
this age range to minimize the potential confounding effects of
age-related brain changes.

CONCLUSIONS
Our multimodal MR imaging study revealed that the SMN func-
tion, as detected by sea-level rs-fMRI, emerged as a crucial pre-
dictor for AMS among multimodal MR imaging features.
Furthermore, we validated its pathophysiologic impact at high
altitudes. Although this study is derived from a relatively small
sample size of 45 and should be considered as a preliminary feasi-
bility study that requires validation in larger and more diverse
populations, these significant findings offer a potential direction
for developing a screening tool to predict AMS, particularly for
individuals requiring rapid ascent to high-altitude areas, such as
those undertaking urgent high-altitude missions, and also offer
insight into the underlying mechanisms of AMS at high altitudes.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Imaging Outcomes of Emergency MR Imaging in Dizziness
and Vertigo: A Retrospective Cohort Study

Tatu Happonen, Mikko Nyman, Pauli Ylikotila, Kimmo Mattila, and Jussi Hirvonen

ABSTRACT

BACKGROUND AND PURPOSE: Patients exhibiting acute dizziness or vertigo often represent a diagnostic challenge, and many
undergo neuroimaging for stroke detection. We aimed to demonstrate the imaging outcomes of first-line emergency MR imaging
among patients with acute dizziness or vertigo and to determine the clinical risk factors for stroke and other acute pathology.

MATERIALS AND METHODS: This retrospective study included consecutive patients with acute dizziness or vertigo referred for
emergency MR imaging in a tertiary hospital during 5 years. We recorded and analyzed patient characteristics, relevant clinical in-
formation, and imaging outcomes. Risk score models were derived to predict which patients were more likely to present with posi-
tive MR imaging findings.

RESULTS: A total of 1169 patients were included. Acute stroke was found in 17%; other clinically significant pathology, in 8% of
patients. In 75% of the patients, emergency MR imaging showed no significant abnormalities. Risk factors for acute stroke included
older age, male sex, and a prevalence of cardiovascular risk factors and neurologic signs. Isolated dizziness had no discriminative
power on imaging outcomes, and 14% of these patients showed acute stroke. Risk scores had only moderate performance in pre-
dicting acute ischemic stroke (receiver operating characteristic area under curve ¼ 0.75) or any significant pathology (receiver oper-
ating characteristic area under curve ¼ 0.70).

CONCLUSIONS: Acute dizziness and vertigo remain challenging even when emergency MR imaging is readily available. One in 4
patients had acute pathology on MR imaging. Predictors for acute pathology (older age, male sex, cardiovascular risk factors, and
neurologic signs) may aid in patient selection for MR imaging, optimizing the yield and clinical impact of emergency neuroimaging.
Low diagnostic yields of CT and internal acoustic canal MR imaging may offer an opportunity to reduce health care expenditures
in the future.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; AUC ¼ area under the curve; HINTS ¼ head impulse, nystagmus, and test of skew; IQR ¼ interquartile
range; NPV ¼ negative predictive value; NS ¼ nonsignificant findings; PPV ¼ positive predictive value; ROC ¼ receiver operating characteristic; S ¼ significant-
but-nonischemic pathology; STANDING ¼ SponTAneous Nystagmus, Direction, head Impulse test, standiNG

D izziness (including vertigo) is a rather common symptom
among the general population, affecting 15%–35% at some

point in their lives.1 According to the International Classification
of Vestibular Disorders, dizziness is defined as a sensation of dis-
turbed or impaired spatial orientation without a false or distorted
sense of motion, whereas vertigo is described as a sensation of

self-motion when no self-motion is occurring or the sensation of
distorted self-motion during an otherwise normal head move-
ment.2 Patients and physicians often use these terms interchange-
ably, which may lead to imprecision and inconsistency in patient
care and research.3,4 In this article, vertigo denotes a vestibular
symptom encompassing false spinning sensations, though the
exact definition varies among studies.

Patients exhibiting acute dizziness or vertigo often represent a
diagnostic challenge. Despite many patients being diagnosed with
a benign peripheral vestibular disorder, some patients may need
neuroimaging to rule out central causes of dizziness. Stroke, par-
ticularly vertebrobasilar acute ischemic stroke, is the primary dif-
ferential diagnosis among central causes and is diagnosed in
approximately 3%–5% of all emergency visits for dizziness and
vertigo.5,6 Several bedside examination patterns, such as head
impulse, nystagmus, and test of skew (HINTS) and SponTAneous
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Nystagmus, Direction, head Impulse test, standiNG (STANDING),
and clinical risk scores (such as TriAGe1 and ABCD2) have been
developed for early stroke detection.7-10 Despite these attempts to
focus on high-risk patients, generally 30% to 50% of acutely dizzy
emergency patients undergo neuroimaging.6,8,11 According to the
American College of Radiology guidelines on dizziness (American
College of Radiology Appropriateness Criteria), MR imaging is
usually an appropriate imaging method when dizziness is accom-
panied by neurologic deficits, or the HINTS examination find-
ings are consistent with central vertigo.12

Imaging options include CT/CTA and MR imaging. CT is the
most used method to exclude stroke due to widespread availabil-
ity and fast scan times, but it has a low sensitivity for stroke of
around 30% among patients with acute dizziness and vertigo.13

CT is especially challenging in the posterior fossa, where verte-
brobasilar acute ischemic strokes occur. Although less commonly
used, conventional MR imaging has a higher sensitivity of 80%.13

If one included thin-section DWI with a 3-mm section thickness,
an even higher sensitivity of 95% for posterior circulation stroke
may be reached.14 Recently, MR imaging was shown to demon-
strate a higher rate of critical findings15 and improved cost-effec-
tiveness16 compared with CTA in emergency patients with
dizziness.

In the United States, recent annual spending for neuroimaging
dizziness is as high as US $88 million, of which MR imaging
accounted for 70%, though a head CT scan was the most used test
across settings.17 In total, neuroimaging was applied .376,000
times per year within 6months of the first presentation with dizzi-
ness to an emergency department or an outpatient clinic.

Only a few studies have been published on the yield of emer-
gency MR imaging in dizziness and vertigo. In a study among
188 emergency patients with dizziness or vertigo who underwent
MR imaging, around a 20% acute stroke rate and a 17% rate in
other significant abnormalities were reported.18 In this study, risk
factors for acute stroke were age older than 50 years, a high num-
ber of cardiovascular risk factors, a short duration of symptoms,
and at least 1 neurologic sign.18 A higher proportion of stroke
(33%) has been prospectively recorded among selected emer-
gency patients with acute-onset vertigo who did not have a previ-
ous diagnosis of peripheral vertigo.19

The primary aim of this study was to assess the imaging out-
comes of emergency MR imaging among patients with acute diz-
ziness or vertigo and to characterize these patients in terms of
demographics, history, and specific signs and symptoms. We also
aimed to demonstrate factors related to significant imaging out-
comes to aid clinical decision-making and improve the effective
use of emergency neuroimaging.

MATERIALS AND METHODS
This retrospective cohort study was conducted at Turku University
Hospital, an academic tertiary care referral center with an approxi-
mate patient catchment area of 480,000. During the study period,
the emergency radiology department had an Ingenia 3T system
(Philips Healthcare) dedicated to emergency imaging only.20,21

Permission for this study was obtained from the hospital dis-
trict board, and patient consent was waived due to the retrospec-
tive nature of the study. Consecutive emergency MR imaging

scans obtained between April 2014 and January 2019 were retro-
spectively identified from the PACS and radiologic information
systems using standard MR imaging codes. The MR imaging
protocols varied, but most included routine sequences such as
T1WI and T2WI, FLAIR, DWI (axial), SWI, 3D TOF arterial
angiography, high-resolution T2-weighted sequences of the in-
ternal acoustic canal and inner ear (selected patients), and con-
trast-enhanced T1WI (selected patients). Imaging data were
cross-referenced with those from the electronic medical records.

To identify cases with dizziness and vertigo, we queried the
referrals with the keywords “dizziness” and “vertigo.” The retro-
spective study design did not allow us to reliably separate central
and peripheral vertigo. Postoperative patients, patients with a
ventriculoperitoneal shunt, and patients with a recent head injury
were excluded because they almost always undergo neuroimaging
if presenting with dizziness and may have specific complications
that are not well-generalizable. Patients of all age groups, whether
emergency admissions or inpatients, were included as long as the
aforementioned keywords were featured in the clinical indication
for the emergency MR imaging request. All patients had emer-
gency MR imaging as a part of their routine care, and the decision
to refer the patient was made by the attending physician on clini-
cal grounds.

From the referrals, we recorded the patients’ demographic
characteristics, cardiovascular risk factors, neurologic signs, and
other clinical symptoms. Missing information was then retrieved
from the electronic medical records. Imaging findings were
recorded from the MR imaging reports. On the basis of the emer-
gency MR imaging findings, the patients were allocated to one of
the 3 groups: those with acute ischemic stroke (AIS), those with
other significant-but-nonischemic pathology (S), and those with
nonsignificant findings (NS). Nonischemic MR imaging findings
deemed likely to be causative and clinically significant incidental
findings were included in the S category. A finding was consid-
ered clinically significant if it led to a change in management or
to further examinations. Scans showing incidental findings, ana-
tomic variations, lack of novel findings, or notable progression in
chronic brain diseases were considered nonsignificant because
they would be unlikely to account for the acute dizziness. The
MR imaging reports were evaluated and then classified by 2 fel-
lowship-trained neuroradiologists (J.H. and M.N.), first sepa-
rately and then together to achieve consensus. We did not record
interobserver agreement. A clinical neurologist was consulted
when necessary. For the patients in the AIS category, results of
the preceding CT studies were noted if available.

Results are typically expressed as percentages, medians, inter-
quartile ranges (IQRs), and ORs with 95% CIs. The normality
assumptions were evaluated both visually and using the Shapiro
Wilk test. At the univariate level, we used the x 2 test to compare
nominal data and the Mann–Whitney U and the Kruskal–Wallis
H tests as nonparametric tests to compare continuous variables
that were not normally distributed. Optimal cutoff points for
continuous variables were determined using the Youden J statis-
tic. All variables were also entered into binary (2 outcome classes)
and multinomial (3 outcome classes) logistic regression models.
Variables that were statistically significant predictors at the multi-
variate level were then included in the risk scores for predicting
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significant imaging outcomes. Risk score points were derived by
rounding the OR (or 1/OR) of the included variables to the near-
est integer. The points were summed to form a risk score for each
patient. A sample calculation is available in the Online
Supplemental Data. Receiver operating characteristic (ROC) and
area under the curve (AUC) with sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) were
used to evaluate the diagnostic ability of our model. The ROC
AUC provides an overall estimate of the model classification ac-
curacy (proportion of correctly classified patients). The optimal
cutoff points for the risk scores to maximize sensitivity and speci-
ficity were determined by the Youden J statistic.

The data were analyzed using JMP for Mac (Version 16.1 Pro;
SAS Institute, 1989–2019). P values, .05 were considered statis-
tically significant.

RESULTS
From 8772 unique emergency MR imaging scans, the initial
search identified 1419 patients, of whom a total of 1169 patients
met the inclusion criteria. The median age was 61 (IQR, 45–71)
years, ranging from 6 to 90 years. A narrow majority were female
(n¼ 646, 55%). Most patients had undergone their MR imaging
study ,24hours after the referral (82%), and the rest had a me-
dian delay of 1 day (IQR¼ 1–2 days).

AIS was present in 197 (17%) of the MR imaging studies
(Online Supplemental Data). Ninety-seven patients (8%) had
other significant pathology (S), and for the rest of the patients
(n¼ 875, 75%), the MR imaging scans remained NS. Of the 197
patients with AIS, 171 (87%) underwent a head CT scan before
MR imaging, usually on the same or the previous day. Acute pa-
thology was suggested in only 62 (36%) of these CT studies. The
cerebellum was the most common infarct location among
patients with AIS, involved in 39% of the patients. Other infarcts
were found in the cerebrum (23%), pons (10%), medulla oblon-
gata (5%), thalamus (5%), basal ganglia (2%), mesencephalon
(2%), and for 15% of patients in multiple aforementioned loca-
tions. Nonischemic significant findings included tumors and
infections, among other rare findings, such as neurosarcoidosis
or central pontine myelinolysis (Table 1). The most common in-
cidental findings among the NS group were white matter hyper-
intensities (Table 2).

In the overall univariate analyses among the 3 findings groups
(AIS/S/NS), numerous statistically significant associations were
identified (Online Supplemental Data). Patients in the AIS group
were more likely older, and men, and had a higher prevalence of

cardiovascular risk factors and neurologic signs. A cutoff point
for older age was 55 years. Patients in the S group had a high
prevalence of headache and a long duration of symptoms.
Patients with vertigo were less likely to present with any acute
findings on MR imaging. Pair-wise group comparisons further
elaborate these differences (Fig 1). Among the 126 patients with
isolated dizziness, 14% had AIS, 10% had other significant find-
ings, and 76% had nonsignificant findings, in similar proportions
to patients with additional signs and symptoms (17% AIS, 8% S,
75% NS; P¼ .49).

In a multivariate analysis, statistically significant predictors of
clinically significant acute pathology (AIS/S) were aphasia/dys-
arthria, ataxia, old cerebral infarction, auditory symptoms, inpa-
tient hospitalization status, diplopia, nausea/vomiting, age older
than 55 years, male sex, and absence of vertigo (Fig 2). The risk
score points for each variable are presented in the Online
Supplemental Data. The ROC AUC for the risk score was 0.70.
With a single cutoff of 6 points, the model had a sensitivity of
66% and a specificity of 64%. PPV was 38%, and NPV was 85%.
The mean risk score was 7.6 points in the AIS/S group and 5.7
points in the NS group (Fig 3).

We also calculated a similar risk score for acute infarcts only
(AIS versus S/NS) and found improved performance, with an
ROC AUC of 0.75 (Fig 2). With a single cutoff of 8 points, sensi-
tivity was 51%, specificity was 84%, PPV was 40%, and NPV was
90%. The mean risk score was 8.8 points in the AIS group and 5.6
points in the S/NS group (Fig 3).

To ensure that early MR imaging did not miss infarcts (false-
negative), we determined whether patients with negative findings
on DWI ,48 hours after symptom onset had follow-up neuroi-
maging the following week. Among the 470 patients fulfilling
these criteria, only 4 (0.9%) underwent follow-up CT or MR
imaging. Only one (0.2%) of these patients, scanned because of
new neurologic symptoms after vertigo had dissipated, had a
small new cortical infarction on CT. All patients in the catchment
area with a clinically meaningful suspicion of stroke are referred
to our tertiary hospital. Therefore, it is likely that acute MR imag-
ing did not miss any clinically meaningful infarcts in these
patients to the extent that such infarcts would warrant repeat
neuroimaging.

A total of 145 patients underwent dedicated internal acoustic
canal and inner ear imaging with heavily T2-weighted images
(3D driven equilibrium radiofrequency reset pulse [DRIVE]).
None of these images revealed any acute findings. One patient
was diagnosed with acute labyrinthitis, but this was evident only
on postcontrast T1-weighted images and not on T2-weighted
images.

Table 1: Significant-but-nonischemic emergency MR imaging
findingsa

Findings No. (%)
Tumor/metastases 44 (45)
Demyelination 12 (12)
Infection, inflammation 19 (19)
Other 9 (9)
Vascular diseases
Intracranial hemorrhage 6 (6)
Other 7 (7)

Total 97 (100)
a Data are numbers (percentages).

Table 2: Nonsignificant emergency MR imaging findingsa

Findings No. (%)
Unremarkable 368 (42)
White matter hyperintensities 256 (29)
Benign incidental/variants 143 (16)
Known existing pathology
Old infarcts/bleeds 105 (12)
Other 3 (0)

Total 875 (100)
a Data are numbers (percentages).
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DISCUSSION
In this large-scale emergency MR imaging study, we found a
prevalence of acute ischemic strokes in roughly 1 in 6 patients
imaged for dizziness or vertigo. Nearly 1 in 10 patients had other
clinically significant findings, whereas in 3 of 4 patients, MR
imaging was unremarkable for acute pathology. Risk scores had
only moderate performance in predicting any significant pathol-
ogy or acute ischemic stroke. Isolated dizziness had no discrimi-
native power concerning imaging outcomes. Dedicated internal
acoustic canal and inner ear imaging had no role in the acute set-
ting. CT had a low diagnostic yield among patients who had a
stroke on MR imaging. Acute dizziness and vertigo remain chal-
lenging even when emergency MR imaging is readily available.

Overall, patients who had acute ischemic stroke were charac-
terized by older age (generally older than 55 years of age), male
sex, and high prevalences of cardiovascular risk factors and neu-
rologic signs; patients with nonischemic significant pathology, by
a high prevalence of headache and longer symptom duration; and
patients with no significant pathology, by a high prevalence of
vertigo. History-taking and proper clinical examination still play
an important role when referring patients for MR imaging,
because the aforementioned factors have a considerable impact
on imaging outcomes.

We found several statistically significant associations between
clinical variables and imaging outcomes that are consistent with

those from the existing literature. Kabra et al18 reported an acute
pathology rate of around 38% on early MR imaging and several
stroke predictors (age older than 50 years, a high number of car-
diovascular risk factors, a short duration of symptoms, and at
least 1 neurologic sign). Machner et al22 reported a 24% acute pa-
thology rate (varying between 0% and 50% among clinically
defined subgroups) among emergency patients with dizziness
who underwent adequate neuroimaging (early CT or delayed MR
imaging). They documented hypertension, high ABCD2 scores,
and any central oculomotor sign or focal abnormality that
increased the risk of acute lesions. Similar to our analysis, they
noted that among patients with vertigo (spinning sensations),
acute lesions were less likely. Our findings further corroborate
the use of MR imaging among patients with older age, cardiovas-
cular risk factors, or neurologic signs.

Our risk scores reached moderate performances. The predic-
tive model for acute strokes had an ROC AUC of 0.75 with an
NPV of 90%, while the model for all significant pathology was
slightly less accurate. We found no previously published risk
scores for emergency MR imaging. In a study with 188 patients,
Kabra et al18 demonstrated similar individual predictors of stroke
(age, symptom duration, neurologic signs, and cardiovascular
risk factors), each having NPVs of around 88%–90%.

The most common infarct location was the cerebellum.
Notably, 25% of infarcts were located elsewhere than in the

FIG 1. Statistical test values between dichotomic imaging outcome groups. Only values with statistical significance (P, .05) are shown. The x 2

test was used for categoric variables, and the Mann-Whitney U test, for continuous variables.
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cerebellum or the brainstem. According to a recent connectiv-
ity-based analysis, supratentorial brain regions involved in the
brain vertigo network include the bilateral insula, somatosen-
sory cortex, higher-level visual areas, cingulate sulcus, and
thalamus.23 Only 36% of prior CTs were positive for AIS, cor-
roborating the role of acute MR imaging in detecting AIS in
patients with vertigo. Missing an acute stroke may have serious
adverse effects, such as predisposing the patient to a high risk
of future, potentially more severe infarcts that could otherwise
have been prevented, or, potentially, fatal secondary complica-
tions of the current stroke, such as brainstem compression and
obstructive hydrocephalus.18,24

While its accuracy is considered superior to CT, even MR
imaging does not have perfect sensitivity in the early detection of
an AIS.25 In fact, DWI has been previously reported to be false-

negative within the first 48 hours in up
to 50% of small ischemic strokes in the
posterior fossa.26 In our follow-up anal-
ysis of patients with NS, we concluded
that acute MR imaging likely did not
miss any clinically meaningful infarcts
in our cohort. Modern MR imaging
technology likely has a substantial sen-
sitivity in detecting small infarcts in the
posterior fossa and elsewhere in the
brain, as was shown in the current
study.

This study has 2 major strengths.
First, we had a large sample size due to
the routine use of emergency MR imag-
ing in the emergency radiology depart-
ment.21 A large sample size affords
adequate statistical power to discern clin-
ically meaningful effect sizes. Second, we
used a data-driven approach by querying
the referrals for specific symptoms
instead of relying on diagnosis codes.
This approach mitigates sampling bias
because all patients with vertigo will be
included irrespective of the final diag-
nosis. This imaging phenotypical
approach is likely more proximal to
the underlying biology than diagnosis
codes. The present study represents a
true clinical situation and offers a real-
world overview of emergency patients
with dizziness and vertigo. The fact
that isolated dizziness (no other symp-
toms) had no significant discrimina-
tory power suggests that the liberal
inclusion of patients with various
other symptoms did not significantly
bias our results.

Yet, this study is limited by its retro-
spective and single-center design. Some
referrals may have been incomplete or
imprecise; therefore, the true preva-

lence of risk factors may have been underestimated. In addition
to specific symptoms, relevant comorbidities and medical history
may have been missing. The quality of the clinical note-keeping
for each patient (reflecting real-world practice) determined the
quality of the clinical data included in the present study.
Classifying findings into NS and S groups was based on expert
opinion and may, therefore, have been biased. In the classifica-
tion, we used a consensus method among neuroradiologists and
did not record interobserver agreement. The lack of relevant data
may have contributed to the performance of the risk scores. In
addition, the risk scores require prospective validation before
claims of clinical utility can be made. The inclusion of patients
with symptoms highly indicative of stroke (aphasia, ataxia, dyspha-
gia) may have contributed to the higher diagnostic yield because
these patients may be more likely to undergo neuroimaging

FIG 2. A, Variables predicting significant acute pathology (AIS/S versus NS) in emergency MR
imaging with statistical significance (P, .05) in a multivariate analysis. B, Variables predicting acute
ischemic stroke (AIS versus S/NS) in emergency MR imaging with statistical significance (P, .05)
in a multivariate analysis.
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regardless of having dizziness. We did not use the combination of
axial and coronal DWI, which has been shown to have improved
diagnostic accuracy for brainstem infarcts.27 Regarding generaliz-
ability, the present study is limited because we did not include
acutely dizzy patients not scheduled for emergency MR imaging.
Therefore, we do not know the factors that contributed to the
need for emergency MR imaging perceived by the referring physi-
cian. We are not able to estimate the proportion of these patients
undergoing first-line MR imaging. Most important, emergency
MR imaging is not routinely available in all institutions, limiting
the generalizability of our findings.

These results provide novel information on the diagnostic
yield in this patient group when emergency MR imaging is read-
ily available and commonly used in the emergency radiology
department. Regarding the clinical value of emergency MR imag-
ing findings, MR imaging likely altered the clinical management
of patients with newly discovered neurologic disorders such as
cerebrovascular (including acute infarction), demyelinating, and
infectious diseases. Although the rate of nonsignificant pathology
may seem too high (75%), ruling out infarctions with high sensi-
tivity in these patients is likely valuable for them and their physi-
cians. Most important, isolated dizziness lacked discriminative
power on imaging outcomes because 14% of these patients had
AIS onMR imaging.

CONCLUSIONS
Predictive modeling for including or excluding acutely dizzy
patients for emergency MR imaging remains challenging.
Because we were unable to reliably exclude patients who would
not benefit from MR imaging, a relatively low threshold for
ordering imaging to avoid misdiagnosis may be warranted. One
in 4 patients had acute pathology on MR imaging. Predictors of
acute pathology (older age, male sex, cardiovascular risk factors,
and neurologic signs) may help to apply emergency neuroimag-
ing more effectively among these patients, thus optimizing both
the yield and clinical impact of emergency neuroimaging. Low
diagnostic yields of CT and internal acoustic canal MR imaging
sequences may offer an opportunity to reduce health care expen-
ditures in the future.

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

Evaluating Biases and Quality Issues in Intermodality
Image Translation Studies for Neuroradiology:

A Systematic Review
Shannon L. Walston, Hiroyuki Tatekawa, Hirotaka Takita, Yukio Miki, and Daiju Ueda

ABSTRACT

BACKGROUND: Intermodality image-to-image translation is an artificial intelligence technique for generating one technique from
another.

PURPOSE: This review was designed to systematically identify and quantify biases and quality issues preventing validation and clini-
cal application of artificial intelligence models for intermodality image-to-image translation of brain imaging.

DATA SOURCES: PubMed, Scopus, and IEEE Xplore were searched through August 2, 2023, for artificial intelligence–based image
translation models of radiologic brain images.

STUDY SELECTION: This review collected 102 works published between April 2017 and August 2023.

DATA ANALYSIS: Eligible studies were evaluated for quality using the Checklist for Artificial Intelligence in Medical Imaging (CLAIM)
and for bias using the Prediction model Risk Of Bias ASsessment Tool (PROBAST). Medically-focused article adherence was compared
with that of engineering-focused articles overall with the Mann-Whitney U test and for each criterion using the Fisher exact test.

DATA SYNTHESIS: Median adherence to the relevant CLAIM criteria was 69% and 38% for PROBAST questions. CLAIM adherence
was lower for engineering-focused articles compared with medically-focused articles (65% versus 73%, P, .001). Engineering-focused
studies had higher adherence for model description criteria, and medically-focused studies had higher adherence for data set and
evaluation descriptions.

LIMITATIONS:Our review is limited by the study design and model heterogeneity.

CONCLUSIONS: Nearly all studies revealed critical issues preventing clinical application, with engineering-focused studies showing
higher adherence for the technical model description but significantly lower overall adherence than medically-focused studies. The
pursuit of clinical application requires collaboration from both fields to improve reporting.

ABBREVIATION: AI ¼ artificial intelligence

Artificial intelligence (AI)-based image translation converts an
image into a similar-but-different image.1,2 This feature may

mean changing a landscape from a summer to a winter scene, or a
CT into an MR image. The accuracy and capacity to do what
humans physically cannot has always been the promise of AI in
medicine.3 In neuroradiology specifically, using an AI model to

convert among radiologic image modalities such as PET, MR
imaging, and CT has several advantages, including increased acces-
sibility and decreased time and radiation exposure. In the case of
MR imaging, for example, patients with metal implants or contrast
allergies cannot undergo the examination, though they may be
able to undergo a CT.4 An AI model produces the image almost
immediately, while scheduling the examination can take days; this
issue is known to affect prognosis.5 For radiography, CT, and PET,
patients are exposed to ionizing radiation, and the repeat examina-
tions required for radiation therapy can cause cumulative damage.
Thus, image translation models have been in development to har-
ness these advantages for MR imaging-only radiation therapy plan-
ning6 and ischemic stroke lesion segmentation since 2017.7-10

Despite these potential advantages and a 6-year history of
published research, intermodality image translation models are
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still in the initial development stage. It has been suggested that
fewer than one-quarter of AI studies could be reproduced from
these methods,11 reproduction being a necessary validation step
before clinical application. Previous reviews described some
study-design trends that might be related to the lack of progress
toward clinical application.4,6,12,13 There are also trends in the
results for medically-focused journals and engineering-focused
journals.13,14 Various checklists have been designed to support
authors in this task, but few are applicable to AI, and even fewer,
to imaging-based studies. The Checklist for Artificial Intelligence
in Medical Imaging (CLAIM)15 is a prominent checklist for AI
models built to classify, generate, or otherwise use medical images.
This checklist includes 42 items that authors should include to
ensure that readers can thoroughly assess and reproduce the work.
Additionally, the Prediction model Risk Of Bias ASsessment Tool
(PROBAST)16 is designed for assessing bias in diagnostic or prog-
nostic prediction models. This bias assessment is an integral part
of any systematic review of health care models because it allows
readers to visualize which studies have shortcomings that may lead
to distorted results. Although many questions are not applicable to
AI models, some PROBAST items can be used to evaluate biases
specific to image-to-image translation studies. Using multiple
checklists may provide more comprehensive coverage of all
the salient points of each work.17

As this field grows, researchers must be aware of and consider
the quality of and biases in their methods so that they can be
transparently and consistently reported and, eventually, system-
atically mitigated.18 In this review we used 2 common checklists
to quantify the quality and extent of biases in intermodality image
translation studies for brain imaging. We found no study apply-
ing CLAIM or PROBAST to evaluate image-to-image translation
articles in the field of brain imaging.

MATERIALS AND METHODS
This review was registered on PROSPERO (CRD42022368642;
https://www.crd.york.ac.uk/PROSPERO/) and was conducted in

accordance with the Prisma statement
(https://www.prisma.io/).19 Approval
from the ethics board was not necessary
because this review used published data.

Searching Strategy
PubMed, Scopus, and IEEE Xplore
were searched from inception through
August 2, 2023, using variations of
the terms artificial intelligence,
MR, CT, image-to-image translation,
image synthesis, Pix2Pix, and GAN.
The full search text is available in the
Online Supplemental Data. After a pre-
liminary search, keywords related to the
brain or specific brain diseases were
considered too limiting, so we excluded
these terms to reduce sampling bias.
The references of similar reviews and
the included studies were also screened
for inclusion. Duplicate results were

removed, and the remaining published articles were independently
screened for inclusion by 2 authors. Inclusion criteria were studies
developing or evaluating an AI model capable of converting images
of the brain from one image technique to another, from human
participants. Only the relevant experiments were considered from
studies with multiple experiments (Fig 1).

Data
The data required to identify each study were collected into a pre-
designed spreadsheet. This spreadsheet includes relevant article
information, data set information, the overall model purpose and
design, the translation pair for all relevant experiments, and
results for all relevant CLAIM and PROBAST criteria.15,16 To
reveal any differences specific to articles published in medically-
focused or engineering-focused journals, we grouped journals on
the basis of their aims and scope as in Kim et al.12 Medically-
focused journals were defined as those that included terms related
to clinical medicine in their scope, and engineering-focused jour-
nals were those with an engineering, physics, or computer science
scope. Unclear journals were classified in consensus between 2
authors. Extractable data were collected by one author and con-
firmed by 3 authors.

Quality Evaluation
Adherence to the CLAIM checklist was evaluated by 1 author
using the full text and supplements of each study. Values were
considered absent if they were missing or unclear. Questions not
relevant to the study were marked as not applicable and did
not negatively affect the CLAIM adherence estimation. For
example, not all studies were classification or diagnosis tasks,
so CLAIM question 36 was not applicable to these studies
(Online Supplemental Data).

Bias Evaluation
PROBAST-based bias was evaluated by 1 author using questions
1.1, 1.2, 4.1, and 4.8 from PROBAST.16 We used a generous def-
inition of “external data set” for question 4.8, which includes

FIG 1. PRISMA flow chart.
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temporally separate data as well as data from different facilities,
as in Kim et al.12 Following Kuo et al20 and Nagendran, et al,21

we considered the patients included in the test set for domain 1
and excluded the other questions as not relevant to AI models,
which perform image-to-image translation. This includes all of
domain 2, which is not relevant to AI studies, and all of domain
3, because the outcome is not relevant for image translation
studies (Online Supplemental Data).

For paired-image studies, which developed diagnostic, prog-
nostic, or segmentation models, a large gap between the imaging
of the 2 ground truth modalities may affect the resultant model
classification or segmentation performance. The appropriate tim-
ing depends on the specific disease and may vary for individuals
within a data set, so this information was collected but not evaluated.

Analysis
For CLAIM, the number of items evaluated as “yes” or “not ap-
plicable” was summed and divided by the total items in the
checklist to estimate adherence at the study level as in Sivanesan
et al.14 PROBAST adherence is given as “high,” “unclear,” or “low”
risk of bias designations for each study. Data normality was
assessed using the Shapiro-Wilk test. Means were compared using
the 2-sample t test; medians were compared using the Mann-
Whitney U test between articles in medically-focused publications
and those from engineering-focused publications. Item-level evalu-
ation was performed for both CLAIM and PROBAST to show
trends in image-to-image translation research. The Fisher exact
test was used for each criterion to compare the medically-focused
studies with the engineering-focused studies. Significance was
defined as P, .05. Analysis was performed using R (Version 4.1.3;
http://www.r-project.org/).

RESULTS
Study Demographics
There were 102 studies collected for this review. Medically-
focused publications made up 64 studies, and 38 were from engi-
neering-focused journals. The source images included MR imag-
ing, CT, PET, and radiography (Table 1). Most studies evaluated
MR imaging translation to either CT (63/102) or PET (13/102),
citing the better soft-tissue contrast and lack of radiation expo-
sure of MR imaging. Most MR imaging-to-CT studies targeted
MR imaging–based radiation therapy planning (48/63). Dosimetry
evaluations were included in 17 of these studies. Other targets
included attenuation correction (10/63), more accurate registration

(3/63), segmentation (1/63), and research
data set generation for future AI studies
(1/63). The MR imaging-to-PET studies
primarily focused on the diagnosis of
Alzheimer disease (4/13) or MS (1/13),
glioma management and prognosis
(2/13), attenuation correction (1/13,) and
amyloid-burden estimation (2/13).

CT-to-MR imaging translation (12/
102) was the next most common, with
the rationale being that CT data are
useful for dose calculations of radiation
therapy and can be collected quickly, at

lower cost, and at more facilities than MR imaging. Most of these
studies targeted anomaly segmentation such as ischemic stroke
localization (6/12) or CT-based radiation therapy planning (3/12).
There were 7 studies that evaluated bidirectional translations; 6 of
which comprised the MR imaging-to-CT and CT-to-MR imaging
translation pair and 1 study that evaluated the PET-to-CT and CT-
to-PET translation as well. One of these studies was designed for
segmentation of follow-up images of patients with ischemic stroke;
2 others were designed to assist with radiation therapy planning.

Other translation pairs included MR imaging-to-radiograph
for interventional imaging, PET-to-CT for attenuation correc-
tion, PET-to-MR imaging for amyloid-burden estimation, and
ultrasound-to-MR imaging for easier communication between
technicians and obstetricians (Online Supplemental Data).

The specific clinical purpose or application for the model in
addition to image generation was described in 95 studies. We
determined the remaining studies using the common clinical pur-
poses for the translation pair. These include diagnosis, prognosis,
registration, segmentation, and treatment (Online Supplemental
Data). There was a significant difference in the CLAIM scores
between the medically-focused and engineering-focused groups
for both diagnosis and treatment purposes (Online Supplemental
Data). The other purpose groups did not have enough data for the
Mann-Whitney U test.

CLAIM Evaluation
Each study followed between 44% and 88% of applicable CLAIM
criteria, with a 70% average overall (Fig 2). There was a signifi-
cant difference in the adherence between medically-focused jour-
nal studies (73% average adherence) and those from engineering-
focused journals (65% average adherence) (P, .001) (Fig 2 and
Table 2). There was no significant difference between the per-
formance of studies published before or after the CLAIM criteria
were published. (P¼ .841).

There were 5 criteria with an average adherence of #10%. Of
note, 1% of studies described the intended sample size (CLAIM
19), 3% of studies described the flow of including participants
(CLAIM 33), and 8% of studies used an external testing data set
(CLAIM 32).

Engineering-focused studies reported data for the questions
related to describing the model in adequate detail (CLAIM 22,
24, 25, 26) in the article, while medically-focused studies more
often moved this information to the supplement. On the other
hand, medically-focused studies significantly outperformed

Table 1: Included studies
Number
of Studies

Average CLAIM
Adherence

Average PROBAST
Score

Image-generation direction
MR imaging-CT 63 71% 38%
MR imaging-PET 13 74% 49%
CT-MR imaging 12 63% 41%
PET-CT 3 67% 33%
PET-MR 2 74% 56%
MR imaging-x-ray 1 64% 31%
US-MR imaging 1 67% 31%
Bidirectional 7 65% 33%

Total 102 70% 39%

Note:—US indicates ultrasound.
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engineering-focused studies in 21% (9/42) of the CLAIM criteria.
These criteria related to describing the data sets (CLAIM 7, 8, 11,
14, 15, 34), the software used for model development (CLAIM
23), statistical significance levels (CLAIM 29), and any failures
(CLAIM 37).

Publication styles differ for engineering studies, and this feature
significantly affected the resultant CLAIM adherence. Specifically,
27 of the 39 engineering-focused works were presented at engi-
neering conferences and published as proceedings. These are given
a DOI and widely regarded as citable publications,22 though the
peer review and writing of these submissions may still be of lower
quality.23,24 Thus, conference publications represent 72% of engi-
neering-focused studies but ,5% of medically-focused studies.
Although they are considered published, we found that works writ-
ten for engineering-focused conferences had significantly lower re-
sultant CLAIM adherence than engineering-focused works for
journals (P¼ .01) (Online Supplemental Data). Without these con-
ference publications, medically-focused studies significantly out-
perform the engineering-focused studies for only 3 criteria related
to describing the data sets (CLAIM 5, 8, 34).

The adherence for medically-focused and engineering-focused
studies varied by study purpose (Online Supplemental Data).
Medically-focused studies had significantly higher adherence
for MR imaging-only radiation therapy planning, with an 11%
improvement over the average for engineering-focused studies.
Only medically-focused studies attempted dose calculations as part
of a radiation therapy planning study, and excluding these did not
affect the significance of the difference between the CLAIM score
of these and the engineering-focused studies. Although there were
not enough studies to confidently establish significance, attenua-
tion correction and stroke lesion localization also had 10% and
18% higher CLAIM adherence than similar engineering-focused
studies, respectively.

PROBAST Evaluation
Overall bias via PROBAST was low for 4 studies,8,25-27 unclear
for 4 studies, and high for 94 studies (Fig 3 and Table 3).
Medically-focused studies used population-based data in signifi-
cantly more studies. (P¼ .006) There was no significant differ-
ence in the PROBAST adherence for the other 3 questions
between studies from medically-focused and engineering-focused
journals (Fig 3) (Online Supplemental Data). There was no signif-
icant difference between the performance of studies published
before or after the PROBAST criteria were published. (P¼ 1).

More than 71% (73/102) of studies used internally collected
data for the test data set. These were presumed to be consecutive
samples and marked as probably having a low risk of bias for
question 1.1 unless stated otherwise. The remaining 29 studies
used publicly available data. Although the use of curated public
data sets is generally considered appropriate for AI model

FIG 2. CLAIM evaluation. Each vertical bar shows the adherence for all studies for one of the CLAIM criteria. Within each bar, green represents
the percentage of studies appropriately adhering to the CLAIM criteria, gray represents studies for which that question was not applicable, and
orange represents studies that did not adhere to that CLAIM criteria. A, Overall adherence for 102 studies. B, Adherence for medically-focused
studies (n¼ 64). C, Adherence for engineering-focused studies (n¼ 38). NA indicates not applicable.

Table 2: CLAIM adherence results
Medically-
Focused

Engineering-
Focused P Value

Title/abstract 99% 95% .0652
Introduction 100% 100% 1
Methods 72% 63% ,.001
Results 53% 39% .0046
Discussion 73% 59% .0629
Other 90% 85% .2023
Total 73% 65% ,.001
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development, PROBAST standards require the model to be tested
on data representative of the target population. Studies using
public data sets that were not collected or adjusted to match the
sampling frequencies of a real population were marked as having
a high risk of bias for question 1.1.

Exclusion criteria were described in 17 studies, 13 of which
were from medically-focused journals. An additional 6 studies (5
of which were from medically-focused journals) included lan-
guage that implied that there were some exclusion criteria,
though they were not described in detail. These were marked as
probably having a low risk of bias for question 1.2. Because it is
unclear if exclusions were maliciously hidden or if the authors
had included all available images, the remaining 79 studies were
marked as having an unclear risk of bias.

There were 6 studies with .100 individuals in the test data
set, as recommended by PROBAST. Five of these were published
in a medically-focused journal. The remaining studies either had
test sets of ,100 individuals or were not clear about the number
of images of individuals in their test data set (this point is further
addressed in CLAIM 21).

External data sets (PROBAST 4.8 and CLAIM 32) were used
in 9% (9/102) of studies. Eight of these were published in

medically-focused journals. The size of the external test set varied
with a median of 17.5 and interquartile range of 126.25. It is diffi-
cult to accurately calculate significant changes across time with
only 9 studies.

The timing between the index and reference test was reported
in 30 of 89 studies that used paired data, and 3 of 13 studies that
used unpaired data. We observed a slightly higher reporting rate
in medically-focused studies (38% [24/64]) compared with engi-
neering-focused studies (24% [9/38]) (P¼ .191).

DISCUSSION
This systematic review evaluated the quality issues and biases
present in intermodality image translation studies relevant to
brain imaging published before August 2023 using PROBAST
and CLAIM criteria. We found 102 studies using brain images
for intermodality image translation using an AI model. The prin-
cipal findings of this review are that nearly all of the 102 pub-
lished works had quality issues and critical biases hindering the
clinical integration progress, with engineering-focused studies
showing significantly lower checklist adherence than medically-
focused studies. Studies at a high risk of bias largely lacked an
external testing data set and were unclear about the data used,
particularly the collection dates, data-source location, any exclu-
sion criteria, the number of individuals included, and how the
data were processed to make them fit for the AI model. Replication
of results is of great importance inmedicine—reflected in the numer-
ous, detailed checklists available to researchers—and replication in
the age of AI requires closer collaboration with our computer engi-
neering colleagues.

To our knowledge, this is the first study to evaluate study
quality and biases in intermodality image-to-image translation
models for brain imaging. CLAIM and PROBAST were used to
evaluate whether the methods or data sets used in these studies
showed quality issues or risks of bias.15,16 PROBAST is not
only familiar to many readers, but it covers 4 of the signs of bias
raised in other reviews and guidelines for applying AI to medical
imaging translation.12,13,28 We additionally chose the CLAIM
checklist because it is designed to show the “rigor, quality, and
generalizability of the work,” by encouraging transparent and
thorough reporting specifically of medical AI studies. This

Table 3: Bias risk results

Low Unclear High
All studies
Question 1.1 97 (95%) 2 (2%) 3 (3%)
Question 1.2 23 (23%) 79 (77%) 0 (0%)
Question 4.1 9 (9%) 10 (10%) 83 (81%)
Question 4.8 9 (9%) 0 (0%) 93 (91%)
Overall bias 4 (4%) 4 (4%) 94 (92%)

Medically-focused adherence
Question 1.1 64 (100%) 0 (0%) 0 (0%)
Question 1.2 18 (28%) 46 (72%) 0 (0%)
Question 4.1 7 (11%) 3 (5%) 54 (84%)
Question 4.8 8 (13%) 0 (0%) 56 (88%)
Overall bias 3 (5%) 4 (6%) 55 (86%)

Engineering-focused adherence
Question 1.1 33 (87%) 2 (5%) 3 (8%)
Question 1.2 5 (13%) 33 (87%) 0 (0%)
Question 4.1 2 (5%) 7 (18%) 29 (77%)
Question 4.8 1 (3%) 0 (0%) 37 (97%)
Overall bias 1 (3%) 0 (0%) 37 (97%)

FIG 3. Bias evaluation. Each horizontal bar shows the risk of bias for all studies for one of the PROBAST criteria. Within each bar, green repre-
sents the percentage of studies with a low risk of bias and gray represents studies for which there was an unclear risk of bias, and orange repre-
sents studies with a high risk of bias for the question. Question 1.1 asks if the data source matched the target population. Question 1.2 asks if the
inclusion and exclusion criteria were appropriate. Question 4.1 asks if the test data set was appropriately sized. Question 4.8 asks if the model
was tested on an external data set to account for overfitting or optimism in the model. A, Overall adherence per question for all 102 studies. B,
Adherence for engineering-focused studies (n¼ 38). C, Adherence for medically-focused studies (n¼ 64).
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checklist not only addresses all 4 included PROBAST criteria but
also exposes bias risks from inadequate reporting of the included
data sets and model development methods. The use of these
measures together gives us a more granular view of the strengths
and weaknesses of these studies.17

Because AI-based neurologic image translation represents an
intersection of the medical and engineering fields, researchers on
both sides must work together to make sure their work is clearly
represented in published articles to improve repeatability.11

Engineering studies in journals effectively described 4 CLAIM
questions about the AI model (CLAIM 22, 24–26) more often
than medically-focused studies, though this difference was not
statistically significant. Similarly, medically-focused studies more
often included data set details such as the number of patients and
their demographics, included statistical measures such as confi-
dence intervals, and listed some known limitations of their work
(CLAIM 5, 8, 29, 34, 38). For these models to continue toward
clinical integration, they must prove good performance while fol-
lowing both medical and AI engineering standards. Medically-
focused tools such as PROBAST and CLAIM may be improved
by requiring more of the model details provided by AI engineers
to ensure accurate replication of these ever more complex AI
models.29 Additionally, authors can introduce checklists such as
CLAIM for imaging studies, STARD (https://www.equator-network.
org/reporting-guidelines/stard/)30 for diagnostic accuracy studies,
and TRIPOD (https://www.tripod-statement.org/about/)31 for
diagnostic or prognostic prediction studies to their collaborators
who may be unfamiliar with them as a guide for writing their sec-
tions. Open collaboration between medical and AI engineering
researchers is key to moving these models past the initial develop-
ment stage.

Our findings of extensive risks of bias do not imply that a vali-
dated AI model would be insufficient as a clinician’s support tool.
Current tools and procedures have weaknesses for which AI may
be able to compensate.32 For example, there are scenarios such as
radiation therapy planning that benefit from having both the bet-
ter soft-tissue contrast of MR imaging and the electron density
estimates of CT.33 Because it is not always practical or possible to
perform both examinations, an image translation model could
generate this image. Furthermore, the CT scans and MR images
must be registered for tasks like atlas-based methods or ischemic
stroke lesion localization, which can lead to artifacts from mis-
alignment.4,6,34 By negating these weaknesses, image-generation
AI models can lead to speedier, safer, more cost-efficient work-
flows, benefitting both the patient and the facility.

Limitations
This review had several limitations. There was heterogeneity in
study designs of the collected studies, limiting our ability to com-
pare the models and data sets directly. Our inclusion criteria may
have excluded relevant studies, though we attempted to correct
this possibility by scanning the references of both the collected
works and previous reviews on the topic. We did not compare
the publication requirements for the included journals, so it is
unclear whether requirements, such as word-count limits, supple-
mentary-material limits, or requirements on the use of standar-
dized checklists, impacted quality and bias estimates. This study

used only 2 checklists to estimate study design failures and risk of
bias. While PROBAST is a common tool for bias evaluation of
medical studies, it is difficult to apply to AI and even more so
for image translation models. New guidelines specific to medi-
cal AI applications are in development that may address this
difficulty.29,35,36 Perhaps future AI works will modify their
methods accordingly to minimize bias.

CONCLUSIONS
Image-to-image translation AI models represent a promising tool
for reducing radiation exposure, examination costs, and time
delay. However, currently published models have quality issues
and are at high risk of bias, attributable to weak adherence to
established reporting guidelines such as CLAIM and PROBAST.
From a clinical applicability point of view, studies published in
engineering-focused journals have significantly more quality
issues and higher risk of bias than those published in medically-
focused journals. However, medically-focused studies often lack
necessary model development details found in engineering-
focused studies. Our analysis shows that closer cooperation
between medical and engineering researchers could improve
overall guideline adherence, so these models can be validated and
developed into valuable clinical tools.

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

Jacob Valk, MD, PhD

This memorial aims to honor Professor Jaap Valk, who passed
away on April 13, 2024, at 94 years of age, for his many clini-

cal, educational, and scientific accomplishments.
Jaap was born in Rotterdam, the Netherlands, on July 23,

1929. He obtained his medical degree at Leiden University, fol-
lowed by a residency in neurology and psychiatry. He practiced
neurology and psychiatry for several years but decided to become
a neuroradiologist and did his training with the famous Professor
Bernard George Ziedses des Plantes, who invented planigraphy
and radiographic subtraction. Jaap completed his thesis on brain
atrophy in schizophrenia in 1971, with Ziedses des Plantes as
supervisor. After his training in radiology and neuroradiology,
Jaap became Head of the Department of Neuroradiology of VU
University Medical Center as well as the Valerius Clinic, a psychi-
atric hospital in Amsterdam. In 1979, he was appointed full
Professor of Neuroradiology at VU University. In 1981 he
became the Head of Radiology of VU University Medical Center.
He retired from his academic job in 1999 but continued to work
in private practice.

Jaap loved to be at the forefront of new developments. He
excelled in pneumoencephalography, myelography, angiogra-
phy, intervention, and CT. His landmark articles on lateral cer-
vical puncture, described in 1977 and re-evaluated in 1982 with
more than 1000 cases, were required reading for radiology
trainees. When the amazing, novel technique MR imaging
entered medicine, he dived into it and wrote a book on the basic
principles of MR imaging, together with Professor Cor
MacLean and Dr Paul Algra (Elsevier, 1985). He got his first
MR imaging machine in 1985, a 0.6 Technicare (Ridderkerk,
The Netherlands). He had a keen interest in pediatric neurora-
diology, and many children from the Netherlands came to
Amsterdam for MR imaging, providing Jaap with a wealth of
cases for studies, papers, courses, and international lectures.

Jaap had a true scientific mind. He taught his residents and
PhD students that when coming to a conclusion, they always
needed to be open to doubt and alternative interpretations.
Nothing was set in stone for him. He was very interested in fields
outside radiology and neurology, including physics, biochemistry,
toxicology, embryology, pathology, immunology, molecular biol-
ogy, and statistics. A review of his myriad publications confirmed
his interest in these fields and his ability to encourage trainees in
their academic pursuits. He supervised trainees not just in neu-
rology and neuroradiology, but also in pathology, otolaryngology,
orthopedics, and cardiology, inspiring them to explore new tech-
niques, such as MR arteriography and blood flow to organ sys-
tems outside the brain and spine. He was highly regarded by both
clinicians and basic scientists, always curious about the latest
technical developments, suggesting improvements for more
meaningful applications in patient populations.

Jaap was extremely productive. He favored writing books and
authored and co-authored many, among which were Computed
Tomography of Cerebral Infarctions (1981), Basic Principles of
Nuclear Magnetic Resonance Imaging (1985),Magnetic Resonance
of Head, Neck and Spine (1987), Magnetic Resonance of
Myelination and Myelin Disorders (1989, 1995, and 2005), and
Magnetic Resonance of Dementia (2002). He also co-authored
many articles, more than 300 on PubMed. He gave numerous
invited lectures at international meetings, which were impressive
and overwhelming. He received many awards, including the
Wertheim Salomonson Medal of the Dutch Society of Radiology
(1996), the Gold Medal of the International Society of Magnetic
Resonance in Medicine (1999), the Cornelia de Lange award of
the Dutch Society of Child Neurology (2007), and the Gold Medal
of the American Society of Pediatric Neuroradiology (2011). He
became an honorary member of numerous international medical
societies, including the Radiological Society of North America
(2003) and the European Society of Neuroradiology (2018).

Jaap Valk was an inspiration to many. His relentless energy,
his curiosity, his analytic thinking, and his unwavering interest to
explore, study, and understand the fascinating complexity of the
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human brain were unparalleled. One of his favorite phrases was
“no matter, no mind,” referencing the many inborn errors of me-
tabolism and neurodegenerative disorders he studied during his
long and illustrious career. During his entire life, he was a vision-
ary. Jaap Valk recognized technologies early in his career and
knew how to use them to advance science. He was one of the first
to use CT and later MR imaging to study the CNS. The concept
of pattern recognition of white matter disorders propelled the
correct classification, recognition, and discovery of many neuro-
degenerative disorders. Together with Marjo van der Knaap, a
child neurologist, he published the landmark article titled
“Pattern Recognition in MR Imaging of White Matter Disorders
in Children and Young Adults” in 1991.1 It mentions the follow-
ing: “The pattern recognition program was written so that when
fed data about MR imaging abnormalities observed in a new case,
the computer produces a differential diagnosis with probabilities
and 95% confidence intervals for each differential diagnosis. The
database is open-ended. It is hoped that the addition of new cases
will result in more complete insight into the variability of patterns
observed in disease categories and subcategories, and it will make
the computer diagnosis more specific and reliable.”

These conclusions were visionary and groundbreaking
33 years ago and could even today be the key message of any sci-
entific article on artificial intelligence, machine learning, and
deep learning, which is even more impressive. Jaap Valk was
always far ahead of his time. MR imaging pattern recognition
for white matter disorders turned out to be a magnificent

diagnostic tool, which is still central for white matter disorders
today. At its introduction, approximately two-thirds of the
patients with a suspected genetic white matter disorder, a so-
called leukodystrophy, did not receive a specific diagnosis. MR
imaging pattern recognition of these unsolved cases led to the
identification and definition of a series of novel leukodystro-
phies. The subsequent identification of related gene mutations
proved that these novel disorders were real disease entities. One
could say that MR imaging pattern recognition revolutionized
the field of leukodystrophies. Throughout his life, Jaap kept a
keen interest in leukodystrophies and supported the research
when he could. Other subjects Jaap worked on included MR
imaging of developmental anomalies of the spinal cord, multiple
sclerosis, and dementia.

Jaap Valk was, of course, more than “just” a physician, educa-
tor, mentor, and scientist. He was a true renaissance man who
enjoyed the company of people, traveled around the world, and
made friends on at least 6 of the 7 continents. Knowing Jaap
Valk, it may very well be that he also visited Antarctica, the sev-
enth continent. Jaap Valk was generous, warm, welcoming, and
interested in all aspects of culture and art. He showed a true inter-
est in every person he met and made one feel special. He truly
enjoyed being questioned by trainees at conferences and had the
delightful habit of showing up at their presentations to be an
encouraging presence. Jaap welcomed visits to his reading room
by those same trainees, proud to highlight the accomplishments
of his team. He loved to mentor people; he shared his wisdom,
gave advice, and shaped and supported the careers of many of us.

Jaap Valk was a gifted pianist. During scientific meetings,
whenever he could find a piano, he would sit down and play a
happy tune for everybody to enjoy. He also wrote several plays.
One of his recommendations was to try to write at least 1 book
per year. Another piece of advice was that if you do not know
anything about the subject, it helps to write a book about it.

A giant in medicine, a superb scientist, a great mentor, a
world traveler, and a friend to so many has left us, but his legacy
will endure and we are grateful for all he gave us.
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Professor Jaap Valk was a wonderful clinical radiologist and physician
who was able to connect to children with ease, instantaneously gain-
ing their trust and sympathy.
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LETTERS

A Public Health Perspective on Radiologists’
Interpretation Volumes

In the recent AJNR study by Ivanovic et al,1 interpretation
volume is associated with diagnostic error at the time of

interpretation, presumably in the form of a missed diagnosis
or misdiagnosis. The actual error rates may be even higher
since RADPEER likely biases reviewers to save time and
protect colleagues by minimizing discrepancy. While we
support the goal to limit volumes, we note that suddenly
limiting ourselves to 32 or 40 neuroradiology examinations
per shift would rapidly lead to large queues of unread
examinations and would inevitably delay many diagnoses.
A delay in diagnosis is also a diagnostic error as defined by
the National Academies. In England, delays in reporting
have contributed to one-third of examined radiology sys-
tems failures.2

Also, we cannot estimate how volume limits would reduce
error without knowing the degree to which the study model
explains error. In our experience, regression models in radi-
ology quality studies often explain only 10%–15% of the stud-
ied effect. We, thus, advocate for including the R2 value to
help elucidate the potential impact of interventions on the
studied outcome.

Furthermore, as illustrated by the cited airline and anesthe-
siology experiences, risk mitigation entails addressing many
factors that contribute both directly and indirectly to error.
For example, examination types are associated with radiolog-
ists’ recommendation rates,3 due to diagnostic uncertainty,
and there is likely a similar association with error. The Ivanovic
et a1l study did not address whether the small fraction of studied
shifts with,26 examinations included a high proportion of high-
certainty/low-error examination types. Additional unstudied fac-
tors that potentially contribute to or confound the error associa-
tion are noninterpretative responsibilities,4 case complexity, and
shift time of day.

Radiologists largely agree that higher interpretation volumes
are psychologically unacceptable and unsustainable. Nevertheless,
imaging volumes continue increasing, and our work is most
valuable to patients and referring providers when performed
promptly. Increasing the number of radiologists is virtually
impossible in the short term given the 10-year American train-

ing pipeline and the barriers to hiring foreign-trained radiol-
ogists.5 Meanwhile, strategies to limit radiologists’ workloads
and mitigate error should include the following: clinical trial–
validated technologies, including artificial intelligence tools, to
reduce ancillary and repetitive tasks and interruptions; reduc-
tion of clinically unnecessary imaging; examination scheduling
triage based on urgency; and evidence-based guidelines that
rank and reward quality and safety to counterbalance the in-
centive for workflows that maximize revenues and profits.

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

Peer Learning in Neuroradiology: Easier Than It Sounds

As multispecialty members of the Peer Learning Committee
of the American College of Radiology (ACR), we read “Peer

Learning in Neuroradiology: Not as Easy as It Sounds” with great
interest. While it has been a long and ongoing process to create a
paradigm shift away from traditional score-based peer review
(RADPEER; https://www.acr.org/Clinical-Resources/RADPEER)
to true peer learning (PL) and many challenges remain, we would
like to emphasize that PL is, in fact, being widely embraced by the
radiology community,1 enabling neuroradiologists to improve
patient care, radiologist satisfaction, and team engagement.

RADPEER has failed to demonstrate accuracy in determining
radiologists’ “competence,” or improve learning or radiolog-
ists’ engagement. By contrast, PL champions heed the call of
the Institute of Medicine by viewing errors as avenues for sys-
tem improvement that foster collaboration and growth within
teams. The operative question, then, is “who wouldn’t want to
be a PL champion?” PL creates rewarding opportunities for
neuroradiology leaders to positively contribute to their specialty
by aligning stakeholders, promoting education, and inspiring
collaboration across disciplines to improve care.1 PL programs
provide a platform to enact system improvements, including
protocol optimization, workflow efficiency, sharing evidence-
based clinical guidelines, and incorporating artificial intelligence
into clinical practice. In doing so, neuroradiology leaders are
following established paths endorsed by the ACR, American
Board of Radiology (ABR), and more than one-half of all radiol-
ogists in the United States who already engage in PL1 and have
already demonstrated that it is a very “possible lift.”

Effective health care leaders recognize value and eliminate
barriers that may prevent success. Implementing any program
without local leadership support, including time, is burdensome,
so practice leaders should seek to transfer current resources from
scored peer review into PL programs.

Practices that have already embraced PL use existing tools,
Health Insurance Portability and Accountability Act–compliant
forms and case-identification mechanisms, to gather learning
opportunities while ensuring patient confidentiality. In fact, some
authors of this article have recently documented their implemen-
tation details.2 Continued clarification of needs and vendor advo-
cacy is underway to create an off-the-shelf solution to reduce the
“lift” of PL implementation.

Contrary to misconceptions, regulatory oversight agencies like
The Joint Commission (TJC), Centers for Medicare & Medicaid
Service, ABR, and ACR do not prohibit the transition to PL. The
Ongoing Professional Practice Evaluation guidelines of TJC offer
flexibility in data collection and metric establishment, without
mandating score-based peer review. Recent shifts in TJC require-
ments reflect this flexibility, relieving health systems of rigid
adherence to specific radiology peer review structures.3

The evidence supporting the effectiveness of PL is growing,1

indicating its potential to engage radiologists, decrease burnout,
and improve diagnostic accuracy. While further scientific research
is needed to directly link PL to improved patient outcomes, we will
not get there without the combined effort of thought-leaders in all
radiology subspecialties. Rather than persisting with models that
do not work, current effort should be directed at nurturing PL and
studying which methods best allow sustained measurable learning
and improved patient care. Recently published strategies for over-
coming potential challenges and the wealth of resources available
on the ACR Peer Learning Resources website (https://www.acr.org/
Practice-Management-Quality-Informatics/Peer-Learning-Resources)
will further support these efforts.

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

Reliability of CTA Alone and in Combination with CTP in the
Detection of Cerebral Vasospasm: Methodologic Issues on

Reliability to Avoid Misinterpretation

Iwas interested in the article by Heitkamp et al1 published in the
March 2024 issue of the American Journal of Neuroradiology.

The authors investigated the reliability of CTA alone and in com-
bination with CTP in the detection of cerebral vasospasm and the
decision to initiate endovascular treatment. Three neuroradiologists
were asked to grade 15 intracranial artery segments in 71 cases using
a tripartite scale (no, mild ,50%, or severe .50% vasospasm).
They reported that the interrater reliability for per-segment
analysis of vessels was highly variable (k ¼ 0.16–0.61). When
one focused on senior raters, the addition of CTP images resulted
in higher interrater reliability for severe vasospasm (k ¼ 0.28 versus
k ¼ 0.46) and subsequently higher concordance (k ¼ 0.23
versus k ¼ 0.73) for the decision to start endovascular treatment.

Although the article provides insight into the decision about
using CTA in combination with CTP to increase the reliability of
endovascular treatment, its conclusion is limited in 2 important
methodologic and statistical ways. First, the value of k depends
on the prevalence in each category. It is possible to have the preva-
lence of concordance cells equal to 90% and discordance cells equal
to 10% and, however, obtain different k values (0.44 as moderate
versus 0.81 as very good, respectively).2-4 Second, the Fleiss k is a
statistical measure for assessing the reliability of agreement among
a fixed number of raters when assigning categoric ratings to a num-
ber of items. This use contrasts with other applications of k such as
the simple Cohen k , which works only when assessing the agree-
ment between not more than 2 raters or the intrarater reliability.

The authors concluded that CTA alone offers only low inter-
rater reliability in the graduation of cerebral vasospasm. However,
using CTA in combination with CTP might help, especially senior
neuroradiologists, to increase the interrater reliability to identify
severe vasospasm following aneurysmal SAH and to increase the

reliability regarding endovascular treatment decisions. Considering
the above-mentioned methodologic and statistical issues, such con-
clusions can easily be a misleading message.2-4 Briefly, the preva-
lence-adjusted and bias-adjusted Fleiss k should be applied to
correctly assess the reliability of CTA alone and in combination
with CTP in the detection of cerebral vasospasm and the decision
to initiate endovascular treatment.

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

We appreciate the interest of Mr Sabour in our study and his
knowledgeable comments regarding our article recently

published in the American Journal of Neuroradiology.1 We are
grateful for the opportunity to address his concerns.

As correctly pointed out by Mr Sabour, we used the Cohen k

to assess interrater reliability between 2 raters with categoric rat-
ings (treatment yes/no), while the Fleiss k was used to calculate
the agreement for all 3 raters (refer to Supplementary Figure 2).
The dependence of k coefficients on prevalence has been fre-
quently criticized and discussed;2 however, the relevance remains
controversial.3,4 In the selection of methodologic and statistical
test procedures, we referred to previous studies on interrater reli-
ability in patients with vasospasm to ensure sound comparability
and coherence.5,6 For the sake of clarity, we concur that a preva-
lence-adjusted and bias-adjusted interrater analysis may pro-
vide additional value. Please see below the prevalence-adjusted
and bias-adjusted k coefficients regarding the detection of
severe vasospasm in any arterial segment (.50% narrowing),
endovascular treatment decision, and the presence of a perfu-
sion deficit (Table). The results before and after adjustment for
prevalence and bias were very similar, leaving the clinical
implications of our study unchanged. These findings are also
in line with the standards applied in most clinics.
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Interrater reliability regarding graduation and treatment decisions of vasospasm on CT
Interrater Reliability (95% CI)

All Raters (n= 3) Senior (n= 2)
First rating (CTA)
Detection of severe vasospasm in any arterial
segment (.50% narrowing)

0.27 (0.11–0.42)
0.27 (0.11–0.43)a

0.28 (0.10–0.46)
0.21 (�0.02–0.44)a

Endovascular treatment? 0.23 (0.06–0.39)
0.23 (0.07–0.39)a

0.23 (�0.01–0.46)
0.23 (�0.01–0.46)a

Second rating (CTA 1 CTP)
Detection of severe vasospasm in any arterial
segment (.50% narrowing)

0.31 (0.15–0.46)
0.31 (0.15–0.46)a

0.46 (0.26–0.66)
0.46 (0.25–0.68)a

Endovascular treatment? 0.47 (0.30–0.64)
0.50 (0.35–0.66)a

0.73 (0.55–0.91)
0.77 (0.62–0.93)a

Perfusion deficit? 0.77 (0.63–0.91)
0.83 (0.73–0.94)a

0.82 (0.66–0.97)
0.86 (0.74–0.98)a

a Prevalence-adjusted and bias-adjusted k coefficients. Note that the values were highly comparable with the
results presented in the published article.
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LETTERS

On Behalf of Serial Imaging in Preterm Infants

We read with great interest the article by Roychaudhuri et
al.1 Having gathered a cohort of 30 preterm infants born

at,33 weeks’ gestational age, the authors found a strong correla-
tion between the white matter injury (WMI) severity, as scored
on brain MR imaging, at 2 time points: early (30–34 weeks’ post-
menstrual age) and term-equivalent age (TEA). Specifically,
approximately 80% of infants remained in the same WMI cate-
gory from early to TEA assessments. Building on these results,
the authors suggest performing early-brain MR imaging within
2weeks after preterm birth. Despite acknowledging the potential
prognostic value of an early-brain MR imaging, we are concerned
about its applicability and propose a perhaps better-suited approach
for less-resourced imaging centers.

TEA-brain MR imaging is reliable at predicting motor out-
come in infants with hypoxic-ischemic encephalopathy. The call
for an early-brain MR imaging in premature infants is based on 2
premises: 1) We are not good at predicting nonmotor outcomes,
and 2) MR imaging is superior to cranial ultrasound (CUS) at
depicting noncystic WMI, notably diffuse periventricular leuko-
malacia (PVL) and punctate white matter lesions (PWMLs),
which may be inconspicuous on TEA-brain MR imaging, yet still
suspected to impair cognition.

PWMLs have been reported to be the most frequent lesion
type (41%) in premature infants, most of whom had other brain
abnormalities.2 We speculate that some of these additional lesions
would be highly specific for abnormal cognitive outcomes (eg,
hemorrhagic parenchymal infarction, cerebellar hemorrhage .5
mm2) and are easily outlined on CUS.

Given the presumable ischemic pathophysiology of diffuse
PVL, we were intrigued by the low prevalence (,7%) of diffu-
sion-restricted lesions on the initial MR imaging, even though a
sizable portion of infants (10 of 30) had a moderate/severe WMI
on the later MR imaging; this issue seems to disclose the limited

added value, grounded on a brief DWI abnormality and fast
ADC pseudonormalization, of performing a complex grading
system on a somewhat arbitrarily defined–and dependent on the
preterm infant’s clinical stability–early-brain MR imaging com-
pared with sequential CUSs.

Most interesting, early confluent DWI hyperintensities–but
not focal ones–have been shown to precede cystic degeneration.3

We believe that optimizing diffusion sequences for portable MR
imaging systems4 may be a “game changer” by enabling serial
monitoring for confluent diffusion-restricted lesions, efficiently
forecasting cystic WMI in at-risk premature infants.

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

We are grateful to the authors for their reflections on our
study supporting the value of serial neuroimaging. The

early MR imaging in our study was, on average, 4weeks after
birth for infants with a gestational age of 28weeks. Thus, early
diffusion-weighted imaging was often too late to detect acute
white matter injury in most of our infants. We support the pre-
mise from the authors that early (first 14 days of life) diffusion
imaging may improve early detection of moderate-severe white
matter injury. In addition, the presence of other hemorrhagic
brain injuries in any preterm infant should highlight the risk that
ischemic brain injury occurred and thus elevate the concern for
other forms of brain injury such as nonhemorrhagic white matter

injury. Unfortunately, many neonatal clinicians still minimize the
use of cranial ultrasound, including the number of scans and
bone windows used, while many do not undertake any MR imag-
ing. Access to a reliable definition of the nature and severity of
brain injury in the high-risk preterm infant, as early as possible,
can assist in targeting rehabilitative therapeutic services to those
who may benefit most.

Terrie Inder

Center for Neonatal Research
Childrens Hospital of Orange County

Orange, California

University of California Irvine
Irvine, California
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