
N
O
V
EM

BER
2021

A
JN

R
V
O
LU

M
E
42

�
PP

1919
–2107



NOVEMBER 2021

VOLUME 42

NUMBER 11

WWW.AJNR.ORG

THE JOURNAL OF DIAGNOSTIC AND
INTERVENTIONAL NEURORADIOLOGY

Machine learning in multiple sclerosis

Susceptibility vessel sign in patients undergoing mechanical thrombectomy

Thrombectomy model based on ex vivo whole human brains

MRI findings in patients with IIH after venous sinus stenting

Official Journal ASNR • ASFNR • ASHNR • ASPNR • ASSR



MicroVention Worldwide
Innovation Center  PH +1 714.247.8000
35 Enterprise
Aliso Viejo, CA 92656 USA
MicroVention UK Limted  PH +1 44 (0) 191 258 6777
MicroVention Europe S.A.R.L.  PH +33 (1) 39 21 77 46
MicroVention Deutschland GmbH  PH +49 211 210 798-0
Web  microvention.com

™

SIMPLIFIED.

FLOW DIVERSION.

FRED™

Flow Re-Direction 
Endoluminal Device



The New Standard of 
Ease and Simplicity 
in Flow Diversion Treatment.

References: 
1. TR11-211 2. TR13-171 3. TR15-055 4. TR13-192 5. TR15-072 6. TR19-145

The Flow Re-Direction Endoluminal Device (FRED™) System is indicated for use in the internal carotid artery from the petrous segment to the terminus for 
the endovascular treatment of adult patients (22 years of age or older) with wide-necked (neck width ≥ 4 mm or dome-to-neck ratio < 2) saccular or fusiform 
intracranial aneurysms arising from a parent vessel with a diameter ≥ 2.0 mm and ≤ 5.0 mm.

Use of the FRED™ System is contraindicated under these circumstances: Patients in whom anticoagulant, anti-platelet therapy, or thrombolytic drugs are 
contraindicated. Patients with known hypersensitivity to metal such as nickel-titanium and metal jewelry. Patients with anatomy that does not permit passage 
or deployment of the FRED™ System. Patients with an active bacterial infection. Patients with a pre-existing stent in place at the target aneurysm. Patients 
in whom the parent vessel size does not fall within the indicated range. Patients who have not received dual anti-platelet agents prior to the procedure. For 
complete indications, contraindications, potential complications, warnings, precautions, and instructions, see instructions for use (IFU provided in the device).

RX Only: Federal (United States) law restricts this device to sale by or on the order of a physician.

MICROVENTION™ and FRED™ are registered trademarks of MicroVention, Inc. in the United States and other jurisdictions. © 2020 MicroVention, Inc. 04/2020.

 Reliable 
Design1,2,3 
Unique construction  
delivers both remarkable 
ease of use and excellent  
flow diversion1,2,3 

 Precise  
Placement 
Easily position and deploy 
FRED™ Device in specific, 
targeted locations4,5,6

 
 

  Versatile 
Portfolio 
The first low profile  
delivery system offered  
in combination with  
large diameter and long  
length options



1-877-729-6679  |  Dotarem-us.com

A Stable MRI 
Contrast Solution 
Approved for Children
The safety and efficacy of Dotarem have been established 

in pediatric patients from birth (term neonates ≥ 37 

weeks gestational age) to 17 years of age.1-3

•  Available in a wide variety of dosing options, including 5mL vials

•  In a pediatric study of 1,568 patients, image quality was rated either good 
    or very good by radiologists in 98.4% of cases when using Dotarem4

•  The first imaging contrast with a macrocyclic and ionic structure for high  
    thermodynamic and kinetic stability1,2

•  Following repeated administration, no visible T1 signal intensity 
    detected on non-contrast images within the brain6-10



DOTAREM (GADOTERATE MEGLUMINE) INJECTION IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

Gadolinium-based contrast agents (GBCAs) increase the risk for NSF among patients with impaired elimination of the drugs. Avoid use of GBCAs in these patients unless the 

internal organs.

•  The risk for NSF appears highest among patients with:

       º  Acute kidney injury.

 

 
    any re-administration.

INDICATIONS AND USAGE

CONTRAINDICATIONS

WARNINGS AND PRECAUTIONS
Some  

 increased risk 

 
    in resuscitation.

 

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

 
    may increase with increasing dose of the contrast agent; administer the lowest dose necessary for adequate imaging.

 
    result in tissue irritation.

ADVERSE REACTIONS

 

USE IN SPECIFIC POPULATIONS
•  Pregnancy:
•  Lactation:  

•  Pediatric Use:  
 

References: 1.
2. 3.

4.
5.

6. Radbruch A et al. Gadolinium retention in the dentate nucleus 
7. Radbruch A et al. Intraindividual analysis of signal intensity changes in the dentate nucleus 
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Explore the  
New ASNR  
Career Center

• Access to jobs in the National Healthcare Career Network
• Confidential resume posting 
• One-time free resume review
• Professional online profile 
• Saved jobs capability

Your Premier Resource for Professional Development

Start here: careers.asnr.org



GOALS 
• Increase interest in editorial and publication-related activities in younger individuals. 
• Increase understanding and participation in the AJNR review process. 
• Incorporate into AJNR’s Editorial Board younger individuals who have previous experience  

in the review and publication process. 
• Fill a specific need in neuroradiology not offered by other similar fellowships. 
• Increase the relationship between “new” generation of neuroradiologists and more  

established individuals.
• Increase visibility of AJNR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP
• Serve as Editorial Fellow for one year. This individual will be listed on the masthead as such. 
• Review at least one manuscript per month for 12 months. Evaluate all review articles submitted to AJNR.
• Learn how electronic manuscript review systems work.
• Be involved in the final decision of selected manuscripts together with the Editor-in-Chief.
• Participate in all monthly Senior Editor telephone conference calls.
• Participate in all meetings of the Editors during the annual meetings of ASNR and RSNA and the 

Radiology Editors Forum as per candidate’s availability. The Foundation of the ASNR will provide 
$2000 funding for this activity. 

•  Evaluate progress and adjust program to specific needs in annual meeting or telephone conference 
with the Editor-in-Chief. 

• Embark on an editorial scientific or bibliometric project that will lead to the submission of  
an article to AJNR or another appropriate journal as determined by the Editor-in-Chief.  
This project will be presented by the Editorial Fellow at the ASNR annual meeting.

• Recruit trainees as reviewers as determined by the Editor-in-Chief. 
• Organize and host a Fellows’ Journal Club podcast.
•  Serve as Guest Editor for an issue of AJNR's News Digest with a timely topic.

QUALIFICATIONS
• Be a fellow in neuroradiology from North America, including Canada (this may be extended to 

include other countries). 
•  Be a junior faculty neuroradiology member (< 5 years) in either an academic or private environment. 
•  Be an “in-training” or member of ASNR in any other category.

APPLICATION
• Include a short letter of intent with statement of goals and desired research project.  

CV must be included. 
• Include a letter of recommendation from the Division Chief or fellowship program director.  

A statement of protected time to perform the functions outlined is desirable.
• Applications will be evaluated by AJNR’s Senior Editors prior to the ASNR annual meeting.  

The name of the selected individual will be announced at the meeting.
•  Applications should be received by March 1, 2022 and sent to Ms. Karen Halm, AJNR Managing 

Editor, electronically at khalm@asnr.org.

AJNRAMERICAN JOURNAL OF NEURORADIOLOGY

ASNR and AJNR are pleased
once again to join efforts
with other imaging-related
journals that have training
programs on editorial
aspects of publishing for
trainees or junior staff
(<5 years on staff), including
Radiology (Olmsted
fellowship), AJR (Figley and
Rogers fellowships), JACR
(Bruce J. Hillman fellowship),
and Radiologia.

CALL FOR AJNR EDITORIAL 
FELLOWSHIP CANDIDATES

2022 Candidate Information and Requirements



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
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REVIEW ARTICLE

SodiumMR Neuroimaging
A. Hagiwara, M. Bydder, T.C. Oughourlian, J. Yao, N. Salamon, R. Jahan, J.P. Villablanca, D.R. Enzmann, and

B.M. Ellingson

ABSTRACT

SUMMARY: Sodium MR imaging has the potential to complement routine proton MR imaging examinations with the goal of
improving diagnosis, disease characterization, and clinical monitoring in neurologic diseases. In the past, the utility and exploration
of sodium MR imaging as a valuable clinical tool have been limited due to the extremely low MR signal, but with recent improve-
ments in imaging techniques and hardware, sodium MR imaging is on the verge of becoming clinically realistic for conditions that
include brain tumors, ischemic stroke, and epilepsy. In this review, we briefly describe the fundamental physics of sodium MR imag-
ing tailored to the neuroradiologist, focusing on the basics necessary to understand factors that play into making sodium MR imag-
ing feasible for clinical settings and describing current controversies in the field. We will also discuss the current state of the field
and the potential future clinical uses of sodium MR imaging in the diagnosis, phenotyping, and therapeutic monitoring in neurologic
diseases.

ABBREVIATIONS: ESC ¼ extracellular sodium concentration; IDH ¼ isocitrate dehydrogenase; ISC ¼ intracellular sodium concentration; NHE1 ¼ Na1/H1
exchanger isoform 1; TSC ¼ total sodium concentration

Routine clinical MR imaging is performed exclusively by using
hydrogen nuclei (ie, protons, H1) because it is the most

abundant element in the human body in the form of water.
However, other nuclei are also detectable with MR imaging and
may provide complementary physiologic information to conven-
tional proton MR imaging. Referred to collectively as “X-nuclei,”
elements including sodium (23Na), potassium (35K), chloride
(35Cl), and phosphorus (31P) all have detectable magnetic
moments and all play critical roles in the biochemistry of living
tissues.

Sodium is the second most abundant element in the body
detectable on MR imaging. Sodium homeostasis is crucial for
life because it is a major determinant of body fluid osmolality,
and sodium sensing is performed in the brain by specialized so-
dium channels within the circumventricular organs to maintain
a range of 135–145mM.1 Sodium also plays a crucial role in the
propagation of neural signals in and between neurons,2,3 and
disruption in sodium homeostasis as well as structural and met-
abolic integrity has been identified in a variety of neurologic
disorders including brain tumors,4 stroke,5 and epilepsy.6

Hence, sodium MR imaging has remarkable potential for use in
diagnosis, characterization, and treatment monitoring in neuro-
logic diseases.

The fundamental limitation to translational use of sodium MR
imaging for clinical care is the low inherent MR signal. The MR
imaging signal is approximately 10,000 times lower than that of
protons, which is due to a combination of the following: 1) a con-
centration of about 0.055% of that of water protons; 2) a gyromag-
netic ratio (g , relates the main magnetic field strength, B0, to the
resonance frequency) of about 26.5% of that of the proton, thus a
lower energy (DE¼ g�hB0) and lower inherent bulk magnetization;
and 3) a nuclear spin of 3/2, leading to electric quadrupolar inter-
actions between the nucleus and its environment resulting in faster
T2* decay. Overcoming these issues and achieving adequate MR
signal levels necessitates acquisition schemes with low spatial reso-
lution, short TE, multiple measurements, and long scan times.
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Researchers have put considerable effort into optimizing these
various factors and taking advantage of both the acquisition
algorithm and hardware improvements. In this review, we
briefly describe the fundamental physics of sodium MR imaging
tailored to the neuroradiologist, focusing on the basics neces-
sary to understand factors that are involved in making sodium
MR imaging feasible for clinical settings and describing current
controversies in the field, including the measurement of intra-
cellular sodium concentration. We will also discuss the current
state of the field and the potential future clinical uses of sodium
MR imaging in the diagnosis, phenotyping, and therapeutic
monitoring in neurologic diseases.

SodiumMR Imaging Physics and Acquisition
In practice, MR imaging of sodium ions is essentially the same as
imaging protons, but with lower SNR and shorter (and more
complex) T2 relaxation characteristics. Due to the inherent nu-
clear spin of 3/2, the sodium ion exhibits electric quadrupolar
interactions between the nucleus and its environment,7,8 leading
to what appears to be a biexponential T2 decay in many biologic
tissues. The short T2 species appears to occur most often in vis-
cous liquids or semisolid tissues, where there is a continuum of
electric field gradients (depending on the orientation of the so-
dium ion and the position of an anion) that produces a broad
range of energy levels and gives rise to short T2 relaxation. A lon-
ger T2 component is observed from the energy levels unper-
turbed by the electric field gradients,7 such as those in CSF and
other nonviscous liquids because the motion of the ions causes
electric field gradients to average to zero over the measurement
time scale, resulting in a single, longer T2 relaxation. This obser-
vation has been replicated in the human brain, where paren-
chyma, including both white and gray matter, exhibits a
characteristic biexponential T2 decay, while the nonviscous CSF
displays monoexponential T2 relaxation.9

Most measurements used in clinical sodium MR imaging
focus on estimation of the total sodium concentration (TSC) or
the volume-weighted average of the intra- and extracellular so-
dium concentrations (ISC and ESC, respectively). Notably, ISC
and ESC do not correspond to short and long sodium T2 relaxa-
tion (explained later in this section). Because ESC is stable at
around 140mM, TSC is mainly affected by changes in ISC and
alterations in the volume fractions between the intra- and extrac-
ellular space. TSC in the brain was reported to range from 30 to
56 mM10-12 and remain constant throughout adulthood in cogni-
tively healthy individuals, and its regional variation in the brain
was reported to be minimal.12 Sodium concentration in the CSF
has been known to show circadian fluctuation;13 however,
whether TSC in the brain tissue also shows circadian fluctuation
and whether the degree of fluctuation is different between normal
and pathologic brain tissues are unknown. Remarkable effort has
been made to measure ISC during the past decades in animal
models to elucidate cellular homeostasis, energetic state, and
functionality of sodium pumps; however, these measurements
involve the use of highly toxic extracellular paramagnetic “fre-
quency shift reagents” that are trapped within the extracellular
space and shift the resonance frequency of extracellular sodium,

resulting in isolation of purely intracellular sodium ions.14,15

Unfortunately, due to their toxicity and the fact they do not cross
the blood-brain barrier, shift reagents for sodium MR imaging
are not used in humans.

Two major physics approaches to measure the ISC in
humans that have been explored include the use of inversion re-
covery16-19 and multiple quantum filtering20-22 techniques.
Similar to FLAIR, the inversion recovery approach assumes that
a simple inversion pulse can suppress the sodium signals free
from macromolecules; hence, the sodium signal in the extracel-
lular space is also presumed to be suppressed. However, there is
evidence that the T1 relaxation times of intra- and extracellular
sodium are very similar,23-28 and there is little reason to assume
that the T1 of the sodium within the extracellular compartment
is more similar to that in CSF than in the intracellular compart-
ment. Indeed, extracellular fluid in brain tissue is largely differ-
ent from CSF in composition.29

Multiple quantum filtering is a relatively sophisticated
approach that works on the premise that the slow-moving so-
dium, presumably in the intracellular space, can be selectively
detected on the basis of the underlying biexponential T2 relaxa-
tion of sodium.30 However, molecular interactions that result in
equivalently small T2 values in both intra- and extracellular com-
partments are expected to result in similar multiple quantum
coherences.27 Indeed, previous experiments have shown a contri-
bution of the extracellular sodium to the multiple quantum
coherences detected by multiple quantum-filtering sodium MR
imaging, and the degree of contamination is largely unex-
plored.31-33 Therefore, direct measurement of the ISC solely using
sodium MR imaging physics without the use of exogenous
contrast agents is not yet plausible, and such claims in previous
literature using the relaxation behavior of sodium should be cau-
tiously interpreted. Furthermore, the exchange rate of sodium
between intra- and extracellular space, which might affect the
measurement of the ISC, has not been considered in previous
studies. Future studies aimed at using multiparametric input
from proton diffusion MR imaging and/or PET may be useful for
using estimates of cell density34 to disentangle the ISC from the
TSC measured by sodium MR imaging, but as of now, TSC is the
most reliable measurement parameter for routine sodium MR
imaging examinations.

The primary challenge for clinical sodium MR imaging is the
very short T2, meaning that most of the sodium MR imaging sig-
nal is lost within a few milliseconds. Hence, imaging with a very
short, ultrashort, or zero TE (ie, TE of ,1ms) is almost manda-
tory for any sodiumMR imaging application. High quantification
accuracy of the sodium concentration with ultrashort TE imaging
has been reported.10,35 To reduce the duration of signal readout
while maintaining sufficient SNR, non-Cartesian sequences (eg,
radial or spiral trajectories) are preferred.36,37 For example,
Ridley et al38 used a 3D radial projection for whole-brain imag-
ing, with 3-mm isotropic resolution on a 3T clinical scanner in
34minutes. On the other hand, Thulborn et al39 showed that a
twisted radial k-space imaging trajectory could be used for
whole-brain coverage with 5-mm isotropic resolution (44 slices)
on a 3T clinical scanner in approximately 8minutes, which was
sufficient for brain tumor imaging applications.
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In addition to creative k-space trajectories, advancements in
hardware have also made sodium MR imaging more clinically
realizable. The use of high- and ultra-high-field strength scan-
ners, for example, proportionally increases the SNR, making
commercial 7T MR imaging scanners feasible for faster or higher
resolution sodium imaging.11 Of note, higher resolution, espe-
cially with 3D imaging, helps reduce partial volume effects. In
addition to the use of high-field-strength scanners, receiver coil
architecture is also of great importance because the design of this
coil predetermines the maximum attainable SNR. Because proton
MR imaging is often performed concurrently with sodium imag-
ing, the same physical coil housing (ie, “dual tuned” coils) is
desired. Dual-tuned designs of different Larmor frequencies
come with unique challenges, however, such as coupling between
the sodium and proton coils.40 This issue could be addressed by
using 2-coil geometries that are intrinsically decoupled, dual-tun-
ing a single coil, or strategies to actively decouple the 2 coils.40

Use of array coils is an attractive approach in sodium imaging to
further increase the SNR and reduce scan time by using parallel
imaging strategies.41 For example, Lee et al42 demonstrated up to
a 400% increases in the SNR using a 4-channel coil .20 years
ago. To date, the highest number of channels reported for a head
sodium coil is 32,28 while 20- to 30-channel coils are commercial-
ized and available through third-party coil vendors. However, de-
spite remarkable progress, array coils are still rarely used in
sodium imaging because of hardware and software limitations
and additional costs.41 For using array coils in sodium MR imag-
ing, the receivers should be capable of handling the frequencies
relevant to sodium acquired with analog-to-digital converters
and having processing engines capable of sorting and combining
the signals from each coil properly. Most commercial scanners

have offered only a single broadband X-nuclei receiver channel,
limiting the use of array coils.

Neurologic Applications
Brain Tumors. In brain tumors, sodium MR imaging has the
potential to reveal molecular information related to cell viability,
proliferation, migration, invasion, and immunogenicity43-45 and
may enable us to reveal molecular responses to treatment before
morphologic changes can be observed. TSC is reportedly elevated
in brain tumors both in humans19,22,39,46-48 and animals,49,50 a fea-
ture that may be due to the ISC, the volume of the extracellular
space, or both, considering that the ESC remains relatively con-
stant and much higher than the ISC as long as there is moderate
tissue perfusion.51 Increases of the ISC in tumors are partly related
to the increased energy demand arising from cell proliferation,
because negative sodium gradients across the cell membranes are
maintained by consumption of adenosine triphosphate.52 In addi-
tion, the Na1/H1 exchanger isoform (NHE1) (SLC9A1) is upregu-
lated in gliomas and is a potential therapeutic target due to its role
in the progression of malignant gliomas,53-55 influence on pH ho-
meostasis in glioma cells,54-57 influence on seizure activity,6 and
potential increased resistance to both chemoradiation58 and anti-
PD-1 immunotherapy.56

Although the literature is sparse, studies have shown differen-
ces in sodium MR imaging contrast among different tumor
grades48,59 and between active tumors and peritumoral edema46

or other types of lesions,60 and these differences appear to reflect
the general prognosis,59 with higher TSC in areas of more aggres-
sive tumor. Despite this general trend, a number of studies have
shown differences in sodiumMR imaging contrast between isoci-
trate dehydrogenase (IDH) mutant and wild-type gliomas,22,59,61

with IDH-mutant human gliomas showing higher TSC than IDH
wild-type gliomas (Fig 1).22,61 While this finding is counterintui-
tive, it could be due to the lower cellular density of IDH-mutant
gliomas,62 leading to a larger extracellular space and higher TSC.
Alternatively, IDH-mutant gliomas often result in more frequent
seizures compared with more aggressive high-grade IDH wild-
type malignant gliomas,63,64 and because expression of NHE1s is
strongly linked to seizure activity,6 this finding may also explain
the differences in TSC observed between IDH-mutant and wild-
type gliomas.

Sodium MR imaging has also shown some promise in identi-
fying the early treatment response in brain tumors.39,65,66 For
example, in rat glioma models, response to chemotherapy using
sodium MR imaging was detectable even earlier than in proton
diffusion MR imaging.67 In rat models of subcutaneously
implanted gliomas, lower total sodium signals were observed in
gliomas treated with 1,3-Bis(2-chloroethyl)-1-nitrosourea com-
pared with untreated gliomas.68 Another study showed a pro-
nounced increase in the TSC following 1,3-Bis(2-chloroethyl)-1-
nitrosourea treatment in orthotropic rat gliomas compared with
untreated gliomas.50 Notably, the increase in TSC after treatment
occurred before tumor shrinkage. Even though the discrepancy
in the results between these 2 studies may partly lie in differences
in the implantation sites of gliomas and acquisition methods, the
increase in TSC observed in the latter study may also be due to a
combination of treatment response leading to necrosis and an

FIG 1. A, MR imaging of a 38-year-old male patient with an IDH-
mutated glioblastoma, World Health Organization grade IV. The tu-
mor (white arrows) shows focal contrast enhancement in the T1-
weighted image and is clearly depicted in the FLAIR image. Sodium
imaging shows increased TSC. B, MR imaging of a 78-year-old male
patient with an IDH wild-type anaplastic astrocytoma, World Health
Organization grade III, in the right basal ganglia. The tumor (white
arrows) shows focal contrast enhancement in the T1-weighted image
and diffuse abnormalities in the FLAIR image. Sodium imaging shows
no abnormality. Adapted and reproduced with permission from
Shymanskaya et al.22
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increase in the extracellular space. Additionally, Thulborn et al39

evaluated the effects of the standard chemoradiotherapy on 20
patients with human glioblastomas using sodium MR imaging
and noted an increase in TSC after successful treatment.

Acute Ischemic Stroke. Acute ischemic stroke occurs due to sud-
den occlusion of arteries within the brain, resulting in reductions
of adenosine triphosphate production and Na1/K1-ATPase ac-
tivity. Inadequate Na1/K1-ATPase activity disrupts the ion ho-
meostasis, leading to an increase in the ISC, cytotoxic cell
swelling, and eventual cell death.69 Sodium MR imaging may be
useful as a surrogate marker of Na1/K1-ATPase activity and cell
viability in the ischemic tissue, with potential implications for
determining tissue viability.70 Monotonic increases in the TSC af-
ter acute ischemic stroke have been reported both in animals71,72

and humans,73,74 using time scales relevant for patient manage-
ment (ie, 0–24 hours following onset), and this increase does not
appear to normalize in the natural course following stroke. In
contrast, decreased ADC in the acute phase normalizes when
vasogenic edema starts in the subacute phase (ie, 24–72hours fol-
lowing onset).75 Hussain et al73 demonstrated that there was a
10% increase in sodium signal in the first 7 hours, followed by a
rapid increase in sodium until a plateau of a 69% increase at
48 hours relative to baseline values, during which time the ADC
did not fluctuate. Because sodium concentration correlates with
the duration of ischemia, the onset time may be more accurately
estimated by the sodium concentration than diffusion MR imag-
ing changes, providing potential utility in “wake-up” strokes.

Additional studies have demonstrated that sodium MR imag-
ing signals in the region with a perfusion-diffusion mismatch
may not differ from those in contralateral normal tissue until
around 32 hours after symptom onset, indicating that sodium
MR imaging may help identify the viable tissue in the penumbra,
even when the onset time of a stroke is unknown (Fig 2).76

Despite these initial studies, the specific thresholds of TSC for
determining reversible and irreversible ischemic tissues and the
vulnerability of infarcted tissues to hemorrhage following reper-
fusion therapy are yet to be determined. Conceivably, sodium
MR imaging in combination with conventional imaging techni-
ques may enable more judicious selection of candidates for endo-
vascular thrombectomy in the future, rather than using a fixed
time window as is the current practice.

Epilepsy. Because sodium homeostasis affects neuronal excitabil-
ity,6 sodiumMR imaging has the potential to detect subtle distur-
bances in sodium concentration in seizure disorders including
epilepsy. Several pathologic mechanisms in epilepsy are impli-
cated in the change of the TSC observed in the brain, with the
primary mechanism being dysfunction of sodium channels and
Na1/K1-ATPase in patients with epilepsy due to genetic muta-
tion and mitochondrial dysfunction, leading to depolarization
and the increase in the ISC.77-79 Additionally, reduction in the
size of the extracellular space due to an increase in the intracellu-
lar osmolarity can occur during seizure activity,80,81 and an
increase in the extracellular space due to neuronal loss, gliosis,
and blood-brain barrier disruption, arising from chronic epilepsy
or underlying diseases such as stroke or trauma, can lead to alter-
ations in TSC measurements using sodiumMR imaging.82

Despite the potential impact, to date, very few sodium MR
imaging studies have been performed in epilepsy and seizure dis-
orders. Wang et al83 reported a dynamic postictal temporal
change in proton ADC and TSC using sodium MR imaging after
the administration of kainic acid to rats. In the pyriform cortex
and amygdala, decreases in the ADC were noted as early as
5 hours after kainic acid administration, and the ADC values fur-
ther decreased until 24 hours after the seizures. ADC values
returned to normal levels 7 days postictally. Meanwhile, the TSC
did not change at 5 hours postictally but increased at 24 hours
and remained elevated even at 7 days postictally. These changes
in ADC and TSC were interpreted as being influenced by sodium
entry into the excited neurons and accompanying cellular swel-
ling, followed by energy deficiencies and cell death, in line with
pathologically-confirmed extensive neuronal cell loss by day 7.
However, future research is desired to elucidate the relationship
between the change in sodium concentration and pathophysiol-
ogy in more detail by using shift reagents in animal models, to
determine the degree of contribution by the change in the ISC to
the increased TSC.

Additionally, Ridley et al38 used sodiumMR imaging to examine
9 patients with epilepsy during interictal periods and 1 patient who
incidentally presented with several seizures during the MR imaging
examination. TSC in the intracerebral electroencephalogram-
defined epileptogenic regions was increased in the interictal group, a
finding that can be explained by an increase in the ISC due to
voltage-gated sodium channel mutations leading to a persistent

FIG 2. Images of a representative section from a patient with ischemic
stroke showing the hypoperfused (time-to-maximum1 4 seconds)
perfusion maps, the DWI with a DWI-hyperintense core in the dotted
outline, the PWI-DWI mismatch tissue (penumbra) in the solid outline,
and sodium images for (A) 4 and (B) 25.5 hours after the onset. This
patient had a perfusion/diffusion mismatch at the first time point. The
absolute lesion volume of the core enlarged from the first to the sec-
ond time point, while the penumbral volume diminished. Note that
the sodium signal is not increased in the first time point, while the high
sodium signal is matched with DWI hyperintensity at the second time
point. Adapted and reproduced with permission from Tsang et al.76
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inward sodium current, along with an increase in the extracellular
space due to cell loss and glial formation (Fig 3).6,82 In contrast to
patients in the interictal period and consistent with preclinical stud-
ies, the TSC was slightly decreased in the epileptogenic area in the
patient who presented with multiple seizures during the MR imag-
ing examination. Together, these preliminary studies suggest that
sodium MR imaging may be useful for identification and illumina-
tion of epileptic activity, but important questions remain, including
the precise temporal changes in TSC that occur during and after sei-
zure activity, the effects of antiepileptic medication, the sensitivity of
sodium MR imaging for epileptic foci detection compared with
standard proton MR imaging, and the value of sodiumMR imaging
as a tool to predict surgical outcome in patients with refractory
epilepsy.

CONCLUSIONS
Sodium MR imaging has the potential to complement routine
proton MR imaging examinations with the goal of improving di-
agnosis, disease characterization, and clinical monitoring in neu-
rologic diseases. In the past, the utility and exploration of sodium
MR imaging as a valuable clinical tool have been limited due to
the extremely low MR signal, but with recent improvements in
imaging techniques and hardware, sodium MR imaging is on the
verge of becoming clinically feasible for conditions including
brain tumors, stroke, and epilepsy.

Disclosures: Akifumi Hagiwara—RELATED: Grant: Japan Society for the Promotion
of Science Grants-in-Aid for Scientific Research, Comments: 19K17150.
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ORIGINAL RESEARCH
ADULT BRAIN

A Combined Radiomics and Machine Learning Approach to
Overcome the Clinicoradiologic Paradox

in Multiple Sclerosis
G. Pontillo, S. Tommasin, R. Cuocolo, M. Petracca, N. Petsas, L. Ugga, A. Carotenuto, C. Pozzilli, R. Iodice,

R. Lanzillo, M. Quarantelli, V. Brescia Morra, E. Tedeschi, P. Pantano, and S. Cocozza

ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging explains only a fraction of the clinical outcome variance in multiple scle-
rosis. We aimed to evaluate machine learning models for disability prediction on the basis of radiomic, volumetric, and connectivity
features derived from routine brain MR images.

MATERIALS AND METHODS: In this retrospective cross-sectional study, 3T brain MR imaging studies of patients with multiple scle-
rosis, including 3D T1-weighted and T2-weighted FLAIR sequences, were selected from 2 institutions. T1-weighted images were proc-
essed to obtain volume, connectivity score (inferred from the T2 lesion location), and texture features for an atlas-based set of
GM regions. The site 1 cohort was randomly split into training (n¼ 400) and test (n¼ 100) sets, while the site 2 cohort (n¼ 104)
constituted the external test set. After feature selection of clinicodemographic and MR imaging–derived variables, different
machine learning algorithms predicting disability as measured with the Expanded Disability Status Scale were trained and cross-
validated on the training cohort and evaluated on the test sets. The effect of different algorithms on model performance was
tested using the 1-way repeated-measures ANOVA.

RESULTS: The selection procedure identified the 9 most informative variables, including age and secondary-progressive course and
a subset of radiomic features extracted from the prefrontal cortex, subcortical GM, and cerebellum. The machine learning models
predicted disability with high accuracy (r approaching 0.80) and excellent intra- and intersite generalizability (r$ 0.73). The machine
learning algorithm had no relevant effect on the performance.

CONCLUSIONS: The multidimensional analysis of brain MR images, including radiomic features and clinicodemographic data, is
highly informative of the clinical status of patients with multiple sclerosis, representing a promising approach to bridge the gap
between conventional imaging and disability.

ABBREVIATIONS: DD ¼ disease duration; EDSS ¼ Expanded Disability Status Scale; IQR ¼ interquartile range; MAE ¼ mean absolute error; ML ¼ machine
learning; MS ¼ multiple sclerosis; WBV ¼ whole-brain volume

MR imaging is firmly established as a fundamental tool for
the diagnosis1 and monitoring2 of multiple sclerosis (MS),

with MR imaging features commonly used as surrogate markers

of disease activity in both clinical trials3 and routine clinical prac-
tice.4 However, conventional MR imaging measures (ie, the num-
ber, volume, and gadolinium enhancement of WM lesions)
explain only a small fraction of the diversity of clinical out-
comes in MS,5 with this mismatch traditionally referred to as
the “clinicoradiologic paradox.”6 The reasons for this apparent
dissociation are manifold, embracing the difficulty to both
define and measure clinical disability and the inability of con-
ventional MR imaging to exhaustively characterize CNS struc-
tural and functional modifications in MS.6 From a clinical
standpoint, the Expanded Disability Status Scale (EDSS) score
remains the most widely used outcome measure to assess MS-
related disability in clinical trials.7 From a neuroimaging per-
spective, however, many research studies have attempted to
address these blind spots, leveraging advanced MR imaging
techniques to identify clinically relevant disease biomarkers
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(eg, brain global and regional atrophy,8 spinal atrophy,9 corti-
cal lesions,10 microstructural damage of normal-appearing
white matter, normal-appearing white matter,11 and GM12

changes of structural and functional brain networks13) that
have the potential to bridge the gap between MR imaging and
disability in MS and are progressively being integrated into
clinical scenarios.

Of note, technical advances and the implementation of
imaging guidelines2,14 have led to the widespread availability
of good-quality clinical scans, including isotropic sequences
suitable for volumetric quantifications.8 Furthermore, new
promising connectomic approaches have shifted the empha-
sis from the sole quantification of total lesion burden to the
functional consequences of WM damage in terms of brain
network economy,13 which can also be coarsely inferred
from macroscopic T2 lesions.15 Finally, the diffusion of
radiomics has considerably augmented the amount of poten-
tially meaningful information extractable from clinical
images,16 with machine learning (ML) methods providing
the means for more flexible modeling of high-dimensional
neuroimaging data sets compared with traditional statistical
approaches.17

Given this background, we aimed to conceptually address
the “clinicoradiologic paradox” in MS by evaluating machine
learning models for EDSS score prediction on the basis of a sys-
tematic mapping of textural, volumetric, and macrostructural
disconnection features derived from routine brain MR images.
The results were validated by external testing on a separate data
set obtained from a second institution.

MATERIALS AND METHODS
Subjects
In this retrospective cross-sectional
study, brain MR imaging studies of
consecutive patients with an MS diag-
nosis revised according to the 2010
McDonald criteria18 and a relapsing-
remitting or secondary-progressive19

course including 3D T1-weighted and
T2-weighted FLAIR sequences were
selected from the radiologic databases
of 2 institutions: the MS Center of the
University of Naples “Federico II”
(site 1) and the Human Neuroscience
Department of the University of Rome
“Sapienza” (site 2). All studies were
performed between October 2006 and
January 2020. Clinical disability was
estimated using EDSS scores obtained
within 1 month of the MR imaging.
Exclusion criteria were as follows:
younger than 18 years of age or older
than 70 years of age; other pre-existing
major systemic, psychiatric, or neuro-
logic disorders; and the presence of a
relapse and/or steroid treatment in the
30days preceding the MR imaging
(Fig 1).

The study was conducted in compliance with the ethical
standards and approved by the local Ethics Committees, and
written informed consent was obtained from all subjects
according to the Declaration of Helsinki.

MR Imaging Data Acquisition
All MR images were acquired with a 3T scanner and included a
3D T1-weighted sequence (#1-mm isotropic resolution) for vol-
umetric analyses and a T2-weighted FLAIR sequence for quanti-
fying total demyelinating lesion volume. Details about sequence
parameters are provided in the Online Supplemental Data.

MR Imaging Data Processing
A flow chart summarizing the data-processing pipeline is avail-
able in Fig 2, while a complete description of all processing steps
is provided in the Online Supplemental Data.

Volumetric Analysis. Demyelinating lesions were automatically
segmented on FLAIR images using the Lesion Segmentation Tool
(LST), Version 3.0.0 (www.statistical-modelling.de/lst.html) for
SPM (http://www.fil.ion.ucl.ac.uk/spm/software/spm12). Lesion
probability maps were used to fill lesions in T1-weighted images
for subsequent processing steps and binarized to compute total
lesion volume.

Filled T1-weighted volumes underwent the segmentation pipe-
line implemented in the Computational Anatomy Toolbox
(CAT12.6; http://www.neuro.uni-jena.de/cat) in SPM to obtain an
atlas-based parcellation into 114 brain regions defined according
to the CAT12-adapted version of the Automated Anatomical

FIG 1. Flow diagram showing inclusion and exclusion criteria.
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Labeling atlas (https://github.com/muschellij2/aal).20 Furthermore,
whole-brain volume (WBV), GM subregion ROIs (and corre-
sponding volumes), and normal-appearing white matter masks
were also derived from the segmentation procedure.

Finally, total intracranial volume was estimated using CAT12,
and brain volumes (both WBV and GM regions) were trans-
formed into z scores while adjusting for age, sex, and estimated
total intracranial volume.

Connectivity Analysis. Subject-wise, for each of the 116 GM
cortical/subcortical regions defined in the Automated
Anatomical Labeling atlas,20 a change in the connectivity score
was computed using the Network Modification (NeMo) tool,15

representing an estimate of local structural disconnection
caused by WM tract disruption, as inferred from the location
and load of WM lesions.

Radiomics Analysis. First-order and texture features were extracted
from each segmentation-derived ROI (normal-appearing white
matter and 114 GM regions) from the unfilled T1-weighted vol-
umes using PyRadiomics, Version 3.0.21 Before the extraction, the
images underwent standard preprocessing steps. An exhaustive
description of the features obtainable by PyRadiomics is available in
the official documentation (https://pyradiomics.readthedocs.io/en/
latest/features.html).

Radiomics feature stability with respect to the MR imaging
processing pipeline was tested on a subset of 30 randomly
selected subjects, and only features with excellent stability (intra-
class correlation coefficient $ 0.90) were retained for subsequent
analyses.

Machine Learning
ML analyses were performed using theWeka data mining platform
(Version 3.8.3; http://old-www.cms.waikato.ac.nz/�ml/weka/)22

and scikit-learn Python package (https://scikit-learn.org/stable/
index.html).23 Given the nature of the EDSS score, regression algo-
rithms were used to develop predictive models, with several algo-

rithms (ie, ridge regression, support-vector machine, random
forest, and Gaussian process) investigated to assess differences in
performance due to model architecture. A description of the ML
algorithms is provided in the Online Supplemental Data.

The site 1 cohort was randomly split into training (80% of sub-
jects) and test (20% of subjects) sets for model tuning and testing,
respectively, while the site 2 cohort was exclusively used as an exter-

nal test set. After data-preprocessing (details in the Online
Supplemental Data), clinicodemographic (age, sex, disease duration
[DD], disease course), textural, and other MR imaging–derived (T2
lesion volume, WBV, and change in connectivity scores for each

GM region) variables underwent multiple feature-selection steps on
the training set. First, low variance (0.01 threshold) and highly coli-
near (.0.8) features were removed. Then, LASSO regression
(https://www.lasso.io/), using the EDSS score as the dependent vari-

able, was used to remove features whose coefficients shrank to zero.
Finally, the Weka correlation–based subset evaluator was used to
identify the best feature subset for EDSS prediction.

The resulting data set was used to train the 4 ML regression
algorithms, whose tuning and initial performance evaluation
were performed using 10-fold cross-validation in the training
cohort (80% of site 1 data). Each final model was then assessed
on the previously unseen cases of both the internal (remaining
20% of site 1 data) and external (site 2 data) test sets.

FIG 2. Workflow summarizing the main MR imaging data-processing and data-mining steps. Image illustrates the data set composition as well as
the major steps performed for feature extraction, feature selection, and regression modeling. LL indicates lesion load; NAWM, normal-appearing
white matter; ChaCo, change in connectivity; T1w, T1-weighted imaging.
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As an ancillary analysis, the models were retrained using clini-
codemographic features exclusively, to indirectly assess the incre-
mental benefit provided by imaging-derived measures.

Statistical Analysis
Statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS, Version 25.0; IBM) with a signifi-
cance level a ¼ .05. Between-site differences in terms of clinico-
demographic variables were tested using the Student t test (age
and disease duration), Fisher exact test (sex and disease course),
and median test (EDSS), respectively. The effect of different ML
algorithms on model performance was tested using 1-way
repeated measures ANOVA with absolute errors as the depend-
ent variable, including post hoc tests to compare each pair of pre-
dictive models, Bonferroni-corrected for controlling the family-
wise error rate.

RESULTS
Subjects
A total of 500 patients with MS were selected from site 1 (428
relapsing-remitting, 72 secondary-progressive; mean age, 37.5
[SD, 10.9] years; male/female ratio¼ 151:349; mean disease
duration¼ 9.3 [SD, 8.1] years). After the data set split, 400 sub-
jects from site 1 constituted the training set, and 100 subjects, the
internal test set. From site 2, one hundred four demographically
and clinically comparable patients (84 relapsing-remitting, 20
secondary-progressive; mean age, 38.3 [SD, 9.8] years; male/
female ratio¼ 24:80; mean disease duration¼ 9.2 [SD, 8.5] years)
were included in the external test set.

The median EDSS score was 2.5 (interquartile range [IQR] ¼
2.0–4.0) and 2.0 (IQR ¼ 1.5–4.0) for patients from sites 1 and 2,
respectively (P¼ .03). In the overall study population, patients
with secondary-progressive MS showed a higher EDSS score (me-
dian, 5.5; IQR¼ 4.5–6.0) than those with relapsing-remitting MS
(median, 2.5; IQR ¼ 2.0–3.5) (P, .001, accounting for age, sex,
and disease duration). Demographic and clinical variables of all
subjects included in the study are reported in Table 1.

MR Imaging Data Analyses and ML Predictive Models
For each participant, MR imaging–derived global (T2 lesion vol-
ume and WBV, also reported in Table 1) and regional (114 GM
regions) brain volumes were computed, along with the change in

connectivity scores corresponding to
the 116 GM parcels of the Automated
Anatomical Labeling atlas.

Furthermore, a total of 125,580
radiomics features were extracted
from the 115 segmentation-derived
ROIs (normal-appearing white mat-
ter and 144 GM regions), of which 43
were excluded as having nonexcellent
reproducibility.

The feature-selection procedure,
performed on the training cohort, iden-
tified 4907 low-variance and 99,312
highly colinear features. At LASSO

regression, 21 features were selected, further reduced to 9 by the
subset evaluator. These consisted of age and secondary-progressive
course in addition to a subset of radiomic features (details in Table
2), which were then used to train the ML algorithms for EDSS score
prediction. The trained model hyperparameters and ridge regres-
sion feature weights are available in the Online Supplemental Data.

Correlation coefficients (r) of the final models predicting
EDSS scores in the 10-fold cross-validation in the training cohort
ranged from 0.79 (R2 ¼ 0.62, mean absolute error [MAE]¼ 0.66)
for the random forest model to 0.80 (R ¼ 0.64, MAE¼ 0.65) for
ridge regression. On the internal test set, performances ranged
from r¼ 0.73 (R ¼ 0.54, MAE¼ 0.87) for Gaussian process
regression to r¼ 0.74 (R2 ¼ 0.55, MAE¼ 0.72) for ridge regres-
sion, while in the external test set, they ranged from r¼ 0.755
(R ¼ 0.570, MAE¼ 1.155) for ridge regression to r¼ 0.799 (R2 ¼
0.638, MAE¼ 1.247) for Gaussian process regression (Table 3).

There was a significant effect of the ML algorithm on the model
performance in both the internal [F(1.82, 180.39)¼ 7.94] (P¼ .001)
and external [F(1.70, 175.52)¼ 5.25] (P¼ .009) test sets. In particu-
lar, on the internal test set, Gaussian process regression performed
significantly worse than all other algorithms (Bonferroni-corrected
P# .01), while support-vector machine regression performed signif-
icantly better than Gaussian process regression on the external test
set (Bonferroni-corrected P, .001). Details of the pair-wise com-
parisons between different model performances are reported in the
Online Supplemental Data.

As for the ancillary analysis, while it was clear that clinical fea-
tures substantially contribute to EDSS prediction, with ridge
regression and support-vector machine regression yielding the
best overall results on the external test set (r¼ 813, MAE¼ 1.005
and r¼ 0.814, MAE¼ 0.945, respectively), models using these
alone were much less consistent across the 3 data sets, with per-
formance varying greatly on the basis of algorithm architecture
(Online Supplemental Data).

DISCUSSION
In this study, we proved that predictive models based on textural
features extracted from routine brain MR images, along with ba-
sic clinicodemographic data, correlate with clinical disability in
patients with MS with high accuracy and intra- and intersite
generalizability.

Since its earliest days, MR imaging research in MS has had the
objective of unraveling the relationship between neuroradiologic

Table 1: Clinicodemographic characteristics of the studied population, along with MR
imaging–derived global brain volumesa

Site 1 (n= 500) Site 2 (n= 104)
P Value

(Site 1 vs Site 2)
Age (mean) (yr) 37.5 (SD, 10.9) 38.3 (SD, 9.8) .49
Female sex (No.) (%) 349 (69.8) 80 (76.9) .16
Secondary-progressive course (No.) (%) 72 (14.4) 20 (19.2) .23
DD (mean) (yr) 9.3 (SD, 8.1) 9.2 (SD, 8.5) .83
EDSS (median) (IQR) 2.5 (2.0–4.0) 2.0 (1.5–4.0) .03
TLV (mean) (mL) 10.6 (SD, 13.4) 7.2 (SD, 8.6) .05
WBV (mean) (mL) 1026.1 (SD, 116.3) 1042.6 (SD, 117.4) .48

Note:—TLV indicates total lesion volume.
a Between-group differences regarding MR imaging measures are adjusted for age, sex, and estimated total intra-
cranial volume.
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imaging and clinical status.24 Indeed, several studies investigated
the association between conventional MR imaging markers of
MS pathology and EDSS, reporting correlation coefficients rang-
ing from 0.15 to 0.6024 and nurturing the concept of a “clinicora-
diologic paradox.”6 Through the years, many of the confounders
sustaining this apparent contradiction have been addressed, with
emphasis on a more specific characterization of CNS structural
and functional modifications through advanced MR imaging
techniques and a finer assessment of MS-related disability,
including the evaluation of cognitive performance.5

Most interesting, a more recent study has dealt with this classic
issue using a multivariate statistical analysis of local intensity pat-
terns on conventional MR images of a small homogeneous sample
of patients with MS, leading to promising results.25 The potential
of ML in the analysis of MR imaging data in MS is also highlighted
by another recent study using models based on FLAIR images and

demographic information for the prediction of 2-year clinical dis-
ability and achieving a mean squared error of 3 (corresponding to
a mean EDSS score error of 1.7).26 Furthermore, studies with a
large number of subjects demonstrated the clinical relevance of
automatic volumetric quantifications, systematically mapping
brain anatomy at both global and regional levels on clinical MR
images of patients with MS.27,28

In our work, we revisited the conventional MR imaging/clinical
disability dissociation problem in the light of recent developments
in the fields of radiomics and ML modeling, exploring the inform-
ative value of volumetric, macrostructural disconnection and tex-
tural features derived from routine MR images of a large multisite
cohort of patients with MS. We found that ML models based on
radiomics features extracted from specific brain regions, along
with basic clinicodemographic data, are highly predictive of the
EDSS score (r approaching 0.80, about 64% of shared variance),

Table 2: Selected radiomics featuresa

Anatomic Label Feature Class Class Characteristics Feature Feature Characteristics
Right frontal superior
orbital cortex

First order Describes the
distribution of voxel
intensities

Median The median gray level
intensity

Left amygdala Gray level co-
occurrence matrix

Quantifies how often
pairs of pixels with
specific values occur in
a specified spatial
range

Correlation Measures the linear
dependency of gray
level values to their
respective voxels in
the matrix

Left caudate nucleus Gray level co-
occurrence matrix

Quantifies how often
pairs of pixels with
specific values occur in
a specified spatial
range

Informational measure of
correlation 1

Quantifies the
complexity of the
texture

Right thalamus First order Describes the
distribution of voxel
intensities

Energy Measures the magnitude
of voxel values

Left cerebellar lobule
VIII

Gray level
dependence matrix

Quantifies gray level
dependencies (ie, the
number of connected
voxels within a set
distance that are
dependent on the
center voxel)

Small dependence low gray
level emphasis

Measures the joint
distribution of small
dependence with
higher gray-level
values

Cerebellar vermis
(lobules IV–V)

Gray level size-zone
matrix

Quantifies gray level
zones (ie, the number
of connected voxels
sharing the same
intensity value)

Size-zone non-uniformity Measures the variability
of size-zone volumes

Left cerebellar crus First order Describes the
distribution of voxel
intensities

Median Median gray level
intensity

a Characteristics of each selected feature and relative class according to PyRadiomics official documentation (https://pyradiomics.readthedocs.io/en/latest/features.
html) are presented, along with the anatomic location (according to Tzourio-Mazoyer et al20) of the corresponding ROI.

Table 3: Machine learning predictive modelsa

Cohort
Ridge Regression Gaussian Process Support-Vector Machine Random Forest

P Valuer R2 MAE r R2 MAE r R2 MAE r R2 MAE
Training 0.797 0.636 0.651 0.795 0.632 0.814 0.797 0.635 0.710 0.790 0.624 0.656 –

Internal test 0.741 0.549 0.725 0.733 0.537 0.874 0.734 0.538 0.754 0.734 0.539 0.740 .001a

External test 0.755 0.570 1.155 0.799 0.638 1.247 0.794 0.631 1.112 0.775 0.600 1.162 .009b

Note:—– indicates not available.
aF(1.82, 180.39)¼ 7.94. Partial h 2 ¼ 0.07. df corrected using Greenhouse-Geisser estimates of sphericity (« ¼ 0.61).
bF(1.70, 175.52)¼ 5.25. Partial h 2 ¼ 0.05. df corrected using Greenhouse-Geisser estimates of sphericity (« ¼ 0.57).
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demonstrating excellent intra- and intersite generalizability
(r$ 0.73, about 53% of shared variance). Of note, the ML algo-
rithm had little effect on the predictive performance, with similar
prediction errors across models, indicating substantial model-
independence of our findings. Also, as per our ancillary analysis,
while clinicodemographic variables alone were highly informative
of patients’ clinical status, the inclusion of radiomics features in the
models substantially increased the generalizability and stability
across different ML algorithms, supporting the additional value of
a holistic approach including a variety of data types/sources.

Although a meaningful comparison of effect sizes among
studies is hindered by the variability of study design, sample size,
and statistical methods, our study seemingly provides a sensible
improvement compared with earlier works,6 with sample width
and external validation across different sites further strengthen-
ing our results.

Most interesting, our findings confirm that signal intensity
patterns as assessed by the quantitative texture analysis of con-
ventional brain MR images encode clinically relevant informa-
tion,25 apparently outperforming measures like volume or
macrostructural disconnection in terms of shared variance with
clinical disability. Indeed, textural features may capture subtle
modifications of brain tissue microstructure, which are known to
correlate with clinical status in patients with MS.12 Furthermore,
the systematic mapping of different brain regions through atlas-
based automatic segmentation of T1-weighted volumes may
enhance radiomics analysis by adding anatomic specificity, with
most informative features in our models extracted from areas
whose pathologic modifications are known to impact the clinico-
cognitive performance (ie, prefrontal cortex,29 deep gray mat-
ter,27 and cerebellum30). Conversely, a simpler shape feature like
volume, as well as the coarse estimation of GM structural discon-
nection as inferred by T2 lesion location, may represent less
pathologically specific disease markers, therefore providing a
minor contribution to explaining MS-related disability.

To date, few studies have explored the potential of radiomics in
MS, mainly focusing on the analysis of WM lesions for diagnostic
classification purposes,31,32 with alterations of brain tissue micro-
structure mostly characterized through advanced MR imaging
techniques,33,34 which provide more neurobiologically interpreta-
ble results but require dedicated acquisitions that are difficult to
implement in large-scale population studies. Nevertheless, the sys-
tematic radiomics analysis of conventional brain MR images may
hide a huge unused potential, promising to exploit the maximum
clinically meaningful information contained in neuroradiologic
images, taking full advantage of a massive amount of clinical MR
imaging data collected through the years.

Some limitations of the current study should be acknowl-
edged. First, using EDSS as a measure of clinical severity has sev-
eral shortcomings, including incomplete coverage of CNS
domains, nonlinearity, low sensitivity, and inter- and intraob-
server variability.35 However, despite these limitations and the
availability of alternative rating scales, the EDSS is still considered
the reference method to assess MS-related disability in both clini-
cal trials and routine, therefore being more scalable to real-world
scenarios.35 Furthermore, it is known that radiomics features
may have instability due to variations in scanner and image-

acquisition parameters.36 Nevertheless, this issue may be miti-
gated by the combined evaluation of basic clinicodemographic
variables and other MR imaging–derived metrics with proved
robustness (eg, automatic volumetric quantifications8) as sug-
gested by the excellent generalizability of our models across dif-
ferent sequences and scanners. Finally, our work paves the way
for future studies exploiting the proposed methodologic frame-
work to predict longitudinal clinical outcomes, possibly provid-
ing a tool for effective prognostic stratification of patients with
MS in clinical practice.

CONCLUSIONS
We demonstrated that the multidimensional analysis of routine
brain MR images, including the systematic investigation of tex-
tural features in conjunction with basic clinicodemographic data,
is highly informative of the clinical status of patients with MS. In
the era of big data, this approach may represent a way of filling
the gap between conventional imaging and clinical disability in
MS.
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Imaging Features of Symptomatic MCA Stenosis in Patients
of Different Ages: A Vessel Wall MR Imaging Study

H. Kang, J. Liang, Y. Zhang, Z. Li, X. Yang, and B. Sui

ABSTRACT

BACKGROUND AND PURPOSE: The prevalence of intracranial artery stenosis is high in Asian people. This study aimed to investi-
gate whether there are differences in the imaging features of symptomatic MCA stenosis in patients of different ages using vessel
wall MR imaging.

MATERIALS AND METHODS: We retrospectively reviewed the data of consecutive patients with unilateral MCA stenosis based on a
prospectively established vessel wall MR imaging data base between January 2017 and December 2018. According to age, the patients
were divided into the young group (18–45 years of age) and the middle-aged and elderly group (older than 45 years of age).

RESULTS: Overall, 131 patients with unilateral MCA stenosis were included (45.8% in the young group and 54.2% in the middle-aged
and elderly group). Middle-aged and elderly patients had a higher prevalence of hypertension (P ¼ .01) and diabetes (P ¼ .05). The
lesion length (P , .0001), proportion of circular involvement (P ¼ .006), and proportion of circular enhancement (P ¼ .03) were
higher in the young group than in the middle-aged and elderly group. The analysis of the atherosclerotic subgroup showed that
compared with middle-aged and elderly patients, young patients had longer lesions (P ¼ .002). The atherosclerotic-versus-nonather-
osclerotic subgroup analysis showed that the maximal wall thickness in the patients with atherosclerosis was larger than that of
patients without it (P ¼ .002).

CONCLUSIONS: Compared with the middle-aged and elderly group, young patients with MCA stenosis tended to have longer
lesions and more circular wall involvement and circular enhancement, which may indicate the differences in underlying vascular
pathophysiologic and developmental mechanisms in symptomatic MCA stenosis.

ABBREVIATIONS: AS ¼ atherosclerosis; HR VW-MRI ¼ high-resolution vessel wall MR imaging; MOP ¼ middle-aged and elderly; NWI ¼ normalized wall
index; RI ¼ remodeling index; SI ¼ signal intensity

Ischemic stroke is an important cause of death and disability in
adults. The incidence rate of ischemic stroke in young people

has increased by 40% in the 2020s compared with the 2010s.1,2

Intracranial artery stenosis is an important cause of ischemic
stroke and is more commonly found in Asian people. Although
atherosclerosis (AS) is still considered the most common reason,
the etiology of intracranial artery stenosis, especially in young
people, is more complex and diverse, often making the clinical di-
agnosis difficult and uncertain.

Traditional imaging technologies, including CT angiography,
MR angiography, and digital subtraction angiography, can
provide information only on lumen stenosis, which has limited
value in the etiologic differential diagnosis. In recent years, high-
resolution vessel wall MR imaging (HR VW-MR imaging) has
been increasingly applied in clinical practice. The technique has
proved to be an optimal and reliable method to display intracra-
nial vessel wall features. By directly visualizing the structure of
the vessel wall and identifying the characteristics of lesions,
HR-VW-MR imaging has shown great potential and application
prospects in the evaluation of patients with intracranial artery ste-
nosis.3-9 It has been proposed that different vessel wall imaging
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features can be found in various diseases, including dissection,
vasculitis, and Moyamoya disease,10-12 and they can provide im-
portant information for clinical assessment.

Although it was reported that AS is still the most common
cause of intracranial artery stenosis in young patients, multiple
etiologies other than AS should be considered. It is generally
believed that AS is more commonly found in older patients. With
similar findings of artery stenosis by conventional MRA, different
HR VW-MR imaging manifestations due to various stenosis
mechanisms may be found in young and elderly groups. One pre-
vious study has shown that concentric wall thickening and
enhancement on HR VW-MR imaging were found more com-
monly in patients younger than 35 years of age than in patients
35–45 years of age.13 However, it is still unclear whether there are
different HR VW-MR imaging features in patients of different
ages, and there is no comparison study of HR VW-MR imaging
features between young and middle-aged and elderly (MOP)
patients. In this study, using HR VW-MR imaging, we sought to
identify differences in the imaging features of stenosed MCA
lesions of atherosclerosis and nonatherosclerotic disease in
patients of different ages.

MATERIALS AND METHODS
Participants
We retrospectively reviewed the data of consecutive patients with
unilateral MCA stenosis based on a prospectively established HR
VW-MR imaging data base between January 2017 and December
2018. Our ethics committee approved this retrospective study,
and the requirement for written informed consent was waived
due to its retrospective nature. Consecutive patients with ipsilat-
eral MCA stenosis were included. The inclusion criteria were as
follows: 1) symptomatic patients who had an ischemic stroke or
TIA, 2) unilateral MCA stenosis confirmed by CT angiography
orMRA, or 3) the stenosedMCA ipsilateral to the ischemic lesion
or responsible for the TIA and defined as the culprit (index) ves-
sel by the neurologist and neuroradiologist. Patients were
excluded for the following reasons: 1) definite cardiogenic embo-
lism, such as a history of atrial fibrillation confirmed by electrocar-
diogram or a Holter monitor within 1month or a recent history of
myocardial infarction, atrial septal defect, or left atrial/ventricular
thrombosis confirmed by echocardiography; 2) extracranial carotid
stenosis of.50%;14 unstable plaques of the extracranial carotid ar-
tery that met 3 of the following 4 criteria: stenosis.70%, mainly
hypoechoic on ultrasound images, superficial irregularity, and
ulceration; 3) definite Moyamoya disease; 4) ipsilateral or bilateral
MCA occlusion or bilateral MCA stenosis; or 5) poor MR image
quality or lack of clinical data. The clinical data (including age, sex,
smoking history, hypertension, diabetes, hyperlipidemia, and ho-
mocysteine) and the HR VW-MR imaging characteristics were
reviewed and analyzed. According to age, the patients were divided
into the young group (18–45 years of age) and the MOP group
(older than 45 years of age).

MR Imaging Protocol
MR imaging was performed using 3T MR imaging scanners (Trio
Tim, Siemens; Discovery 750, GE Healthcare; and Ingenia CX,
Philips Healthcare) with a 32-channel head coil. The MR imaging

protocol included 3D TOF-MRA, 3D T1WI (sampling perfection
with application-optimized contrasts by using different flip angle
evolution [SPACE sequence, Siemens]/Cube [GE Healthcare]/vol-
ume isotropic turbo spin-echo acquisition [VISTA]), 3D T2/PDWI
proton-density weighted imaging (PDWI) (SPACE/CUBE/VISTA),
3D T1 MPRAGE, and contrast-enhanced 3D T1WI (SPACE/
CUBE/VISTA). Postcontrast T1-weighted images were acquired
3minutes after gadolinium injection (0.1mmol/kg of gadopentetate
dimeglumine, Magnevist; Bayer HealthCare Pharmaceuticals) using
parameters identical to those of the precontrast T1-weighted
images. The parameters of the imaging sequences are listed in the
Online Supplemental Data.

Image Analysis
All MR images were transferred to a dedicated postprocessing
workstation for analysis with Vessel Explorer software (Version
1.1; TsingHua Imaging Co). HR VW-MR imaging data were ana-
lyzed by 2 experienced neuroradiologists (J.L. and B.S.) inde-
pendently, who were blinded to the clinical data. Differences
between the 2 observers were solved by consensus.

The vessel centerline of the MCA was extracted automatically
on TOF-MRA and copied to the precontrast 3D T1-weighted
images. Then, oblique sagittal precontrast T1-weighted images
were reconstructed perpendicular to the M1 segment of the rele-
vant MCA with a reconstructed section thickness of 0.7mm. The
analysis plane was set as the maximal lumen narrowing site. The
reference site was defined as the nearest lesion-free segment prox-
imal or distal to the lumen narrowing site. Precontrast T1-
weighted images were used for the main analysis, including the
measurements of lumen and wall thickness at the analysis and
reference planes, assessment of the wall thickening and involve-
ment pattern, remodeling patterns, and the surface morphology.
A 3D T1 MPRAGE sequence was used to identify intralesion
hemorrhages. Postcontrast T1-weighted images were used for the
enhancement assessment. 3D T2-weighted and proton-density
weighted images were used as supplementary images if there was
obscurity of the vessel wall on T1-weighted images.

The maximum wall thickness and lesion length were measured
in the circumferential plane and along the longitudinal axis of the
artery, respectively (Fig 1A). The degree of stenosis was calculated
as follows: degree of stenosis ¼ (1� Lumen Area at the Maximal
Lumen Narrowing Site/Reference Lumen Area)� 100%.15,16 The
normalized wall index (NWI) was calculated as follows: NWI ¼
Wall Area/(Lumen Area 1 Wall Area).17 The wall thickening,
involvement pattern, and remodeling patterns of the index MCA
were analyzed on precontrast T1-weighted images, as was the sur-
face morphology. In the circumferential plane, the wall of the
MCA was divided into 4 quadrants: namely, the superior wall, the
inferior wall, the ventral wall, and the dorsal wall (Fig 1B); and cir-
cular involvement was defined as lesions involving all 4 quadrants.
The pattern of wall thickening was classified as concentric or
eccentric (Fig 1C, -D). Concentric stenosis was identified if the
thinnest part of the vessel wall was estimated to have a thickness
no less than 50% of the thickest point on all image slices or a steno-
sis without wall thickening.6 Eccentric stenosis was diagnosed if
the thinnest part of the vessel wall was estimated to have a thick-
ness of ,50% of the thickest point.15 The remodeling index (RI)
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was calculated as follows: RI ¼ Lumen Area at the Maximal
Lumen Narrowing Site / Reference Lumen Area. RI$ 1.05 was
considered positive remodeling, RI# 0.95 was considered negative
remodeling, and 0.95,RI,1.05 nonremodeling.18

Intralesion hemorrhage19 was defined as high signal intensity
(SI) in MCA lesions on 3D T1 MPRAGE images, with an SI of
.150% of the adjacent brain parenchyma (Fig 1E, -F).20 On post-
contrast T1-weighted images, the degree of lesion enhancement
was defined using the following grading criteria: grade 0, the
degree of enhancement less than or equal to that of the adjacent
normal arterial wall (Fig 1G); grade I, the degree of enhancement
greater than grade 0 but lower than that of the pituitary funnel
(Fig 1H); and grade II, the degree of enhancement greater than or
equal to that of pituitary funnel enhancement (Fig 1I).21

Maaijwee et al22 reported that traditional vascular risk fac-
tors in young adults, especially in patients between 35 and
50 years of age, have increased in prevalence, indicating a sharp
rise. Therefore, we further conducted a subgroup analysis by
dividing patients into the older than 35-year group and the 35-
year-or-younger group. In addition, to clarify the difference in
the characteristics of lesions between young and MOP patients
with different degrees of stenosis, patients with stenosis of
$50% and patients with stenosis of ,50% were classified into
different subgroups. We also performed subgroup analysis of
confirmed atherosclerotic plaque cases. Atherosclerotic lesions

were defined according to the following diagnostic criteria: The
clinical diagnosis of AS required$2 vascular risk factors
(hypertension, hyperlipidemia, diabetes mellitus, obesity, coro-
nary artery disease, men older than 50 years of age, and women
older than 60 years of age) and failure to meet the clinical crite-
ria for CNS vasculitis or reversible cerebral vasoconstriction
syndrome.23 The typical HR-VW-MR imaging diagnosis of AS
is based on eccentric, irregular, heterogeneous wall thickening
with vessel wall enhancement and T2-weighted hyperinten-
sity.24 The diagnosis was confirmed by consensus of the neurol-
ogist, neurointerventional surgeon, and neuroradiologist. The
clinical and imaging features of MCA AS were compared
between young and MOP patients. The clinical and imaging fea-
tures of intracranial atherosclerosis versus nonatherosclerosis
were compared in the young group and the middle-aged and
older group.

Statistical Analysis
The Statistical Package for the Social Sciences (SPSS 25.0; IBM)
was used to analyze the differences between the 2 groups. The
intraclass correlation coefficient was calculated to find the intra-
observer and interobserver reproducibility in the measurements
of high SI, vessel wall area, and luminal area. Continuous varia-
bles are expressed as mean (SD), and categoric variables were
analyzed using the Pearson x 2 test or Fisher exact test.

FIG 1. A, Normal MCA. B, Enlarged view perpendicular to the lumen section. The wall of the MCA is divided into 4 quadrants: namely, the upper
wall, the lower wall, the ventral wall, and the dorsal wall. C, Annular thickening of the vessel wall, ie, concentricity. D, Eccentric thickening of the
vessel wall. E, Local T1 hyperintensity in the M1 segment of the left MCA. F, An enlarged cross-section of the blood vessel at the lesion shows
eccentric wall thickening and T1 hyperintensity. Degree of lesion enhancement: grade 0 (G); grade I (H); grade II (I). Min indicates minimum; Max,
maximum, Std. Dev., standard deviation.

1936 Kang Nov 2021 www.ajnr.org



Continuous variables were compared between the 2 groups by
the independent-samples t test or the Mann-Whitney U test.
The significance threshold was set at P, .05.

RESULTS
Demographic Data of Young and MOP Groups
In total, 131 patients with unilateral MCA stenosis were included
from January 2017 to December 2018. The mean age of the
patients was 47.1 (SD, 12.5) years, and 16.8% (22/131) were
women. The young group included 60 patients (45.8%), and the
MOP group included 71 patients (54.2%). The young group
included 27 patients (45.0%) with TIA and 33 patients (55%) with
infarction, and the MOP group included 20 patients (28.2%) with
TIA and 51 patients (71.8%) with infarction. The median interval
time between symptom onset and HR VW-MR imaging was 4.3
(SD, 3.3) days. One hundred and eleven (84.7%) patients had athe-
rosclerotic disease, and 20 (15.3%) had nonatherosclerotic disease.

Intraobserver and Interobserver Reproducibility for
Imaging Analysis
The intraobserver and interobserver reproducibility of measure-
ments of high SI were 0.870 (95% CI, 0.773–0.969) and 0.936
(95% CI, 0.860–1.000), respectively. The intraobserver and inter-
observer reproducibility of measurements of the wall area were
0.854 (95% CI, 0.744–0.964) and 0.920 (95% CI, 0.838–1.000),

respectively. The intraobserver and interobserver reproducibility
of measurements of the luminal area were 0.838 (95% CI, 0.731–
0.946) and 0.918 (95% CI, 0.846–0.990), respectively.

Comparison of Clinical and Imaging Features between the
Young and MOP Groups
The clinical and imaging features were compared between the
young and MOP groups in the Online Supplemental Data. MOP
patients had a higher prevalence of hypertension (70.4% versus
41.7%, P ¼ .01) and diabetes (29.6% versus 15.0%, P ¼ .05) than
young patients. The proportions of circular wall involvement
(40.0% versus 19.7%, P ¼ .006) and circular enhancement (68.1%
versus 45.5%, P ¼ .03) were higher in the young group than in
the MOP group (Figs 2 and 3). Lesions were significantly longer
in the young group than in the MOP group (8.47 versus 6.23mm,
P , .0001). The proportion of eccentric thickening was slightly
higher in the MOP group (85.9%) than in young patients
(80.0%), but this difference was not statistically significant (P ¼
.37). No significant differences were found in other parameters
between the 2 groups.

Comparison of Clinical and Imaging Features of
Atherosclerotic Plaques between Young and MOP
Patients
In total, 111 cases (84.7%) were confirmed as peri-interventional
plaques (47 cases in the young group and 64 cases in the MOP

FIG 2. A 37-year-old man. Left MCA stenosis is shown on a 3D TOF-MRA MIP image (A). HR-VW-MR imaging shows an isointense signal lesion on
precontrast T1 images at the stenosed segment of the left MCA, with an irregular surface (B and C). Oblique serial sagittal images demonstrate a
concentric wall thickening lesion with circular wall involvement (D). Postcontrast T1 images show intense (grade II) concentric enhancement of the
lesion (E–G). DWI shows a small patchy acute ischemic lesion in the left centrum semiovale, with restricted diffusion displayed (H and I).
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group) (Online Supplemental Data). The subgroup analysis showed
that MOP patients had a higher prevalence (75.0% versus 44.7%,
P¼ .001) of hypertension than young patients. Lesions were longer
in the young group than in the MOP group (8.25 versus 6.28mm,
P¼ .002). The prevalence of intraplaque hemorrhage was higher in
the MOP group (20.3%) than in the young group (44.7%), but no
significant difference was found between two groups (P¼ .09).

Comparison of Intracranial Atherosclerotic versus Non-
Atherosclerotic Disease in the Young Group and Middle-
Aged and Older Group
The atherosclerosis-versus-nonatherosclerosis subgroup analy-
sis only showed that the wall maximal thickness in the patients
with AS was larger than that of patients without atherosclerosis
(1.72 versus 1.42mm, P ¼ .002). The patients with AS had a
higher prevalence of hypertension (62.2% versus 30.0%, P ¼
.007), diabetes (26.1% versus 5.0%, P ¼ .04), hyperlipidemia
(63.1% versus 35.3%, P ¼ .02), and smoking (78.4% versus
50.0%, P ¼ .008) than the patients without it (Online
Supplemental Data).

Comparison of Clinical and Imaging Features in Different
Age/Stenosis Subgroups
In our subgroup analysis of patients with a degree of stenosis
of .50%, the rates of hypertension (75.8% versus 43.3%, P ¼
.009) and diabetes (30.3% versus 10.0%, P ¼ .05) were higher in
the MOP group than in the young group, while the lesions were
longer in the young group than in the MOP group (8.90 versus
6.57mm, P¼ .002) (Online Supplemental Data).

In our subgroup analysis of patients with a degree of stenosis
of ,50%, the rate of hypertension (65.8% versus 40.0%, P ¼ .03)
and the degree of stenosis (34.7% versus 26.6%, P ¼ .04) were
higher in the MOP group than in the young group. Moreover, the
lesions were longer in the young group than in the MOP group
(8.40 versus 5.95mm, P¼ .02) (Online Supplemental Data).

Comparison of Clinical and Imaging Features between
Patients 35 Years of Age or Younger and Patients 35–45
Years of Age
Our subgroup analysis by age within the young group revealed
that patients 35 years of age or younger had a smaller proportion

FIG 3. A 37-year-old woman. Right MCA stenosis is shown on a 3D TOF-MRA MIP image (A). HR-VW-MR imaging shows an isointense signal
lesion on precontrast T1 images at the stenosed segment of the right MCA, with a relatively regular surface (B). Oblique sagittal serial images
demonstrate an eccentric wall thickening lesion with mainly ventral and superior wall involvement (C). Postcontrast T1 images show moderate
(grade I) eccentric enhancement of the lesion (D–F). DWI shows that there was no abnormally restricted lesion (G–H).
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of constrictive remodeling (36.0% versus 71.4%, P ¼ .02), less cir-
cular wall involvement (20.0% versus 54.3%, P ¼ .005), and a
higher remodeling ratio (1.05 versus 0.85, P ¼ .004) than patients
35–45 years of age (Online Supplemental Data).

DISCUSSION
In recent years, the incidence of stroke in young adults has mark-
edly increased.20 Approximately 10% of ischemic strokes occur in
young patients.22 The risk factors and etiologic features of ische-
mic stroke in young adults are considered very different from
those of older patients with stroke with traditional vascular risk
factors such as hypertension, hypercholesterolemia, diabetes mel-
litus, and obesity.25 One study reported that the high incidence of
traditional vascular risk factors among young people showed the
same trend as the increasing incidence of ischemic stroke.20 Our
results showed that the MOP group had a higher prevalence of
hypertension (P ¼ .01) and diabetes (P ¼ .05) than the young
patients. The atherosclerosis-versus-nonatherosclerosis subgroup
analysis showed that the patients with AS had a higher prevalence
of hypertension (P ¼ .007), diabetes (P ¼ .04), hyperlipidemia
(P¼ .02), and smoking (P¼ .008) than the patients without athero-
sclerosis. No significant difference was found between people
35 years of age and younger and people 35–45 years of age in these
traditional risk factors (P. .05). These findings indicate that tradi-
tional risk factors are still mainly prevalent among elderly individu-
als with atherosclerosis. However, only the incidence of diabetes
was collected in the current study. Uncontrolled diabetes is thought
to be an important contributor to intracranial plaque. It is necessary
to include the analysis of hemoglobin A1C in future studies.

In our subgroup analysis of people with,50% stenosis, the
degree of stenosis was higher in the MOP group than in the young
group (34.7% versus 26.6%, P ¼ .04). This finding might suggest
that in cases of mild stenosis, the progression and degree of MCA
stenosis in MOP patients may be faster and more severe due to the
effects of traditional risk factors. The stenosis degree was ,50% in
68 patients (30 in the young group, 38 in the MOP group), which
suggests that mild and moderate stenosis can be symptomatic.
Along with stenosis degree, MCA lesion features on HR VW-MR
imaging should considered when assessing MCA stenosis.

HR VW-MR imaging plays a very important role in the evalu-
ation of intracranial artery stenosis. Many features of vessel wall
lesions, including the wall thickening morphology, surface status,
lesion burden, and the degree and pattern of lesion enhancement,
can be analyzed. These detailed features of the involved arterial
wall are helpful to establish diagnoses and differential diagnoses
of vascular diseases, as well as to evaluate the severity and stability
of the lesions. In the current study, we did not find a statistically
significant difference in NWI, wall thickening pattern, remodel-
ing pattern, wall maximal thickness, or surface morphology
between young and MOP patients (all P ..05). These results
might indicate that these parameters were similar in symptomatic
MCA stenosis irrespective of age. However, we found that the
wall maximal thickness of the patients with AS was larger than
that of the patients without it (P ¼ .002). One possible reason is
that many patients with atherosclerosis have eccentric thickening
of the vessel wall, so the maximum thickness of the vessel wall is
larger than that of the nonatherosclerotic vessel wall.

Eccentric wall thickening was found more often in patients
35 years of age and younger than in patients 35–45 years of age
(88.0% versus 74.3%, P ¼ .19), and the patients 35 years of age
and younger had a lower proportion of constrictive remodeling
than patients 35–45 years of age (36.0% versus 71.4%, P ¼ .02).
These results were not in agreement with previous studies, in
which concentric wall lesions were more frequently reported in
patients younger than 35 years of age.6,23,26,27 This difference
could be explained by the higher incidence of CNS vasculitis in
younger patients in those studies. Smooth, homogeneous, con-
centric arterial wall thickening and enhancement on HR-VW-
MR imaging are considered features of CNS vasculitis. However,
previous studies have shown that vasculitis sometimes also results
in eccentric wall abnormality.28,29 This makes the diagnosis of
CNS vasculitis more difficult in clinical practice. Our results
might indicate that with multiple different risk factors, concentric
wall thickening, whether due to vasculitis or not, could be present
in patients 35–45 years of age. The incidence of vasculitis in dif-
ferent age groups needs to be confirmed in future studies.

Wall enhancement reflects an inflammatory reaction or the
increased permeability of the endothelium, with contrast leakage
from the lumen into the arterial wall. Obvious enhancement of-
ten presents in the active or unstable phase of the disease. The
enhancement degree was not significantly different between dif-
ferent age groups. Because all patients in this study were sympto-
matic, it could be expected that more than half of them had
intense enhancement (grade II) in both the young and MOP
groups. The enhancement pattern is another factor that may be
related to the vascular physiopathologic mechanism. Circular
enhancement was more prevalent in the young group than in the
MOP group (68.1% versus 45.5%, P ¼ .03). This result could be
expected because circular involvement was also more prevalent
in young patients. Whether circular wall involvement and
enhancement can be taken as a feature of non-AS vascular disease
or whether a larger circumferential burden is required should be
further investigated.

One interesting result of our study is that the lesions were sig-
nificantly longer in the young group than in the MOP group
(8.47 versus 6.23mm, P , .0001), while the NWI was not found
to be significantly different between the 2 groups. Similar results
were also found in subgroups with different degrees of stenosis.
Most of the previous HR VW-MR imaging studies have focused
on circumferential plane analysis of intracranial artery lesions,
while less attention has been paid to the length of the lesion.
However, lesion length is an important factor that reflects the
longitudinal burden of the lesions, which might affect the distal
blood supply of the stenosed artery. One possible explanation for
this phenomenon might be the different developmental mecha-
nisms in younger-versus-MOP patients. The anatomic and path-
ologic factors related to MCA lesion length remain unclear.
Younger patients with a degree of wall thickening and stenosis
similar to those in older patients might need longer involvement
of the MCA to cause clinical symptoms. Another reason for the
lesion length difference is the various possible diseases in younger
patients. Arterial dissection, for example, could involve a longer
lesion length than AS disease. Intracranial artery dissection is still
considered relatively rare but is an important cause of intracranial

AJNR Am J Neuroradiol 42:1934–41 Nov 2021 www.ajnr.org 1939



stenosis and ischemic stroke, especially in young adults.30,31

Patients younger than 45 years of age with intracranial artery dis-
sections have approximately 20% of strokes and 2% of all ische-
mic strokes.22 The differences and significance of lesion length in
various artery diseases should be investigated in future studies.

Our study included an AS subgroup analysis between young
and symptomatic MOP patients. The young patients had a lower
prevalence of hypertension (44.7% versus 75.0%, P ¼ .001) and
longer plaque length (8.25 versus 6.28mm, P ¼ .002) than the
MOP patients. The difference between hypertension prevalences
indicated that early AS in young patients might be caused by vari-
ous risk factors. The plaque length results showed a larger longi-
tudinal burden of the involved MCA in young patients. They also
suggested that the underlying mechanisms might be different for
AS plaques between young and symptomatic MOP patients.
Although there are similar medical treatment strategies for AS
stenosis, it is worth studying whether this imaging feature differ-
ence is related to different outcomes in patients of different ages.
Moreover, whether plaque length influences the effect of angio-
plasty should also be investigated. Further longitudinal studies
will provide more valuable information about the clinical signifi-
cance of this feature.

There are some limitations to our study. First, the retrospec-
tive design of this single-center study might have led to selection
bias. Some results differed from previous findings, which might
be due to the differences between the patients in different studies.
The proportion of male patients in this study was relatively high,
limiting its generalizability. Second, the imaging data were
obtained from 3 different machines, so it was difficult to avoid
vendor effects when performing parameter analysis, especially for
the measurements of maximal wall thickness and lesion length.
Another limitation of the study is the lack of follow-up data,
which would be very helpful in the differential diagnosis of vari-
ous diseases that are difficult to diagnose. Additionally, the
dynamic change in vessel wall features would help us to under-
stand the pathologic mechanisms of different vascular diseases.

CONCLUSIONS
Compared with the MOP group, young patients had longer lesions,
more circular wall involvement, and more circular enhancement,
which may result from the various vascular physiopathologic
mechanisms in symptomatic patients of different ages with MCA
stenosis.
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ORIGINAL RESEARCH
ADULT BRAIN

The First Examination of Diagnostic Performance of
Automated Measurement of the Callosal Angle in 1856

Elderly Patients and Volunteers Indicates That 12.4% of Exams
Met the Criteria for Possible Normal Pressure Hydrocephalus

M. Borzage, A. Saunders, J. Hughes, J.G. McComb, S. Blüml, and K.S. King

ABSTRACT

BACKGROUND AND PURPOSE: Many patients with dementia may have comorbid or misdiagnosed normal pressure hydrocephalus, a
treatable neurologic disorder. The callosal angle is a validated biomarker for normal pressure hydrocephalus with 93% diagnostic accuracy.
Our purpose was to develop and evaluate an algorithm for automatically computing callosal angles from MR images of the brain.

MATERIALS AND METHODS: This article reports the results of analyzing callosal angles from 1856 subjects with 5264 MR images from
the Open Access Series of Imaging Studies and the Alzheimer’s Disease Neuroimaging Initiative databases. Measurement variability was
examined between 2 neuroradiologists (n¼ 50) and between manual and automatic measurements (n¼ 281); from differences in simu-
lated head orientation; and from real-world changes in patients with multiple examinations (n¼ 906). We evaluated the effectiveness of
the automatic callosal angle to differentiate normal pressure hydrocephalus from Alzheimer disease in a simulated cohort.

RESULTS: The algorithm identified that 12.4% of subjects from these carefully screened cohorts had callosal angles of ,90°, a published
threshold for possible normal pressure hydrocephalus. The intraclass correlation coefficient was 0.97 for agreement between neuroradiolo-
gists and 0.90 for agreement between manual and automatic measurement. The method was robust to different head orientations. The
median coefficient of variation for repeat examinations was 4.2% (Q1 ¼ 3.1%, Q3 ¼ 5.8%). The simulated classification of normal pressure
hydrocephalus versus Alzheimer using the automatic callosal angle had an accuracy, sensitivity, and specificity of 0.87 each.

CONCLUSIONS: In even the most pristine research databases, analyses of the callosal angle indicate that some patients may have
normal pressure hydrocephalus. The automatic callosal angle measurement can rapidly and objectively screen for normal pressure
hydrocephalus in patients who would otherwise be misdiagnosed.

ABBREVIATIONS: AD ¼ Alzheimer disease; ADNI ¼ Alzheimer’s Disease Neuroimaging Initiative; CA ¼ callosal angle; DESH ¼ disproportionately enlarged sub-
arachnoid space hydrocephalus; ICC ¼ intraclass correlation coefficient; NPH ¼ normal pressure hydrocephalus; OASIS ¼ Open Access Series of Imaging Studies

Normal pressure hydrocephalus (NPH) is a treatable form of
dementia that can be difficult to diagnose.1 Clinical features of

NPH are gait disturbance, postural instability, cognitive

deterioration, and urinary incontinence or urgency, but these fea-
tures are frustratingly nonspecific in elderly patients.2 Classic neu-
roimaging findings show differences from the atrophy routinely
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observed in senescent adults. Specialized physiologic imaging of
water diffusion, CSF flow, or cerebrovascular reactivity may help
with diagnosing NPH,3,4 but each method requires acquiring addi-
tional prospective images that are not commonly included in clini-
cal assessments. Lumbar drain trials have diagnostic utility but are
invasive;5 noninvasive biomarkers with strong evidence of thera-
peutic benefits are preferred before attempting treatment by shunt-
ing, which has an 11% risk of serious adverse events.4,6

Fortunately, numerous putative NPH imaging biomarkers exist
including the following: anatomic assessments of the relative size
and shape of the ventricles and subarachnoid spaces; dispropor-
tionately enlarged subarachnoid space hydrocephalus (DESH);7

volume-based assessments of CSF and ratios versus intracranial
volume;8 distance-based assessment of the ventricles versus intra-
cranial width, ie, the Evans index;3 and angle-based measurements
of the parietal portion of the lateral ventricles, ie, the callosal angle
(CA).9 Measurement of the CA, at times used in concert with the
Evans index, is a validated biomarker for NPH, with diagnostic
accuracies of 93%, 77.8%, and 88.9% for threshold angles of 90°,
90.8°, and 100°, respectively, as validated in studies of 102, 90, and
318 patients, respectively.10-12

With an abundance of useful biomarkers, deploying them into
clinical practice entails manipulation of the images using 3D soft-
ware, which requires an investment of precious time by the inter-
preting radiologist. Since NPH may not be among the most likely
differential diagnoses for an elderly patient, manually measuring
these biomarkers for screening purposes is impractical. An alterna-
tive approach is to perform automated analysis of images to mea-
sure these biomarkers and present results to radiologists to
interpret. The advantages of such an approach are that the mea-
surement eliminates the need to perform manual assessment and
removes observer variability. For these putative imaging bio-
markers, automated solutions exist for calculating the DESH,13

Evans index,14 and CSF volumes and ratios,15 but to the best of
our knowledge, measurements of the CA have not yet been auto-
mated. Therefore, our objective was to automate CA measure-
ments and then do the following: 1) assess the agreement between
2 neuroradiologists measuring the CA and between manual and
automatic measurements; 2) evaluate the variation of automated
CA under both simulated and real-world conditions; 3) use the
algorithm to analyze MR images to identify patients with possible
NPH in studies with different scanners, vendors, and imaging pa-
rameters; and 4) characterize the performance of the automated
measurement for the differentiation of NPH from other dementia.

MATERIALS AND METHODS
Subjects
We included data from 2 imaging databases: the Open Access
Series of Imaging Studies (OASIS),16,17 (n¼ 1015 subjects, 567
women, 448 men) and the Alzheimer Disease Neuroimaging
Initiative (ADNI),18 (n¼ 841 subjects, 354 women, 487 men).

The mean ages of the subjects at the time of their MR imaging were
68.5 (SD, 9.3) and 75.3 (SD, 6.9) years, respectively. OASIS subjects
included groups for cognitively normal and any stage of cognitive
decline in aging. New OASIS subjects underwent a clinical assess-
ment, which included a family history of Alzheimer disease (AD),
medical history, physical examination, neurologic evaluation, and
MR imaging. Stages of cognitive decline were determined using the
Clinical Dementia Rating Scale,19 and patients were excluded if the
primary cause of dementia was not AD. ADNI subjects included
groups for cognitively healthy, early mild cognitive impairment,
late mild cognitive impairment, and AD. New ADNI subjects in all
groups were excluded for NPH during an initial screening visit,
which included neuropsychological testing andMR imaging.

Neuroimaging
OASIS neuroimaging was performed on 1.5T (Vision) and 3T
(TIM Trio, BioGraph mMR) Siemens clinical scanners. The images
were T1-weighted MPRAGE (TE ¼ 4.0ms, TR ¼ 9.7ms, TI ¼
20ms, slice thickness¼ 1.25mm, matrix¼ 256� 256). ADNI neu-
roimaging was performed on 1.5T (Signa Excite, Signa HDxt) and
3T (Discovery, Signa Premier) GE Healthcare, 1.5 T (Intera) and 3T
(Achieva, Ingenia) Philips Healthcare, and 1.5T (Avanto, Espree,
Sonata, Symphony) and 3T (Allegra, Prisma, Skyra, Trio/TIM,
Verio, Vida) Siemens clinical scanners. The images were T1-
weighted MPRAGE with variations in protocol depending on the
scanner and software (TE ¼ 2.86–4.61ms, TR ¼ 2300–3000ms,
TI ¼ 853–1000ms, slice thickness ¼ 1.2mm, matrix 192–256 �
192–256).

Manual CA Measurement
Two board-certified neuroradiologists (K.S.K., J.H.) acquired
manual CA measurements using established methods:9,10 identi-
fying a midsagittal section, creating a reference plane through the
anterior commissure and posterior commissure, creating a coro-
nal reference plane perpendicular to the bicommissural plane at
the level of the posterior commissure, drawing 2 straight lines
along the medial walls of the left and right lateral ventricles on
the coronal image, and calculating the angle between the lines.

Automated CA Measurement
Images were preprocessed with FreeSurfer (http://surfer.nmr.mgh.
harvard.edu) to align to a standard orientation and extract the ven-
tricles.20 The extracted ventricles included the left and right lateral
ventricles, choroid plexus, and the third ventricle. CA measure-
ments were calculated in Matlab (R2020A; MathWorks). The algo-
rithm applied to the ventricles creates an axial reference plane by
using the centroid of the ventricles and the most distal points on
the left and right anterior horns; makes a coronal reference plane
perpendicular to the axial plane; pitches the coronal reference
plane backward to make it oblique; slices the ventricles; and com-
putes the angle between the medial walls of the lateral ventricles.
See the algorithm details in Fig 1.

Parameter Optimization
Radiologists use the anterior/posterior commissure plane as a
reference plane when performing manual CA measurements.
This bicommissural plane is more difficult to reliably compute
with automated methods than the centroid and distal points of
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the left and right lateral ventricles. However, using our different
reference planes would lead to systematic bias in the automati-
cally measured CA. To reduce this bias, we identified the key
difference in the reference planes as a coronal pitch. Thus, we
systematically varied the pitch in the coronal plane with angles
from �45° to 85° in increments of 5°. At each angle of pitch, we
remeasured the CA for all subjects for whom we had manual
CA measurements and determined the pitch that minimized
error between the manual and automated CAs. For the opti-
mized angle, we used the linear trend from the correlation of
manual and automatic CAs to adjust all subsequent automatic
CA measurements.

Assessing Measurement Variability
We performed 3 different assessments of measurement vari-
ability: 1) We used Bland-Altman analysis to ascertain the lim-
its of agreement between CAs manually measured by both
neuroradiologists (n¼ 50) and between 1 neuroradiologist’s
manual CA measurements and linearly corrected automatic
CA measurements (n¼ 281). 2) We performed a Monte Carlo
simulation to assess potential sources of variability due to mis-
alignment and localization errors during image acquisition
and FreeSurfer preprocessing. We selected 24 subjects and re-
oriented their heads multiple times. Each head was randomly
translated in three directions (SD 8 mm in each direction) and
randomly rotated in three directions (SD 10°, 3°, and 6° for
pitch, roll, and yaw, respectively). After reorienting their
heads, we automatically computed the CA. Leverage plots were
used to determine the sensitivity of each angle measurement to
these translations and rotations (not shown). 3) We computed
the coefficient of variation of subjects who had $3 MRIs to
assess real-world intrapatient variability. Our assumption was
that these repeat scans would include real-world variability in
image quality, patient orientation, scanner drift, and ventricle
morphology. For each subject, we automatically measured the

CA for each repeat scan and computed the coefficient of varia-
tion of the angles.

Simulated Effectiveness of the CA to Differentiate NPH
and AD
We performed a Monte Carlo simulation to examine the effec-
tiveness of the automatic CA measurement to differentiate
NPH and AD. We simulated CAs for 1 million patients. Each
patient was randomly assigned to NPH or AD with equal like-
lihood. Ground truth CAs were generated from a Gaussian
distribution for patients from the NPH (mean 66° [SD, 14°])
and AD (mean 104° [SD, 15°]) cohorts as given by Ishii et
al.10 Measurement error due to automatic CA calculation was
randomly added to each angle: This error was determined by
the distribution of error in our comparison of manual and
linearly corrected automatic measurements. We calculated
the probability that the random angle belonged to the NPH
or AD group and used the higher probability to classify the
patient as having NPH or AD. When the probabilities were
within 5% of each other, we classified the patient as indeter-
minate. Classification performance was quantified using ac-
curacy, sensitivity, and specificity.

Analysis of NPH and AD Prevalence and Comorbidity
We estimated the probability of comorbid or misdiagnosed NPH
in the evaluated databases and clinical practice. We used litera-
ture values for prevalence and diagnostic accuracies of NPH and
AD in a relevant population. This analysis used the following
assumptions: Our relevant population is cognitively impaired
patients 65 years of age and older; all patients in this cognitively
impaired population have either NPH (NPH1AD–), AD (NPH–
AD1), or comorbid NPH and AD (NPH1AD1); the biologic
processes and thus the probabilities of having NPH or AD are
independent.

FIG 1. CA algorithm. CA measurements are automatically calculated with the following approach. A, Ventricles are segmented in
FreeSurfer, and 3 reference points are calculated: the centroid of the extracted ventricles (1) and the most anterior points to the left
and right of the centroid (2). These 3 points are used to calculate the axial reference plane (3) and the coronal reference plane (4),
shown here without pitch correction. B, The coronal plane pitch correction is optimized by finding the angle that maximizes the corre-
lation of manual and automated CA measurements (30°). For each pitch correction, the percentage of examinations with the least error
is also shown. C, The pitch-corrected coronal section is analyzed by finding the most superior point to the left and right of the centroid
(5). A greedy pathfinding algorithm connects the 2 superior reference points (5) to identify the medial walls of the lateral ventricles (red
points). The inferior 20% and superior 20% of red points are excluded, selecting the middle 60% for angle calculation; this was found
empirically to exclude the portions of the ventricle walls with higher curvature. A first-order polynomial fit produces the fit lines (blue
lines), and the angle between them is calculated.
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RESULTS
Figure 1 demonstrates the automatic CA measurement algorithm
and determination of correction factors. Figure 1B shows the com-
parison of manual and automatic CA measurements (n¼ 281) to
optimize the coronal reference plane pitch. The highest correlation
was found when adjusting the pitch of the automatic coronal refer-
ence plane back (ie, the most superior part of the plane moved pos-
terior) by 30°, and the highest percentage of examinations with the
least error between manual and automatic measurements occurred
at a 50° pitch correction. We selected the best correlation (30°) for
our optimization; the correlation protects against large measurement
errors by minimizing the squared error, whereas the percentage of
examinations with the fewest errors does not. However, the correla-
tion and percentage of examinations with the fewest errors changed
only modestly, with pitch corrections ranging from 25° to 50°,

meaning that pitch correction is rela-
tively insensitive over this range. At a
30° pitch correction, the intraclass corre-
lation coefficient (ICC) was 0.87, the
coefficient of determination was R2 ¼
0.82, the median absolute error was 8.1°
(Q1 ¼ 3.4°, Q3 ¼ 13.2°), and the
line of fit was Manual CA ¼
Automatic CA � 1:27� 3:93. The
pitch correction and linear correction
factors were applied to all subse-
quent automated CA measurements.

The Bland-Altman analysis of the 2
neuroradiologists’ manual measure-
ments (Fig 2A) had a bias of –3.78° with
95% limits of agreement of �14.95° to
17.39°, a median absolute error of 4°
(Q1¼ 3°, Q3¼ 7°), an ICC of 0.97, and
coefficient of determination of R 2¼
0.95. Bland-Altman analysis of the man-
ual and linearly corrected automatic
measurements (Fig 2B) had no bias,
with 95% limits of agreement of
about 622°, median absolute error
of 6.5° (Q1 ¼ 2.9°, Q3 ¼ 12.0°), an
ICC of 0.90, and coefficient of deter-
mination R2 ¼ 0.82. For the Monte
Carlo analysis of head position sen-
sitivity, we re-oriented each subject’s
head (mean, n¼ 1122 [SD, 381] times).
The automatically measured CA was
sensitive to initial orientation, with sig-
nificant change in the CAmeasurements
due to pitch, roll, and yaw rotations
(P, .001, P¼ .028, and P¼ .004 respec-
tively) and left-right translation
(P, .001), but not anterior-posterior or
superior-inferior translations (P¼ .222,
P¼ .350, respectively). However, the pa-
rameter estimates for these significant
factors indicate that the effects are negli-
gible: Estimates for pitch, roll, and yaw

rotations are �0.006°, 0.004°, and �0.003°, respectively, and left-
right translation is�0.001°, indicating that a 1° of pitch, roll, or yaw
corresponds to a CA change of #0.006°, and a 1-mm translation
corresponds to a CA change of#0.001°. For the real-world intrapa-
tient variability analysis, we identified n¼ 906 subjects (n¼ 213
OASIS, n¼ 693 ADNI), each with between 3 and 8 repeat MRIs.
For these subjects, we determined that the median coefficient of var-
iation was 4.2% (Q1¼ 3.1%, Q3¼ 5.8%). Themedian time between
repeat examinations was 214days (Q1¼ 183 days, Q3 ¼ 396 days).
See Fig 3 for details on the distribution of the coefficient of variation
in these subjects. A visual inspection of all automatic measurements
(A.S., with 3 years’ experience) found that 52 angles (1%) had fit
lines that deviated from the expected placement.

When applying the algorithm to all available images, we
computed 5264 CA measurements. The median CA was 113°

FIG 2. Measurement variability. A, We found a slight bias (�3.78°) with 95% limits of agreement
of�14.95° to17.39° between 2 radiologists. This translates to an intraclass correlation coefficient
of 0.97, demonstrating good reproducibility of the callosal angle biomarker between 2 readers. B,
Comparison of manual and linearly corrected automatic CA measurements for n = 281 images had
95% limits of agreement of about622° and an ICC of 0.90. We observed lower agreement
between manual and automatic measurements than between the 2 neuroradiologists, which
highlights the impact of differences in measurement methods.
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(Q1 ¼ 101°, Q3 ¼ 123°) (Fig 4). This asymmetric distribution
had a skewness of �1.048 (acute) and excess kurtosis of 0.456. In
this distribution, 12.4%, 13.0%, and 23.5% of subjects had CAs
narrower than suggested thresholds for possible NPH of 90°,
90.8°, and 100°, respectively.

For the Monte Carlo analysis of classification using the auto-
matic CA measurement, we calculated the accuracy, sensitivity,
and specificity to all be 0.87. The percentage of indeterminate
measurements was 5.4%. For the analysis of NPH and AD
comorbidity, we used literature values for the following: the prev-
alence of NPH of 2.9% (mean of 3 studies),21-23 the prevalence of
AD of 11.7%,24 and the diagnostic accuracy for AD of 77%.25

Thus, if a patient is diagnosed with AD, the probabilities of the
true disease processes are 96.3% NPH–AD1, 2.8% NPH1AD1
(comorbid), and 0.9% NPH1AD– (misdiagnosed). We calcu-
lated the sum of the latter 2 values and estimate that 3.7% of
patients diagnosed with AD actually were NPH1.

DISCUSSION
To the best of our understanding, this is the first automated CA
measurement and the largest number of CA measurements made.
Thus, the distribution of the CA provides a revised and expanded
population for comparing individual CA measurements. Obtaining
these results through manual CA measurements would be
extremely time-consuming and prone to observer variability, which
highlights the suboptimal reliability of manual CA measurement.
Modest differences in the selection of the bicommissural plane, the
anterior-posterior position of the coronal reference plane, and lines
that best parallel the medial walls of the lateral ventricles contribute
to different measurements of the CA.

One of our most noteworthy findings was that at least 12.4%
of the images we measured met the CA criteria for possible
NPH.10 The estimated rate of NPH is 2.1%–3.9% in adults older
than 65 years of age.21-23 Our estimate of comorbid or misdiag-
nosed NPH among patients diagnosed with AD was 3.7%, which
is consistent with the reported value of 3.9%.26 If the databases
we examined contain patients with NPH who are classified as
neurotypical or diagnosed with other dementias, it suggests that
other analyses using these databases may be skewed by a substan-
tial fraction of the overall sample. Perhaps even more important,
if these patients do have NPH or another hydrocephalus indi-
cated by a narrowed CA, their dementias may be treatable.

The Monte Carlo analysis of NPH classification performance
allowed us to compute the accuracy, sensitivity, and specificity
(all 0.87) of our automated approach, which were lower than
results from Ishii et al10 (0.93, 0.97, and 0.88, respectively).
Despite mild performance decreases when using the automatic
CA measurement, the potential for rapid evaluation is substantial
and may be particularly valuable in cases in which NPH findings
are incidental.

The automated measurement is deterministic, eliminating ob-
server variability and establishing a more structured reporting
framework between radiologists and clinicians for the CA bio-
markers. The benefit of the robust approach we selected was
demonstrated in both intrapatient variability analyses. The
Monte Carlo analysis demonstrated that our approach is robust
to the initial position and orientation of the brains of our subjects;

thus, even if FreeSurfer fails to cor-
rectly align the heads or subjects have
an abnormal orientation of their ven-
tricles, the effect on the CA measure-
ments would be small (,1°) across the
entire range of rotations and transla-
tions tested. This finding appears to be
sufficient to handle most scenarios in
which the head is even crudely ori-
ented. The real-world analysis de-
monstrated a median coefficient of
variation of 4.2%, representing errors
which are 8.7–13.6 times smaller than
the putative differences between the
mean CA in patients with NPH (66°)
and AD (104°).10 It is reasonable to
expect that in a clinical radiology prac-
tice, these automatic CAmeasurements

FIG 3. Histogram of coefficients of variation for 906 patients. The
variation of automatic CA measurements is calculated for patients
with 3–8 separate MR imaging acquisitions. The median coefficient of
variation is 4.2%. This is noteworthy because it means that the CA
measurement is highly reproducible in a large, real-world sample of
MR imaging examinations.

FIG 4. Histogram of automatically measured CAs. Angles are measured from 5264 MR images
from 1856 patients. The median CA is 113° (Q1 = 101°, Q3 = 123°). The distribution has an acute skew-
ness of �1.048 and excess kurtosis of 0.456. Suggested thresholds for suspected normal pressure
hydrocephalus of 90°, 90.8°, and 100° are shown, and we note that 12.4%, 13.0%, and 23.5% of
images have CAs narrower than the corresponding cutoffs.
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would provide highly repeatable quantitation to support distin-
guishing NPH from atrophy in patients with a clinical suspicion of
movement disorders and dementia.

The systematic bias between the automatic and manually com-
puted CA is likely due to different methods for selecting axial refer-
ence planes. The automatic method identifies landmarks from the
segmented surface representations of the lateral ventricles, while the
clinical method uses the anterior/posterior commissures. The find-
ing that a 30° pitch correction improves agreement with manual
measurement is consistent with the typical angle of the bicommissu-
ral plane relative to the axial plane, and measurement of the angle in
the posterior area of the lateral ventricles may better capture patho-
logically narrow angles as the ventricles expand upward on both
sides of the falx cerebri.27 We chose reference points for the auto-
mated method to be reliable but still comparable with those used in
manual CAmeasurements. The centroid of the ventricles represents
a global average that is inherently robust, and the anterior horns
have less anatomic variability than the posterior extrema or superior
extrema, which we speculate may be altered by NPH. Furthermore,
the reference points were selected to be reproducible across a wide
range of image qualities and modalities, which we suspect includes
CT. CT is commonly included in primary imaging studies for de-
mentia work-up; adapting the automatic CA method for use in CT
is a promising future option to reach additional patients who may
not have undergone MRI.

Limitations
A limitation of the field of NPH research, and thus this article, is
the lack of treatment-responsive patients with NPH in a public
database. Such a database would enable us to directly assess the
accuracy, specificity, and sensitivity of our measures in identify-
ing NPH. Thus, future objectives for those studying NPH, includ-
ing our group, should include collecting neuroimaging of shunt-
responsive patients with NPH. Meanwhile, our algorithm can
flag potential cases of a narrowed CA, which can then be verified
by a trained reader as we have done in this study. We chose to
demonstrate the utility of our efforts on making a CA algorithm
that is pragmatic to use by providing secondary analyses of sub-
jects in large existing databases. There are areas of possible
improvement in our algorithm: The automated CA measurement
had some performance disadvantages when evaluated against
manual observations. There may be an opportunity to adjust the
algorithm to be more robust to irregular variations in the seg-
mented ventricles, but these errors were infrequent. There are
also other imaging biomarkers that might benefit patients with
NPH, which we did not use (eg, the Evans Index), an area with
potential for future investigation. One minor limitation of our
study is that we performed manual measurements on 281 of our
total 5264 images (5.3%). This limitation is due to the substantial
time requirement for a neuroradiologist to perform CA measure-
ments, which highlights the need for automated tools if CA or
other quantitative biomarkers are to be routinely measured.

CONCLUSIONS
NPH is a treatable dementia that is commonly misdiagnosed due
to the poor specificity of its neurologic symptoms. CA measure-
ments are an established tool to assess the risk for NPH, but

manual measurement is time-consuming. We developed an algo-
rithm for automated CA measurement, applied it to 5264 T1-
weighted MRIs, and compared its performance with manual CA
measurements. We found that agreement between manual and
automatic measurements (ICC¼ 0.90) was lower than the agree-
ment between 2 neuroradiologists (ICC¼ 0.97). Intrapatient vari-
ability was evaluated in subjects with $3 longitudinal imaging
examinations; the median coefficient of variation was 4.2%, indicat-
ing reliable automatic measurement. Although NPH was an exclu-
sion criterion from these databases, 12.4% of the automatic CA
measurements met the criteria for possible NPH. We believe auto-
matic CA measurements can rapidly and objectively assess NPH in
patients who would otherwise be misdiagnosed with other demen-
tias, and can create opportunities for successful treatment of
dementia.

Disclosures: Kevin S. King—RELATED: Grant: Rudi Schulte Research Institute,
Comments: My work on this project was conducted with support of the non-
profit Rudi Schulte Research Institute. The Rudi Schulte Research Institute is a
trust established to support hydrocephalus-related research by issuing competi-
tive fellowships in response to submitted research proposals.
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ORIGINAL RESEARCH
ADULT BRAIN

SWI Susceptibility Vessel Sign in Patients Undergoing
Mechanical Thrombectomy for Acute Ischemic Stroke

N.F. Belachew, T. Dobrocky, E.B. Aleman, T.R. Meinel, A. Hakim, J. Vynckier, M. Arnold, D.J. Seiffge, R. Wiest,
P. Mordasini, J. Gralla, U. Fischer, E.I. Piechowiak, and J. Kaesmacher

ABSTRACT

BACKGROUND AND PURPOSE: The frequency and clinical significance of the susceptibility vessel sign in patients with acute ische-
mic stroke remains unclear. We aimed to assess its prevalence in patients with acute ischemic stroke undergoing mechanical
thrombectomy and to analyze its association with interventional and clinical outcome parameters in that group.

MATERIALS AND METHODS: Six hundred seventy-six patients with acute ischemic stroke and admission MR imaging were
reviewed retrospectively. Of those, 577 met the eligibility criteria for further analysis. Imaging was performed using a 1.5T or
3T MR imaging scanner. Associations between baseline variables, interventional and clinical outcome parameters, and suscep-
tibility vessel sign were determined with multivariable logistic regression models. Results are shown as adjusted ORs with
95% CIs.

RESULTS: The susceptibility vessel sign was present in 87.5% (n = 505) of patients and associated with tandem occlusion (adjusted
OR, 3.3; 95% CI, 1.1–10.0; P¼ .032) as well as successful reperfusion, defined as an expanded TICI score of $2b (adjusted OR,
2.4; 95% CI, 1.28–4.6; P¼ .007). The susceptibility vessel sign was independently associated with functional independence
(mRS# 2: adjusted OR, 2.1; 95% CI, 1.1–4.0; P¼ .028) and lower mortality (adjusted OR, 0.4; 95% CI, 0.2–0.7; P¼ .003) at 90 days,
even after adjusting for successful reperfusion. The susceptibility vessel sign did not influence the number of passes per-
formed during mechanical thrombectomy, the first-pass reperfusion, or the risk of peri- or postinterventional complications.

CONCLUSIONS: The susceptibility vessel sign is an MR imaging phenomenon frequently observed in patients with acute is-
chemic stroke and is associated with successful reperfusion after mechanical thrombectomy. However, superior clinical
functional outcome and lower mortality noted in patients showing the susceptibility vessel sign could not be entirely
attributed to higher reperfusion rates.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; aOR ¼ adjusted OR; MT ¼ mechanical thrombectomy; SVS ¼ susceptibility vessel sign

SWI is an MR imaging sequence particularly sensitive to
compounds that distort the local magnetic field and there-

fore allow the detection of very small amounts of blood prod-
ucts and calcium. Due to the paramagnetic property of
deoxygenated hemoglobin in trapped blood cells, it can also be
used to locate thrombus material in occluded vessels after acute

ischemic stroke (AIS), which may be seen as a distinct loss of
signal within the affected vessel.1 While this phenomenon was
first described as the “gradient recalled echo susceptibility vessel
sign (GRE SVS)” in T2*-weighted imaging,2,3 the clot-detection
rate has proved to be significantly higher with SWI, which
provides better spatial resolution and is therefore superior in
visualizing blood-degradation products.4 However, not all
thromboembolic vessel occlusions are visible on SWI. Their
detectability depends on the composition of the clot, making
erythrocyte-rich thrombi more likely to result in an occlusion
that is apparent on SWI.5,6 While mechanical thrombectomy
(MT) has proved effective in treating large-vessel occlusion in
patients with AIS,7 data on the prevalence of the SVS in these
patients are inconsistent.2-4,8-12 Although thrombus composi-
tion is known to influence the success of MT,13-17 it is unclear
whether the SVS is associated with successful reperfusion and
good clinical outcome.2,9-12,18,19 Our aim was to assess the
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prevalence of the SVS in patients with AIS undergoing MT and
to analyze its association with interventional and clinical out-
come parameters.

MATERIALS AND METHODS
Inclusion Criteria
Clinical and radiologic data were gathered from the records of
patients with AIS who underwent MT at our hospital between
January 2010 and December 2018. The inclusion criteria were as
follows: 1) a final clinical diagnosis of AIS; 2) SWI performed on
admission; 3) symptomatic occlusion of at least one intracranial
artery on angiography; and 4) the patient having undergone
endovascular treatment in the form of MT. SWI quality was clas-
sified as “excellent” (if there were no artifacts), “good” (if there
were minor artifacts), “poor” (if there were major artifacts, but
the SVS was assessable), or “very poor” (if the SVS was not assess-
able due to major artifacts). The SVS was considered “technically
undeterminable” if the thrombus was masked due to its proxim-
ity to the skull base or being overlaid with other pathologies (eg,
hemorrhage). Patients with very poor-quality SWI or a techni-
cally undeterminable SVS status were excluded.

Most patients with stroke admitted to our institution are
scanned using MR imaging. However, the final decision on
whether to perform MR imaging or CT is made by the neuroradi-
ologists and neurologists in charge on a case-by-case basis depend-
ing on clinical aspects and contraindications. SWI was an inherent
part of our stroke MR imaging protocol throughout this study,
except when the neuroradiologists were confident that it would
yield inconclusive results on the basis of the sequences performed
beforehand (ie, due to the presence of foreign objects or motion
artifacts). This study was approved by the local ethics committee.

Analysis of Clinical Information
Demographics, baseline characteristics, and clinical data such as
age, sex, history of stroke, medication before AIS (antiplatelet
treatments, anticoagulants, or statins), and cardiovascular risk

factors such as hypertension, diabetes
mellitus, dyslipidemia, and smoking
habits were collected. In addition, we
recorded the systolic and diastolic blood
pressures on admission, the glucose lev-
els on admission, the NIHSS score on
admission, and stroke subtypes accord-
ing to the Trial of Org 10172
in Acute Stroke Treatment (TOAST)
classification.20 Also, IV thrombolysis
before imaging (transfer patients) and
before MT, time from symptom onset/
last seen well to admission, time from
symptom onset/last seen well to IV
thrombolysis, time from symptom
onset/last seen well to MT, and time
from groin puncture to reperfusion
were registered.

Technical Information on MR
Imaging

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

Imaging Analysis
The presence of SVS was evaluated retrospectively by 2 independ-
ent neuroradiologists (N.F.B. and E.B.A.) with 5 and 4 years of
experience, respectively. Except for knowing which side was
symptomatic, the raters were blinded to all clinical information
and outcome parameters, and they were not involved in any
patient treatment. SWI was classified as SVS1 if a distinct signal
loss corresponding to an occluded and symptomatic intracranial
artery could be identified (Fig 1). Applying the definition used by
Kang et al,9 we determined the SVS to be present even if its diam-
eter was the same as or smaller than the diameter of the contralat-
eral artery. However, the SVS was only classified as SVS1 if no
alternative explanations for the signal loss were observed (ie,
neighboring vein, petechial hemorrhage, or microcalcification in
the neighboring parenchyma). SWIs in which the SVS was not
present though a symptomatic vessel occlusion was apparent
were categorized as SVS– (Fig 2). MR imaging field strength and
time from symptom onset/last seen well to imaging were docu-
mented for each case. Additionally, the DWI-ASPECTS was
evaluated.

DSA and MT
The primary site of occlusion was determined on conventional
angiography. Tandem occlusions were also noted. However, only
intracranial occlusions were considered for SVS evaluation. MT
was performed by skilled interventional neuroradiologists

FIG 1. A 70-year-old male patient with acute ischemic stroke. The SVS is visible on SWI (A) as a
distinct, circumscribed signal loss along the main trunk of the left MCA, representing the occlu-
sive thrombus. Complete occlusion of the left MCA main trunk (M1 segment) is also seen on the
arterial TOF sequence (B) and on DSA (C). Yellow crosshairs are centered on the proximal end of
the vessel occlusion on SWI (A) and arterial TOF (B). The arrow points to the proximal end of
the vessel occlusion on SWI, arterial TOF and DSA.
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according to the current clinical practice guidelines and institu-
tional protocols. The expanded TICI score21 was documented after
the first pass and at the end of MT. Also, the total number of passes
performed during MT was recorded. First-pass reperfusion and
overall reperfusion were deemed successful if the expanded TICI
was 2b or better. DSA was screened for embolization into previ-
ously unaffected (ie, new) territories and for peri-interventional
complications (vasospasm, dissection, and perforation) by a
research fellow with 3 years of experience.

Outcome
The clinical outcome was assessed by evaluating the NIHSS
24 hours after treatment as well as the mRS and mortality
90 days after treatment. The NIHSS was evaluated by the
attending neurologist, whereas the mRS was evaluated by a
neurologist or a study nurse, in person or by a telephone call.
Early neurologic recovery was defined as a decrease in the
NIHSS score 24 hours after treatment compared with admis-
sion, whereas functional independence was defined as mRS#
2. Symptomatic intracranial hemorrhage within 48 hours after
MT was assessed according to the European Cooperative
Acute Stroke Study (ECASS II).22

Statistical Analysis
Data analysis was performed using the SPSS Software (Version
25.0; IBM). Continuous variables were compared using the Mann-
Whitney U test, whereas categoric variables were compared using
the x 2 test. Multivariable binary logistic regression analyses were
performed to determine the association between baseline parame-
ters, tandem occlusion, and successful reperfusion, as well as func-
tional independence and mortality at 90days with the SVS.
Adjustment was performed for all cofactors with P, .15 (sex, dia-
betes mellitus, prestroke mRS.2, antiplatelet therapy, diastolic
blood pressure, admission glucose, admission NIHSS, primary site
of occlusion, tandem occlusion, and DWI-ASPECTS) as well as for
additional cofactors that are known or suspected to influence the
variables of interest (ie, age, sex, bridging therapy, stroke subtype,

and symptomatic intracranial hemor-
rhage). Sensitivity analyses excluding
patients with prestroke mRS . 2 were
performed for functional independence
and mortality at 90 days. Interrater reli-
ability was determined by calculating the
Cohen k. Results with 2-tailed P values
, .05 were considered statistically signifi-
cant and are shown as median compari-
sons with respective P values or as an
adjusted OR (aOR) with 95% CIs.

RESULTS
From January 2010 to December 2018,
one thousand three hundred seventeen
patients underwent MT for AIS at our
hospital. In 676 patients, an MR imaging
was acquired on admission, and SWI
was available for 614 of them. SVS status

was assessable in 93.4% patients (n ¼ 577; 37 were excluded due
to very poor-quality SWI or technically undeterminable SVS sta-
tus) of whom 87.5% (n ¼ 505/577) were categorized as SVS1.
An overview of the patient-selection process can be found in the
Online Supplemental Data. SVS prevalence tended to be higher
among patients who had received IV thrombolysis before MR
imaging, but this difference was not statistically significant (87.5%
versus 78.6%; P¼ .076). Patients for whom the SVS was assessable
did not differ significantly from patients with an unassessable SVS
with regard to demographics and key outcome parameters
(Online Supplemental Data). However, AIS patients with an
admission CT instead of an admission MR imaging had signifi-
cantly higher admission NIHSS scores, higher NIHSS scores at
24 hours, lower reperfusion rates, lower rates of functional inde-
pendence at 90 days, and higher mortality rates at 90 days (Online
Supplemental Data). Interrater reliability for SVS classification
was strong (k ¼ 0.873, P, .001). The results for both the SVS–
and the SVS1 group are listed in the Online Supplemental Data.

The SVS– group had a higher percentage of female patients
(62.5% versus 49.7%; P¼ .042), more patients diagnosed with di-
abetes mellitus before stroke (27.8% versus 12.7%; P¼ .001),
more patients with prestroke dependency (mRS. 2: 16.7% ver-
sus 7.1%; P¼ .005), and higher DWI-ASPECTS (8 versus 8;
P¼ .006). Vessel occlusions in the anterior circulation tended to
be seen more often in the ICA and proximal MCA (M1) for the
SVS1 group and more often in the distal MCA (M2 and M3) for
the SVS– group (ICA¼ 8.3% versus 16.4%; M1 ¼ 50.0% versus
53.1%; M2¼ 25.0% versus 21.4%; M3 ¼ 0.6% versus 1.4%;
P¼ .013). By contrast, the SVS1 group had more tandem occlu-
sions (19.2% versus 5.6%; P¼ .004). None of the other baseline
characteristics differed between the 2 groups.

In a multivariable logistic regression model, diabetes mellitus
before stroke (aOR, 0.431; 95% CI, 0.204–0.912; P¼ .028) and
prestroke dependency (mRS. 2: aOR, 0.390; 95% CI, 0.174–
0.875; P¼ .022) were associated with SVS– after adjusting for all
factors with P, .15 (Online Supplemental Data). Although the
SVS– group had a higher percentage of female patients, the same

FIG 2. A 48-year-old female patient with acute ischemic stroke. SWI shows no SVS (A).
Complete proximal occlusion of the left MCA main trunk (M1 segment) is seen on the arterial
TOF sequence (B) and on DSA (C). Yellow crosshairs are centered on the proximal end of the
vessel occlusion on SWI (A) and arterial TOF (B). The arrow points to the proximal end of the
vessel occlusion on SWI, arterial TOF, and DSA.
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model showed no association between sex and SVS status (aOR,
0.680; 95% CI, 0.373–1.239; P¼ .208).

In a second model in which we compared patients on the basis
of the presence of tandem pathology and adjusted for all covariates
with P, .15 (Online Supplemental Data), tandem occlusions were
associated with SVS1 intracranial vessel occlusions (aOR, 3.328;
95% CI, 1.112–9.965; P¼ .032).

Association between the SVS and Reperfusion
Patients with SVS1 intracranial vessel occlusions had a higher
rate of successful reperfusion after MT (84.6% versus 72.2%;
P¼ .009). Notably, the presence of the SVS had no influence on
the number of passes performed during MT (1 versus 1; P¼ .552),
the first-pass reperfusion (58.6% versus 52.9%; P¼ .382), or the
likelihood of peri- or postinterventional complications (sympto-
matic intracranial hemorrhage: 4.2% versus 5.6%, P¼ 0591; embo-
lization into previously unaffected [ie, new] territories: 4.2% versus
1.4%, P¼ .250; peri-interventional complications: 14.3% versus
16.7%, P¼ .592). In a third logistic regression model adjusted for
all covariates with P, .15 (Online Supplemental Data) as well as
for age, bridging therapy, and stroke subtype, SVS1 was associated
with successful reperfusion after MT (expanded TICI score$ 2b:
aOR, 2.864; 95% CI, 1.442–5.691; P¼ .003). This observation did
not change regardless of whose rating (rater 1 or 2) was used for
analysis (Online Supplemental Data).

Association between the SVS and Clinical Outcome
The SVS1 group showed superior early recovery 24 hours after
treatment (NIHSS improvement: �4 versus �2; P¼ .001) and a
better clinical outcome 90days after treatment (mRS# 2: 55.4%
versus 38.9%; P¼ .004). Mortality was higher in the SVS– group
(33.3% versus 16.4%; P¼ .001). Figure 3 shows the mRS distribu-
tion according to SVS status. In two separate multivariable
regression models adjusted for the effects of all cofactors with
P, .15 (Online Supplemental Data) as well as clinical predictors
of good outcome (age, stroke subtype, bridging therapy, success-
ful reperfusion, and symptomatic ICH), SVS1 was associated
with a lower mRS score (mRS# 2: aOR, 2.062; 95% CI, 1.034–
4.115; P¼ .040) and lower mortality (aOR, 0.351; 95% CI, 0.167–
0.738; P¼ .006) 90 days after treatment. These observations did
not change regardless of the whose rating (rater 1 or 2) was used

for analysis (Online Supplemental Data). A sensitivity analysis
that excluded patients with prestroke mRS. 2 and was adjusted
for the first-line retrieval technique did not change these findings
either (Online Supplemental Data).

DISCUSSION
The main findings of this study are the following: The SVS was
present in 87.5% (n=505) of patients treated with MT for intra-
cranial vessel occlusion and was associated with tandem occlusion
as well as successful reperfusion. It was independently associated
with functional independence and lower mortality rates 90 days af-
ter treatment, even after adjusting for successful reperfusion and
showed no association with the number of passes performed dur-
ing MT, the first-pass reperfusion, or the peri- and postinterven-
tional complication rate.

While earlier studies included only a small number of
patients,2,3,8,9,18 more recent ones have examined the SVS in
larger study populations.10-12 However, because several impor-
tant questions remain, larger studies are required.12

Early publications reported an overall SVS prevalence of
� 50%2,3,8 in patients with AIS, whereas more recent studies have
indicated that the prevalence is around 70%.9-12,18 Our findings
suggest that the prevalence may be even higher. There are several
possible explanations for these differences: 1) Sample size among
the studies examining SVS varied widely, and small test popula-
tions may be prone to statistical inaccuracies that limit valid-
ity.11,12,23 2) The eligibility criteria for MR imaging may differ
between institutions and hospitals, leading to selection bias. For
instance, whereas some hospitals scan patients regardless of spe-
cial monitoring, others prefer CT when such monitoring is
required. However, the SVS distribution may be different in
patients whose condition is critical. 3) We only included patients
who had undergone MT; consequently, patients who showed
spontaneous reperfusion or had sufficient reperfusion after IV
thrombolysis were excluded. Despite some evidence to the con-
trary,2,3 most studies suggested that SVS1 intracranial vessel
occlusions (particularly in the ICA and MCA) are less amenable
to IV thrombolysis.8,24,25 Therefore, it is possible that the overall
prevalence is lower if MR imaging is always performed before IV
thrombolysis. 4) The comparability of SVS studies is often limited

FIG 3. Distribution of the mRS according to SVS status. Data are expressed as percentages and total values. Prestroke mRS . 2 for SVS1 versus
SVS–: 7.1% versus 16.7% (P¼ .005). Functional independence (mRS# 2) for SVS1 versus SVS– at 90days: 59.7% versus 40.6% (P¼ .004).
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owing to differing inclusion criteria (eg, ICA/M1 occlusions
only8 versus other occlusion patterns3). 5) Not all studies adopted
the same definition of SVS. Whereas some defined it as a signal
loss within the margins of an acutely occluded vessel,9 others con-
sidered the SVS to be present only if the diameter of the signal
loss exceeded that of the contralateral vessel.3 6) The sensitivity
for SVS may differ depending on the sequence (T2* gradient
recalled-echo versus SWI4) and the particular MR imaging scan-
ner used (ie, its field strength and manufacturer). The slightly
longer acquisition time for SWI compared with T2* gradient
recalled-echo sequences might be justified by the higher spatial
resolution of SWI, which provides better visualization of blood-
degradation products in distal or small thrombi and has proved
to increase SVS sensitivity.4 7) Indications for MT and access to
MR imaging have evolved considerably since the SVS was first
reported in 2000.1 Thus, study populations may differ signifi-
cantly between current and earlier studies.

MT is more effective with erythrocyte-rich than with fibrin-
rich thrombi.14,26,27 Because erythrocyte-rich clots are more likely
to result in an SVS1 intracranial vessel occlusion,5 SVS may also
predict successful reperfusion after MT. If so, it could function as
a noninvasive surrogate marker for thrombus composition.
Although many studies have addressed this question, only one
found an association between the SVS status and reperfusion suc-
cess after MT.9-12,18 Other than the present study, Darcourt et
al11,17 were the only investigators to report a significant relation-
ship between SVS1 intracranial vessel occlusions and successful
reperfusion after MT. This report raises the question of why earlier
studies found no association. Some of the previously mentioned
factors (ie, differing SVS definitions and variations in the sensitivity
of SVS detection) may play a role. In addition, Bourcier et al10

have suggested that first-line MT techniques may affect reperfusion
success in AIS patients with SVS. This hypothesis is currently being
investigated prospectively (adaptatiVe Endovascular Strategy to
the CloT MRI in Large Intracranial Vessel Occlusion [VECTOR]
trial; ClinicalTrials.gov Identifier: NCT04139486). Future studies
could also investigate whether certain stent-based retrieval techni-
ques are superior to others in terms of reperfusion and/or peri-
and postinterventional complication rates. Although our observa-
tions suggest that SVS1 thrombi are easier to retrieve via MT than
SVS– clots, most data so far suggest that they are less amenable to
intravenous thrombolysis. Future studies may examine the risks
and benefits of bridging therapy in patients with AIS, depending
on the SVS status.

Few data are available on the association of SVS status with
clinical outcome after MT. Bourcier et al18 reported lower NIHSS
scores 24hours after treatment and lower mRS scores 90 days af-
ter treatment in SVS1 patients but were not able to confirm the
finding in a later study with a larger study population.10 Darcourt
et al11 reported that SVS1 intracranial vessel occlusions were
associated with early neurologic recovery. To our knowledge, no
other studies have examined clinical outcome in relation to the
SVS after thrombectomy. Our data show superior early neuro-
logic recovery when the SVS was present. Furthermore, SVS1
was associated with better functional outcome and survival
90 days after treatment. Because these findings did not change af-
ter factoring in reperfusion success, other factors must have

contributed to cause worse outcomes in patients in whom the
SVS was absent. We hypothesized that atypical thrombi (septic28

or neoplastic29,30), which are likely to contain few erythrocytes31

and develop after a preceding illness, could be part of the expla-
nation. However, in an additional sensitivity analysis, clinical out-
come remained worse for the SVS–group when patients with
prestroke dependency (mRS. 2) were excluded.

Taking into account that SVS–was also associated with the di-
agnosis of diabetes mellitus before stroke, further studies on the
overall health of patients with SVS–intracranial vessel occlusions
are needed to identify underlying, non-stroke-related diseases
that may affect thrombus composition32 and could explain pre-
stroke dependency, worse outcome, and/or higher mortality
rates. According to our data, the occlusion site, for which we
adjusted in all our statistical analyses, did not influence reperfu-
sion success or clinical outcome. However, Aoki et al23 have sug-
gested differences in outcome for the proximal-versus-distal M1
SVS. Further studies are needed to determine whether the con-
clusions drawn about SVS as a potential imaging biomarker
depend on the affected vessel segment and/or circulation (ie, an-
terior versus posterior).

The number of passes performed during MT is a good indica-
tor of the difficulty of clot removal. Although Bourcier et al10 pro-
vided data on how often .2 passes were performed, none of the
other studies examining the association between SVS status and
reperfusion after MT have addressed this question.9,11,12,18 Our
data suggest that there is no difference between patients with
SVS1 and SVS– in this regard. However, the number of passes
performed is at the discretion of the neurointerventionalist in
charge and may vary depending on his or her experience and the
applicable standards as well as clinical and environmental factors.
Although all MTs evaluated in this study were performed by
skilled experts, comparability with future studies from different
institutions might be limited as a consequence. Further research
is necessary to establish reliable guidelines on appropriate MT
strategies and the safe number of passes, depending on clinical
aspects and imaging characteristics of the occlusive clot.

We hypothesized that intracranial vessel occlusions caused by
thromboembolic incidents originating from arteriosclerotic pla-
ques or dissections of the carotid arteries tend to contain a higher
number of trapped erythrocytes with deoxygenated hemoglobin
(deoxyhemoglobin, intracellular methemoglobin, or hemosid-
erin) and, thus, are more likely to be SVS1. Our data support
that assumption; 96.0% of patients with severe stenosis or dissec-
tion of the carotid arteries had an SVS1 intracranial vessel occlu-
sion. However, we found no association between SVS status and
stroke subtypes according to the TOAST classification. Although
there are some data indicating that SVS1 is associated with a car-
dioembolic stroke cause,3,9 an equal number of studies have
found no association between SVS status and stroke subtype
whatsoever.8,10 Some contraindications to MR imaging (pace-
makers, implantable cardioverter-defibrillators, and other metal
implants) may have altered the distribution of stroke subtypes in
our patient cohort because patients with certain pre-existing
medical conditions (eg, heart disease) could have been excluded
disproportionately. Advances in the development and increasing
use of MR imaging–compatible medical devices could allow the
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inclusion of those patients in future studies. The initial SVS status
of intracranial vessel occlusions that resolved without MT may
have some diagnostic value with regard to etiology.3,9 Further
research on how spontaneous reperfusion and the efficiency of
IV thrombolysis relate to SVS status is required before the poten-
tial of SVS as an imaging biomarker for stroke subtype can be
evaluated reliably.

Limitations
This was a retrospective single-center study, which may limit gen-
eralizability. Patients who were not eligible for MR imaging or
showed an undeterminable SVS were excluded, possibly causing
selection bias. A previous study has shown that baseline criteria
and reperfusion outcome of patients with stroke may differ
depending on initial imaging technique.33 Because most studies
examining SVS in patients with AIS used T2* gradient recalled-
echo sequences, comparability with our study is limited. Although
the SVS may give some indication about clot histology, clot compo-
sition, which may also impact reperfusion success, was not quanti-
fied. The SVS– and SVS1 groups could not be compared with
regard to thrombus length and clot burden because the thrombus
could only be visualized in patients who showed the SVS. There
was no adjustment for occlusions that crossed vessel sections and
affected multiple branches (ie, M1–M2), though this aspect might
impact first-pass reperfusion and overall reperfusion. Good collat-
eral circulation has been associated with better reperfusion,34 but
because contralateral angiography was not performed systemati-
cally, we were not able to adjust for this factor. We also did not
check for early re-occlusion. Future studies could evaluate whether
SVS status affects the sustainability of any achieved reperfusion.
First-pass expanded TICI, the NIHSS score 24hours after treat-
ment, and clinical outcome at 90 days could not be assessed for ev-
ery patient because angiography was not always performed after
the first pass and a few patients were lost to follow-up. The result-
ing data gaps constitute another source of potential selection bias.

CONCLUSIONS
The SVS is an MR imaging phenomenon frequently observed in
patients with AIS, which is associated with successful reperfusion
and superior clinical outcome after MT. Our study shows the
potential benefits of assessing the SVS in the acute stroke setting.
Knowledge of SVS status may influence treatment decisions,
improve follow-up care, and refine the assessment of prognosis.
Future research will need to assess the diagnostic value of SVS
regarding clot composition and patient comorbidities, which may
help explain the differences in reperfusion success and clinical out-
come observed in this study. However, decisions regarding imag-
ing technique should be made on a case-by-case basis, depending
on availability and the patient’s clinical condition. Future studies
will have to evaluate the overall clinical value of SVS assessment
before it can be considered in the diagnostic process.
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Impact of Implementing an Elaborated CT Perfusion Protocol
for Aneurysmal SAH on Functional Outcome:

CTP Protocol for SAH
V. Malinova, K. Döring, M.-N. Psychogios, V. Rohde, and D. Mielke

ABSTRACT

BACKGROUND AND PURPOSE: The acute phase of aneurysmal SAH is characterized by a plethora of impending complications
with the potential to worsen patients’ outcomes. The aim of this study was to evaluate whether an elaborated CTP-based imaging
protocol during the acute aneurysmal SAH phase is able to prevent delayed infarctions and contribute to a better outcome.

MATERIALS AND METHODS: In 2012, an elaborated CTP-based protocol was implemented for the management of patients with
aneurysmal SAH. Retrospective analysis of patients with aneurysmal SAH treated from 2010 to 2013 was performed, comparing the
patients treated before (group one, 2010–2011) with those treated after the protocol implementation (group two, 2012–2013) with
regard to delayed infarctions and outcome according to the mRS at 3-months’ follow-up.

RESULTS: A total of 133 patients were enrolled, of whom 57 were included in group 1, and 76, in group 2. There were no significant
differences between the groups concerning baseline characteristics. In the multivariate analysis, independent predictors of a good
outcome (mRS# 2) were younger age (P, .001), lower World Federation of Neurosurgical Societies grade (P, .001), absence of
delayed infarction (P¼ .01), and management according to the CTP protocol (P¼ .01). Larger or multiple infarctions occurred signifi-
cantly more often in group 1 compared with group 2 (88% versus 33% of all delayed infarctions, P¼ .03). The outcome in group 2
was significantly better compared with group 1 (P¼ .005).

CONCLUSIONS: The findings suggest that implementation of an elaborated CTP protocol is associated with a better outcome. An earlier
initiation of further diagnostics and treatment with prevention of large territorial and/or multiple infarctions might have led to this finding.

ABBREVIATIONS: aSAH ¼ aneurysmal subarachnoid hemorrhage; DCI ¼ delayed cerebral ischemia; DIND ¼ delayed ischemic neurologic deficits; ERT ¼
endovascular rescue therapy; TCD ¼ transcranial Doppler sonography; WFNS ¼ World Federation of Neurosurgical Societies

Aneurysmal SAH (aSAH) is a potentially lethal cerebrovas-
cular disease due to primary and secondary brain function

disturbances requiring elaborated treatment protocols in cere-
brovascular centers with a thorough expertise in this field.1 In
particular, the first 2 weeks after aneurysm rupture represent
the most critical phase of aSAH, associated with impending
complications with the risk of substantially worsening the func-
tional outcome.2,3 The focus of most diagnostic and therapeutic
measures in the acute phase after aSAH is preservation of suffi-
cient cerebral perfusion with the aim of prevention of secondary
brain injury. CTP has been increasingly implemented in

imaging protocols for early prediction and detection of delayed
cerebral ischemia (DCI) after aSAH.4-9 Nevertheless, there is a
substantial heterogeneity in the CTP protocols used in different
centers, not allowing general conclusions concerning the benefi-
cial role of CTP protocols for the management of patients with
aSAH in clinical practice. Despite the increased use of CTP, its
actual diagnostic and prognostic value has not yet been com-
pletely determined. In 2012, an interdisciplinary imaging proto-
col was drawn up (neurosurgery and neuroradiology) at our
institution (University Medical Center Göttingen) to facilitate a
uniform management of patients with aSAH in the acute phase
after ictus. Before 2012, CTP was performed only on an individ-
ual basis. The aim of this study was to investigate whether an
elaborated CTP-based imaging protocol during the acute aSAH
phase contributes to earlier identification of patients at risk for
developing DCI and prevention of delayed infarction. Our hy-
pothesis was that an elaborated CTP-based protocol would lead
to a lower incidence of delayed infarction or to smaller infarc-
tions and therefore would result in a better clinical outcome.
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MATERIALS AND METHODS
Patient Population
This study was conducted according to the principles of the
Declaration of Helsinki.10 The study (No. 16/9/20) was approved
by the local Ethics Committee of University Medicine Göttingen.
A patient’s consent for treatment was obtained according to the
individual institutional guidelines. Due to the retrospective analysis
of the data for this study, additional informed consent was deemed
unnecessary.

A consecutive cohort of patients with aSAH treated at our
department in a 4-year period was retrospectively analyzed. The
inclusion criterion was complete data availability concerning the
baseline characteristics, the ischemic complications, and the func-
tional outcome. Patients treated before 2010 could not be
included because of unavailability of complete data. Because the
CTP protocol was implemented in 2012, group 1, in which CTP
was performed on an individual basis, consisted of all patients
treated between January 2010 and December 2011. Group 2, in
which the CTP protocol was applied, consisted of the patients
treated between January 2012 and December 2013. While man-
agement of patients with SAH using the CTP protocol was con-
tinued after December 2013, we decided to compare similar
study periods to avoid data distortion during statistical analysis
and eliminate possible confounders. Both groups were compared
regarding the detection and management of ischemic complica-
tions as well as functional outcome.

All patients were admitted to the intensive care unit, where
they were treated for at least 14 days after the bleeding. Aneurysm
occlusion was performed within 48hours after rupture by either
microsurgical clipping or endovascular coiling. Patients who
were admitted later were excluded. A CT scan was performed
4 hours after aneurysm treatment. Any infarction seen on that
CT scan was considered treatment-associated and not related to
DCI. Nimodipine was routinely administered orally or intrave-
nously for 14 days in every patient. A neurologic assessment was
performed 3 times per day (once in every shift) in all patients
who were neither comatose nor sedated. Normotension and
normovolemia were initially targeted in all patients. Blood flow
velocities within the MCA were measured by transcranial
Doppler sonography (TCD) daily for 14 days in all patients. In
case of suspected DCI either clinically or radiologically, hyperten-
sion was initiated with a target systolic arterial pressure of 160–
180mm Hg. In case of refractory vasospasm with perfusion defi-
cits, endovascular rescue therapy (ERT) was indicated, consisting
of either dilation (proximal vasospasm), intra-arterial nimodipine
administration (distal vasospasm), or both. The baseline charac-
teristics were extracted from the patients’ medical records. The
functional outcome at 3months’ follow-up was documented dur-
ing the follow-up examination of the patients in the neurosurgical
outpatient department.

CTP Protocol
In 2012, a CTP-based imaging protocol was elaborated for the
management of patients with aSAH.5 CT combined with CTA
and CTP was performed routinely in all comatose/sedated
patients on days 3–5 after the bleeding event. Additionally, CT,
CTA, and CTP were performed in cases of delayed ischemic

neurologic deficits (DIND) or TCD vasospasm and in case of an
increase in the velocity acceleration of blood flow of .50 cm/s
within 24hours (Fig 1). The CTP parameters were analyzed quali-
tatively and quantitatively using cutoff values that have been previ-
ously published elsewhere.6 Whole-brain volume CTP data were
generated on a 128-section multidetector CT scanner (Definition
AS1; Siemens). The acquisition of images was initiated 4 seconds
after a bolus of contrast medium, iopamidol (Imeron 400; Bracco)
was injected (36mL of contrast medium with a flow rate of 6mL/s
followed by 36mL of saline solution with a flow rate of 6mL/s).
For CTP, we used the following parameters: tube settings ¼ 80kV;
200 effective mAs; rotation time ¼ 0.6 seconds; maximum pitch ¼
0.5; collimation ¼ 32 � 1.2mm; scan time ¼ 45.0 seconds; scan
length ¼ 84mm; volume CT dose index ¼ 218.99 mGy; dose-
length product¼ 2505 mGy� cm; effective dose¼ 5.3 mSv.

CTP was used to detect “tissue at risk,” to diagnose hemody-
namically relevant vasospasm, and to initiate treatment (ie,
induced hypertension). In case of refractory hemodynamically
relevant severe vasospasm, ERT was additionally performed.

Definition of Primary End Points
TCD vasospasm was defined as an increase in blood flow velocity
of .120 cm/s. DIND were defined as new focal or global neuro-
logic deterioration in unsedated or comatose patients if other
possible causes could be excluded. Delayed infarction was defined
as newly diagnosed infarction on CT after excluding treatment-
associated infarction. The incidence of delayed infarction as well
as the extent of infarction (small infarctions versus large territo-
rial and/or multiple infarctions) was evaluated. The functional
outcome was assessed according to the mRS 3months after ictus.
Good outcome was considered mRS# 2. The effective radiation
exposure was calculated by summing the radiation doses of every
examination performed with ionizing radiation and was con-
verted to millisieverts. The effective dose for the DSA was calcu-
lated by applying the following equation: Effective Dose (mSv) ¼
DAP (dose-area product) (mGy � cm2) � Conversion Factor
(mSv/mGy � cm2). We applied a commonly used conversion
factor for DSA of 0.087 mSv (Gy� cm2)-1: https://www.iaea.org/
resources/rpop/health-professionals/interventional-procedures/
radiation-doses-in-interventional-fluoroscopy#5. The effective
dose of CTP can differ depending on the scanner parameters.

FIG 1. Flow chart of the CTP protocol. BFV indicates blood flow
velocity.
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Thus, we calculated the effective dose of CTP on the scanner at
our department of neuroradiology by means of the CT Expo soft-
ware (http://sascrad.com/information/downloads/).11

Statistical Analysis
The statistical analyses were performed by means of GraphPad
Prism software (Version 8; GraphPad Software). The normality of
the data was evaluated using data-distribution tests. Nonparametric
tests (Mann-Whitney U test) were applied for the analysis of non-
normally distributed data, and a t test was used for normally distrib-
uted data. For the presentation of baseline data, descriptive statistics
and frequency distribution analysis were performed. Multivariate
linear regression analysis was performed to identify independent
predictors.

RESULTS
A total of 133 patients were enrolled in the study, of whom 57
patients were included in group 1 and 76 patients in group 2. The
mean age of the patients was 53.9 (SD, 18.8) years (range, 21–
86 years); 68.4% (91/133) of all included patients were women. A
good World Federation of Neurosurgical Societies (WFNS) grade
(I–III) was found in 52.6% (70/133), and a good Fisher grade (1–
2), in 11.3% (15/133) of the patient population. The baseline char-
acteristics of both patient groups are summarized in Table 1, show-
ing no significant differences between the patient populations.

Imaging Findings
Several differences could be detected between the groups with
regard to the radiologic examinations performed. Expectedly, CTP
was significantly more frequently performed in group 2 compared
with group 1 (mean number of CTPs in group 2 ¼ 1.3 [SD, 1.2],
ranging from 0 to 5 compared with 0.5 [SD, 0.9], ranging from 0
to 4 in group 1; Mann-Whitney U test, P, .001). CTA was also
more frequently performed in group 2 compared with group 1

(mean number of CTAs ¼ 1.9 [SD,
1.1], ranging from 0 to 5 in group 2
compared with 1.1 [SD, 0.8], ranging
from 0–3 in group 1; Mann-Whitney U
test; P, .001). The first CTP was, on
average, performed on day 8 after
bleeding (mean, 8.2 [SD, 3.5] days,
ranging from 2 to 14days) in group 1
and on day 4 (mean, 4.1 [SD, 2.3] days,
ranging from 3 to 12days) in group 2.
Diagnostic DSA was, however, more
frequently performed in group 1 than
in group 2 (mean number of DSAs in
group 1 ¼ 1.2 [SD, 0.7], ranging from
0 to 3 compared with 0.8 [SD, 0.6],
ranging from 0 to 2 in group 2; Mann-
Whitney U test, P¼ .0005). Most inter-
esting, nonenhanced CT scans were
also significantly more frequently per-
formed in group 1 compared with
group 2 (mean number of CT scans ¼
5.5 [SD, 3.7], ranging from 1 to 25 in
group 1 compared with 4.4 [SD, 1.9]

ranging from 2 to 10 in group 2; Mann-Whitney U test, P¼ .03).
Despite these differences, we found no significant difference in the
mean cumulative radiation exposure (25.5 [SD, 14.3] mSv in group
1 versus 25.8 [SD, 19.2] mSv in group 2; Mann-Whitney U test,
P¼ .92) between the 2 groups. The mean calculated effective dose
for DSA in our study was 7.8 (SD, 2.4) mSv. The calculated effec-
tive dose for CTP in our study was 5.3 mSv.

Primary End Points
TCD vasospasm was detected in 58% (33/57) in group 1 and in
51% (39/76) in group 2 (Fisher exact test, P¼ .46). DIND devel-
oped in 8.8% (5/57) of the patients in group 1 compared with
19.7% (15/76) of the patients in group 2 (Fisher exact test,
P¼ .09). The incidence of ischemic complications is shown in Fig
2. Induced hypertension was performed in 50.9% of the patients
in group 1 and in 51.3% of the patients in group 2. ERT for the
treatment of refractory, severe vasospasm was significantly more
often performed in group 2 (ERT in group 2 in 15.8% [12/76
patients] and in 8.8% [5/57 patients] in group 1; Mann-Whitney
U test, P¼ .004). In group 1, four patients underwent angioplasty
alone and 1 patient had a combination of angioplasty and nimo-
dipine. In group 2, five patients had angioplasty, 3 patients
received intra-arterial nimodipine alone, and 4 patients had both.
In those with DIND, only 1 of the 5 patients underwent ERT in
group 1, which improved after ERT. In group 2, six patients with
DIND underwent ERT, of whom 5 patients improved after ERT
and 1 patient had permanent deficits despite ERT. Delayed in-
farction was detected in 19.3% (11/57) in group 1 and in 15.8%
(12/76) in group 2 (Fisher exact test, P¼ .64).

Considering the extent of infarction, large territorial and/or
multiple infarctions were statistically significantly more frequently
detected in group 1 (88.8% of all delayed infarctions) compared
with group 2 (33.3% of all delayed infarctions, Fisher exact test,
P¼ .03) (Fig 3). In group two, 58% of patients undergoing ERT

Table 1: Baseline characteristics in both patient groups
Characteristics Group 1 Group 2 P Value

No. of patients 57 76
Mean age (range) (yr) 53.3 (SD, 15.2) (21–84) 54.4 (SD, 12.9) (29–86) .64
Sex
Male (%) 21/57 (36.8%) 21/76 (27.6%) .26
Female (%) 36/57 (63.2%) 55/76 (72.4%)

WFNS grade
I–III (%) 28/57 (49.1%) 42/76 (55.3%) .48
IV–V (%) 29/57 (50.9%) 34/76 (44.7%) .41
Mean (95% CI) 3.1 (2.7–3.6) 2.9 (2.5–3.2)

Fisher grade
1–2 (%) 7/57 (12.3%) 8/76 (10.5%) .75
3–4 (%) 50/57 (87.7%) 68/76 (89.5%) .97
Mean (95% CI) 3.4 (3.2–3.6) 3.4 (3.3–3.6)

Multiple aneurysms 12/57 (21.1%) 18/76 (23.7%) .72
Aneurysm location
Anterior incl. posterior
communicating artery

46/57 (80.7%) 64/76 (84.2%) .59

Posterior 11/57 (19.3%) 12/76 (15.8%)
Aneurysm treatment
Clipping 34/57 (59.6%) 44/76 (57.9%) .84
Coiling 23/57 (40.4%) 32/76 (42.1%)

Note:—incl. indicates including.
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had no infarction and 42% developed delayed infarction despite
ERT, of whom only 1 patient had multiple territorial infarctions. In
group one, 60% of the patients undergoing ERT developed multiple
and/or territorial delayed infarction and 40% had no infarction.
The functional outcome of the patients in group 2 (median mRS at
3months ¼ 1, interquartile range ¼ 0–3.8) was statistically signifi-
cantly better compared with the patients in group 1 (median mRS
at 3months ¼ 3, interquartile range ¼ 0–6; Mann-Whitney U test,
P¼ .005) (Fig 4). In the multivariate analysis, independent predic-
tors of good functional outcome were younger age (P, .001), lower
WFNS grade (P, .001), the absence of delayed infarction
(P, .001), and treatment according to the CTP protocol
(P, .001). The results of the multivariate analysis are summarized
in Table 2. A lower WFNS grade (P¼ .01) and treatment according
to the CTP protocol (P¼ .03) were the only independent predictors
of large territorial and/or multiple infarctions in a multivariate anal-
ysis, including well-known predictors in the analysis such as Fisher
grading, WFNS grading, DIND, ERT, and CTP protocol (Table 3).

DISCUSSION
The case fatality of aSAH has decreased by 17% during the past 3
decades, and the functional outcome of the survivors of aSAH is
continuously improving due to advances in diagnostics and treat-
ment of impending complications after the bleeding.3,12 Because
aSAH affects younger patients compared with other stroke types,
the aspired goal is to increase the proportion of patients reaching
full functional recovery with no or minimal long-term disability.
Pursuing the goal of early DCI prediction and detection, which, if

left untreated, results in infarctions
and long-term disability, we imple-
mented, in 2012, an elaborated CTP-
based protocol in addition to the
institutional standards for aSAH man-
agement.5,13 In the present study, we
have evaluated the impact of that
CTP-based protocol on functional
outcome, comparing 2-year treatment
periods before and after the adoption
of the protocol. We have chosen the
same 2-year interval before and after
the protocol implementation to reduce
bias introduced by a longer study pe-
riod (eg, technical advancements in
ERT, experience of the neuroradiolo-

gist and neurosurgeon), thereby accepting lower patient numbers.
The data consistency could be confirmed by comparing the base-
line characteristics and excluding significant differences between
the 2 patient groups.

Ischemic Complications and Functional Outcome with
and without CTP Protocol
The proportion of patients reaching a better outcome was signifi-
cantly higher in the patient group treated according to the prede-
fined protocol. Several previously published studies reported on
the early prediction of functional outcome after aSAH by CTP,
which allowed the possibility of influencing the outcome by ini-
tiating further measures for preventing permanent neurologic
disability.14-16 Delayed infarction is one of the strongest contribu-
tors to permanent disability after aSAH, which was earlier shown
to be predictable by early CTP.17-21 Although the incidence of
delayed infarction in our study was higher in the patient group
treated without a predefined protocol, the difference was not stat-
istically significant. However, the proportion of large, territorial,
and/or multiple infarctions was significantly higher among the
patients treated before the protocol implementation, possibly
explaining the worse outcome in this patient group. Additionally,
ERTs were significantly more frequently indicated after the pro-
tocol adoption. A more reliable identification of patients requir-
ing ERT might be the reason for preventing large territorial and/
or multiple infarctions in the patient group treated according to
the predefined CTP protocol and, hence, might have contributed
to a better outcome in this treatment group.

FIG 3. Examples of large territorial and multiple infarctions (A and B) and smaller infarctions
affecting only a part of a vessel territory (C and D).

FIG 2. Incidence of vasospasm and ischemic complications in both groups, showing no significant difference for either DIND or delayed
infarction.
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Similar results were recently published by Omoto et al,22 who
reported that CTP routinely performed between days 5 and 9 after
ictus was an effective measure for indicating ERT. However, the
number of patients receiving ERT in our study was too small to
allow conclusions concerning its effectiveness. Furthermore, the
role of ERT has not yet been ultimately defined, and indication
criteria are yet to be established. Expectedly, we found different
practices when indicating further radiologic examinations by com-
paring both treatment groups. While CTP and CTA were more fre-
quently scheduled after the CTP protocol implementation, the
number of diagnostic DSA and CT scans significantly decreased,
indicating a more targeted indication for DSA in patients who

might require ERT as well. When we took into account the inva-
siveness of DSA and the mostly higher radiation exposure associ-
ated with DSA compared with CTP, this approach seems to be
more targeted to the management of patients with aSAH by acquir-
ing direct information about the cerebral perfusion and not only
cerebral vasospasm. Although DSA remains the criterion standard,
the combination of CTA and CTP has been shown to be a valid
noninvasive alternative to DSA for the diagnosis of vasospasm.23-25

The differences in the use of radiologic examinations, how-
ever, might also be the reason why the calculated cumulative radi-
ation exposure did not significantly differ between treatment
groups, despite the increased use of CTP. CTP is associated with
relevant radiation exposure, which has to be considered while
elaborating CTP-based treatment protocols. Effective radiation
doses ranging from 3.8 to 22.1 mSv have been calculated for CTP,
varying depending on the tube voltage.26 A meticulous risk-strati-
fication of patients is necessary to allow a more targeted indica-
tion for performing CTP.27 While the value of TCD for detection
of cerebral vasospasm is well-established, its role in diagnosing
symptomatic vasospasm is rather controversial.28,29 TCD alone
(blood flow velocity . 120 cm/s) has a low sensitivity of only
63% for identifying patients at risk for developing DCI.29

Therefore, a combination including additional imaging such as
CTP is useful to facilitate a more reliable identification of patients
at risk for DCI.5 A clinical evaluation and TCD were used to bet-
ter identify patients at risk for DCI in whom CTP was indicated,
and routine CTP was performed only in comatose and/or sedated
patients. Ditz et al21 followed a similar approach, analyzing CTPs
performed in unconscious patients with aSAH and found that
CTP could identify DCI-related hypoperfusion but could not pre-
vent all delayed infarctions in this population. The CTP protocol
could not prevent all delayed infarctions in our study but was
associated with smaller infarctions compared with the patient
population treated before the protocol adoption. The findings of
our study support the concept of elaborating imaging protocols in
patients with aSAH, providing direct information about cerebral
perfusion and allowing a more targeted treatment-planning, which

ideally might result in a better outcome.
Further evaluation of CTP protocols
with regard to the indication for further
diagnostics and treatment is needed,
applying a prospective study design to
better use the information about cere-
bral perfusion gathered by CTP.

Limitations of the Study
A limitation of the study is the retro-
spective nature, with the resulting
shortcomings leading to the small
number of included patients because of
incomplete data availability before
2010. Due to the retrospective data ac-
quisition, we cannot exclude individual
decision-making for performing ERT
in some patients. The effectiveness of
ERT is considered a confounder
because the indication for ERT was

Table 2: Multivariate analysis for prediction of functional outcome at
3months’ follow-up

Variables Estimate SD (95% CI) t P Value
Age 0.05746 0.01000 (0.03766–0.07725) 5.743 ,.001a

WFNS grade 0.5963 0.09633 (0.4057–0.7869) 6.191 ,.001a

Fisher grade 0.2520 0.2206 (�0.1850–0.6890) 1.142 .25
Delayed infarction 1.827 0.3828 (1.070–2.585) 4.773 ,.001a

CTP protocol �0.9287 0.2728 (�1.469–0.3889) 3.406 ,.001b

ERT �0.6650 0.4308 (�1.517–0.1876) 1.544 .12
a Highly significant, multivariate regression analysis.
bModerately significant, multivariate regression analysis.

Table 3: Multivariate analysis for prediction of delayed, large territorial and/or
multiple infarctions

Variables Estimate SD (95% CI) t P Value
CT protocol �0.1070 0.0512 (�0.2084–0.0055) 2.088 .03a

WFNS grade 0.5963 0.09633 (0.4057–0.7869) 6.191 .01a

Fisher grade 0.0080 0.0412 (0.0896–0.0735) 0.1956 .84
DIND 0.0637 0.0733 (�0.0814–0.2089) 0.8692 .38
ERT �0.6650 0.4308 (�1.517-0.1876) 1.544 .12

a Significant, multivariate regression analysis.

FIG 4. Comparison of functional outcome (mRS at 3months’ follow-
up) showing significantly better functional outcome in group 2 com-
pared with group 1 (Mann-Whitney U test, P¼ .0005).
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consistently based on the CTP findings in group 2, whereas the de-
cision to perform ERT in group 1 was made individually and CTP
was only performed sporadically. The improvement of ERT techni-
ques across time might have impacted the functional outcome as
well. Cognitive impairment was not considered during the evalua-
tion of patients’ outcomes, another limitation of the study.

CONCLUSIONS
The findings of the study suggest that implementation of an elabo-
rated CTP protocol is associated with a better outcome. An earlier
identification of patients with impending DCI and early initiation of
further diagnosis and treatment, with prevention of large territorial
and/or multiple infarctions, might have led to this finding. An elabo-
rated CTP protocol might be a suitable measure for a more reliable
ERT indication, which has to be addressed in a prospective study.
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ORIGINAL RESEARCH
ADULT BRAIN

Spiral 2D T2-Weighted TSE Brain MR Imaging:
Initial Clinical Experience

E. Sartoretti, S. Sartoretti-Schefer, L. van Smoorenburg, C.A. Binkert, A. Gutzeit, M. Wyss, and T. Sartoretti

ABSTRACT

BACKGROUND AND PURPOSE: Spiral MR imaging may enable improved image quality and higher scan speeds than Cartesian trajec-
tories. We sought to compare a novel spiral 2D T2-weighted TSE sequence with a conventional Cartesian and an artifact-robust,
non-Cartesian sequence named MultiVane for routine clinical brain MR imaging.

MATERIALS AND METHODS: Thirty-one patients were scanned with all 3 sequences (Cartesian, 4 minutes 14 seconds; MultiVane, 2
minutes 49 seconds; spiral, 2 minutes 12 seconds) on a standard clinical 1.5T MR scanner. Three readers described the presence and
location of abnormalities and lesions and graded images qualitatively in terms of overall image quality, the presence of motion and
pulsation artifacts, gray-white matter differentiation, lesion conspicuity, and subjective preference. Image quality was objectivized
by measuring the SNR and the coefficients of variation for CSF, GM, and WM.

RESULTS: Spiral achieved a scan time reduction of 51.9% and 21.9% compared with Cartesian and MultiVane, respectively. The num-
ber and location of lesions were identical among all sequences. As for the qualitative analysis, interreader agreement was high
(Krippendorff a. .75). Spiral and MultiVane both outperformed the Cartesian sequence in terms of overall image quality, the pres-
ence of motion artifacts, and subjective preference (P, .001). In terms of the presence of pulsation artifacts, gray-white matter dif-
ferentiation, and lesion conspicuity, all 3 sequences performed similarly well (P. .15). Spiral and MultiVane outperformed the
Cartesian sequence in coefficient of variation WM and SNR (P, .01).

CONCLUSIONS: Spiral 2D T2WI TSE is feasible for routine structural brain MR imaging and offers high-quality, artifact-robust brain
imaging in short scan times.

ABBREVIATIONS: CV ¼ coefficient of variation; SENSE ¼ sensitivity encoding

T2WI sequences are essential components of every clinical
MR imaging protocol. Specifically, the T2 contrast is particu-

larly useful to analyze brain anatomy, CSF spaces, and parenchy-
mal lesions.

Currently, most clinical institutions rely on axially acquired car-
tesian 2D T2WI TSE sequences.1 These sequences offer a relatively
short scan time (especially when accelerated by means of parallel
imaging2 or compressed sensing3) and achieve a reliable and

accurate depiction of the brain. Alternatively, especially in pediatric
and elderly patients, certain institutions rely on sequences with a
non-Cartesian sampling scheme, such as PROPELLER.4,5 With
PROPELLER, multiple echo-trains of TSE are acquired in a rotat-
ing, partially overlapping fashion rather than in a rectilinear fash-
ion as in Cartesian imaging.5 While sequences with this sampling
scheme offer central k-space oversampling and thus increased
robustness toward artifacts, they require a considerable increase in
scan time compared with their Cartesian counterparts in case of
fully matching scan parameters.5 Thus, a sequence offering both
artifact robustness and an intrinsically short scan time is highly de-
sirable for clinical T2-weighted brain MR imaging.

Despite requiring high technological standards both in terms
of scanner hardware and software, spiral MR imaging sequences
have recently been implemented for clinical MR imaging.
Sequences with spiral k-space sampling have inherently reduced
gradient moments, central k-space oversampling, and a nondedi-
cated phase-encoding direction, thus rendering them less suscep-
tible to artifacts. Furthermore, the efficiency of k-space sampling
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is high in spiral MR imaging due to the longer acquisition dura-
tion per shot.6 Recent clinical feasibility studies have thus shown
the value of spiral MR imaging for T1-weighted spin-echo/gradi-
ent recalled-echo brain and spine imaging as well as for intracra-
nial vessel imaging.6-13

Here we expand on previous endeavors by presenting, for the
first time, initial clinical results of a spiral TSE technique for rou-
tine clinical 2D T2-weighted TSE brain MR imaging. We hypothe-
sized that this sequence would offer both short scan times and
artifact robustness, thus combining the best features of conven-
tional Cartesian imaging and non-Cartesian imaging. To this
extent, we prospectively compared the novel spiral 2D T2WI TSE
sequence with a conventional Cartesian 2D T2WI TSE sequence
and a (non-Cartesian) PROPELLER-like sampled 2D T2WI TSE
sequence in patients.

MATERIALS AND METHODS
Study Design and Subjects
This institutional review board-approved intraindividual compari-
son study was performed between January and May 2021. All par-
ticipants gave general written informed consent. We prospectively
acquired all 3 sequences in 31 consecutive patients (mean age,
57 years; age range, 18–85 years; 16 men, 15 woman) who were
referred to our department for brain MR imaging due to various
clinical indications. Exclusion criteria were as follows: general con-
traindication to MR imaging (ie, metallic implants and so forth),
younger than 18 years of age, and pregnancy. The final main diag-
noses were the following: chronic lacunar infarcts (n¼ 1), periven-
tricular heterotopia (n¼ 1), territorial infarcts (n¼ 6), metastases
(n¼ 1), microangiopathy (n¼ 9), multiple sclerosis demyelinating
lesions (n¼ 1), periventricular leukomalacia (n¼ 1), subdural he-
matoma (n¼ 1), dilated Virchow-Robin spaces (n¼ 7), and nor-
mal findings (n¼ 3).

MR Imaging
Imaging was performed on a standard clinical 1.5T scanner
(Ingenia; Philips Healthcare) with a 16-channel head coil.
The combination of spiral with TSE was enabled with the

Compressed SENSE 2.0 WIP software, Release 5.7 (Philips
Healthcare). As part of the routine clinical protocol, the fol-
lowing additional sequences were acquired besides the 2D
T2WI TSE scans: a sagittal 3D FLAIR sequence, a precon-
trast sagittal 3D T1WI turbo field echo sequence, a diffu-
sion-weighted transverse sequence, a susceptibility-weighted
transverse sequence, and, in selected cases, a sagittal post-
contrast 3D T1 black-blood TSE sequence or a postcontrast
sagittal 3D T1 m-Dixon turbo field echo sequence.

The 3 2D T2WI TSE sequences (Table 1) were acquired in ran-
dom order. The performance of the spiral sequence was bench-
marked against 2 commercially available sequences used
routinely at our institution: A conventional Cartesian 2D
T2WI TSE sequence and a MultiVane 2D T2WI TSE sequence
using PROPELLER-like, non-Cartesian k-space sampling.
Sequence parameters of the Cartesian and MultiVane sequen-
ces were chosen on the basis of long-standing and well-estab-
lished clinical protocols.10 The sequence parameters of the
spiral sequence were selected on the basis of the initial optimi-
zation of this sequence by the vendor and in-house by means
of volunteer tests. Most important, the sequence parameters
were kept as constant as possible among all 3 sequences.9-11

However, due to institutional scan time constraints, MultiVane
was accelerated with sensitivity encoding (SENSE), and the
number of signal averages was adapted to shorten the scan
time.

The spiral sequence uses an in-plane spiral in-out readout
scheme (spiral acquisition window, 11.4 ms; scan duration, 2
minutes 12 seconds). Blurring due to off-resonance was cor-
rected during reconstruction on the basis of a magnetic field
map acquired before the spiral scans.11 This study was per-
formed on the standard product configuration without addi-
tional enhancement. Eddy current calibration of B0 eddy
currents and linear and cross-term eddy currents was per-
formed as part of the standard system tuning procedure.
Compensation of those eddy current contributions was per-
formed in run-time as part of the vendor's product-acquisi-
tion software.14

Table 1: Sequence parameters
Parameter Cartesian T2WI TSE MultiVane T2WI TSE Spiral T2WI TSE

Technique 2D TSE 2D TSE 2D TSE
FOV AP/FH/RL (mm) 230 � 230 � 149 230 � 230 � 149 230 � 230 � 149
Acquired voxel size (mm3) 0.7 � 0.7 � 4.0 0.7 � 0.7 � 4.0 0.7 � 0.7 � 4.0
Reconstructed voxel size (mm3) 0.45 � 0.45 � 4.0 0.45 � 0.45 � 4.0 0.45 � 0.45 � 4.0
No. of slices 30 30 30
TR (ms) 5300 5300 5300
TE equivalent (ms) 90 90 90
Flip angle 90° 90° 90°
Refocusing flip angle 180° 180° 180°
TSE factor 28 30 8
Spiral acq window – – Spiral in-out, 11.4ms
Parallel imaging No SENSE 1.5 No
NSA 2 1 2
Receiver bandwidth (Hz/pixel) 560 290 114
SAR (W/kg) ,1.9 ,2.0 ,1.6
dB/dT (T/s) 52 33 72
Acquisition time (min:sec) 04:14 02:49 02:12

Note:—NSA indicates number of signal averages; acq, acquisition; SAR, specific absorption rate; dB/dT, ratio between the amount of change in amplitude of the magnetic field
(dB) and the time it takes to make that change (dt); T/s, Tesla/second; AP/FH/RL, anterior-posterior/foot-head/right-left; –, scan parameter does not exist for this sequence.
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Qualitative Analysis
Image analysis was performed independently by 3 readers (a
board-certified neuroradiologist with 30 years of experience and
2 trainees, each with 3 years of experience in medical imaging) in
a blinded and randomized manner.

First, as outlined elsewhere,15 for each sequence and patient,
the readers recorded the presence, number, and localization of
abnormalities and lesions. In case of discrepancies among the 3
sequences or among the readers, the lesions were evaluated on all
available imaging sequences in consensus to detect potential
false-positive and false-negative findings.15

Second, as suggested elsewhere,16-19 all images were graded
one-by-one in the following categories using 4-point Likert scales:
overall image quality (1, nondiagnostic; 2, limited but interpretable;
3, minimally limited; and 4, optimal quality), the presence of
motion and pulsation artifacts (1, severe image artifacts; 2, moder-
ate artifacts; 3, mild artifacts; 4, no artifacts), gray-white matter dif-
ferentiation (1, indistinguishable gray-white sharpness; 2, very
blurry gray-white sharpness; 3, slightly blurry gray-white sharp-
ness; 4, well-defined gray-white sharpness), and lesion conspicuity
(1, a lesion whose borders are barely distinguishable from back-
ground brain; 2, a lesion with very blurry margins; 3, a lesion with
slightly blurry margins; 4, sharp lesion margins). Additionally,
readers were asked to record any other artifacts or anything un-
usual that appeared to them during the readout.

Last, for each patient, all 3 sequences were presented side-by-
side, and the readers were asked to order the sequences according
to their subjective preference. Specifically, a score of 3 was given
to the best sequence; a score of 2, to the second-best sequence;
and a score of 1, for the worst sequence. Scores could be used
more than once if sequences were judged equivalent.20

Quantitative Analysis
As secondary end points, we used ROI-based analyses to objectify
image quality and image appearance.9,16 For each patient, ROIs
were drawn on representative images from each sequence. ROIs
were positioned within the frontal WM, the GM of the caudate
head, and in the lateral ventricles (CSF) at the level of foramen of
Monro.17 All ROIs were the same size and had identical position-
ing between sequences.16 From each ROI, the mean signal inten-
sity and SD of the signal intensity were extracted. ROI placement
was performed twice, and the average values of both measure-
ments were considered representative for further analysis.9 As
suggested in the literature,9,17,21 we then computed the SNR and
the coefficient of variations (CVs) for WM, GM, and CSF as
follows:

SNR ¼ 1
2
½meanðSignalWMÞ
SDðSignalWMÞ þmeanðSignalGMÞ

SDðSignalGMÞ �;

CV for Tissue a ðCVaÞ ¼ SDðSignalaÞ
meanðSignalaÞ :

Statistical Analysis
Data distribution was initially checked with histograms, boxplots,
and quantile-quantile plots. Differences in qualitative metrics
were initially checked with Friedman tests followed by post hoc

Wilcoxon signed rank tests. Interreader agreement of qualitative
scores was quantified with Krippendorff a coefficients (0, no
agreement, 1, perfect agreement). Differences in quantitative
metrics were initially checked with 1-way repeated-measures
ANOVAs followed by post hoc paired t tests. P values were cor-
rected for multiple comparisons with the Holm method. P
values, .05 were considered significant. All statistical analyses
were performed in the R programming language (http://www.r-
project.org/).

RESULTS
Representative image examples are shown in the Figure and the
Online Supplemental Material. With a scan time of 02:12minutes,
spiral achieved a scan time reduction of 51.9% and 21.9% com-
pared with Cartesian andMultiVane, respectively.

In terms of the presence, number, and location of lesions,
there were no differences among the 3 sequences. All readers
recorded the same pathologic and abnormal findings on all 3
sequences. Besides motion and pulsation artifacts, no other types
of artifacts were recorded.

Concerning the qualitative metrics (Table 2 and Online
Supplemental Material), interreader agreement was high (a¼
.755 for presence of pulsation artifacts; a¼ .98 for presence of
motion artifacts). Spiral and MultiVane both outperformed the
Cartesian sequence in terms of overall image quality and the pres-
ence of motion artifacts (P, .001 for all readers and both met-
rics). Between spiral and MultiVane, there were no significant
differences in these 2 metrics (P. .4 for all readers and both

FIGURE. Representative images from 3 different patients (1 patient
per row). In patient 1, ghosting artifacts from bulk motion appear on
Cartesian images (orange arrows) but not on MultiVane or spiral
images. In patient 2, no artifacts were present and thus an excellent
visualization could be achieved for all 3 sequences. In patient 3, a
small focal multiple sclerosis lesion is visualized clearly on all 3
sequences (green arrow).
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metrics). In terms of the presence of pulsation artifacts and gray-
white matter differentiation, all 3 sequences performed similarly
well (P. .15 for each reader). Finally, for lesion conspicuity,
there were also no significant differences among the 3 sequences
(P. .45 for each reader). Readers indicated a higher subjective
preference for spiral and MultiVane compared with the Cartesian
sequence (P, .001 for all readers) without significant differences
between spiral and MultiVane (P. .5 for all readers).

Concerning the quantitative metrics (Table 2 and Online
Supplemental Material), there were no significant differences
among the 3 sequences for the metrics CVCSF and CVGM (P. .12
for both metrics). However, both spiral and MultiVane outper-
formed the Cartesian sequence in the metrics CVWM and SNR
(P, .01 for both sequences and metrics). Between spiral and
MultiVane, there were, however, no differences in terms of
CVWM and SNR (P. .5 for both metrics).

DISCUSSION
In this study, we compared a novel spiral 2D T2WI TSE sequence
with its conventional Cartesian counterpart and an artifact-robust,
PROPELLER-like sampled sequence named MultiVane. We
showed that the spiral sequence outperforms the Cartesian
sequence and performs equally as well as the MultiVane sequence
in terms of subjective and objective image quality. Concerning the
exact frequency and nature of artifacts, all 3 sequences exhibited
only motion and pulsation artifacts. However, the spiral and
MultiVane both had significantly fewer motion artifacts than the
Cartesian sequence, while all 3 sequences had only minor pulsation
artifacts in select cases. Thus, the spiral sequence enables high-
quality, artifact-robust imaging on a level with the MultiVane
sequence, yet at a shorter scan time.

Spiral MR imaging has several benefits over Cartesian k-space
sampling. Due to the longer acquisition duration per shot, scan
efficiency is high and the scan time can, thus, be very short.
Furthermore, spiral trajectories show inherently reduced gradient
moments, central k-space oversampling, and a nondedicated
phase-encoding direction. These traits render spiral sequences
more robust toward artifacts. Thus, with spiral MR imaging,
rapid and artifact-robust imaging can be achieved.6 Accordingly,

promising clinical results have been reported for anatomic spiral
T1WI spin-echo and gradient recalled-echo imaging. While the
technical details of spiral TSE and T2WI imaging have been
described previously,22,23 to the best of our knowledge, this is the
first study investigating the value of a spiral TSE technique as imple-
mented for 2D T2-weighted TSE brain MR imaging in patients on
a standard clinical MR imaging scanner and clinical routine.

Currently, most institutions rely on Cartesian or PROPELLER-
like sampled sequences (such as MultiVane) for clinical T2-weighted
brain MR imaging. While PROPELLER sequences have become a
popular choice for anatomic brain imaging due to their increased
robustness predominantly toward motion artifacts, scan time is gen-
erally increased compared with conventional Cartesian TSE
imaging.5,24,25

A standard rectilinear sequence requires (M/L) excitations to
fill a k-space of matrix size Mwith acquisitions of echo-train length
L. For PROPELLER imaging, at least ðp=2) � (M/L) excitations
are needed for an equivalent sequence, thus leading to approxi-
mately 60% increase in scan time compared with Cartesian imag-
ing.5 With parallel imaging or compressed sensing acceleration,
the increase in scan time can be reduced. Specifically, as in the clin-
ical routine at our institution, our MultiVane sequence also used
SENSE 1.5 and 1 signal average, explaining why MultiVane had a
shorter scan time than the Cartesian sequence. Hypothetically, if
the MultiVane sequence had been acquired without SENSE and
with 2 signal averages, as in the case of the Cartesian and spiral
sequences, scan time would have increased by a factor of 2.5, which
would have resulted in a 66% increase in scan time compared with
the Cartesian sequence.

With spiral MR imaging, however, the dilemma of artifact
robustness and scan speed can be resolved. Specifically, our spiral
sequence offers exceptionally short scan times as well as both
motion and pulsation artifact robustness, thus combining the best
features of conventional Cartesian imaging and non-Cartesian
(PROPELLER-like) imaging. In this context, the spiral sequence
achieved a scan time reduction of nearly 50% compared with the
Cartesian sequence. Most important, while not investigated in this
study, scan time for the spiral sequence may be shortened even fur-
ther with parallel imaging or compressed sensing techniques.

Table 2: Detailed overview of qualitative and quantitative data

Cartesian MultiVane Spiral
Overall image qualitya 3; (2,3)/3; (2.5,3)/3; (3,3) 4; (4,4)/4; (4,4)/4; (4,4) 4; (4,4)/4; (4,4)/4; (4,4)
Presence of motion artifactsa 3; (2,3)/3; (2,3)/3; (3,3) 4; (4,4)/4; (4,4)/4; (4,4) 4; (4,4)/4; (4,4)/4; (4,4)
Presence of pulsation artifactsa 4; (4,4)/4; (3.5,4)/4; (4,4) 4; (3,4)/4; (3,4)/4; (3,4) 4; (4,4)/4; (4,4)/4; (4,4)
GWM differentiationa 3; (3,4)/3; (3,4)/3; (3,4) 4; (3,4)/4; (3,4)/4; (3,4) 4; (3,4)/4; (3,4)/4; (3,4)
Lesion conspicuitya 4; (3.75,4)/4; (3.75,4)/4; (3.75,4) 4; (4,4)/4; (4,4)/4; (4,4) 4; (4,4)/4; (4,4)/4; (4,4)
Subjective preference
(No. of times score 1/No. of
times score 2/No. of times
score 3)

Reader 1: (6/22/3)
Reader 2: (7/21/3)
Reader 3: (8/20/3)

Reader 1: (0/5/25)
Reader 2: (0/6/25)
Reader 3: (0/6/25)

Reader 1: (0/5/26)
Reader 2: (0/5/26)
Reader 3: (0/5/26)

CVCSF
b 0.026 (0.02) 0.023 (0.019) 0.021 (0.014)

CVGM
b 0.109 (0.053) 0.096 (0.035) 0.087 (0.025)

CVWM
b 0.07 (0.027) 0.053 (0.019) 0.053 (0.02)

SNRb 13.36 (3.4) 16.1 (3.3) 16.6 (3.9)

Note:—GWM indicates gray-white matter; IQR, interquartile range.
a Qualitative data are shown as median; (IQR) for readers 1/2/3.
b Quantitative data are presented as mean (SD).
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A further important aspect of the current study concerns the
exact choice and configuration of the sequences. While 2D TSE
techniques are widely considered the reference standard for clini-
cal brain MRI,1 3D and multiband TSE techniques have also been
proposed for clinical T2-weighted brain imaging. While not
investigated in this study, our spiral TSE technique is highly
adaptable and may be combined with these approaches.22,26,27

Furthermore, with high-field imaging being popular for brain
MR imaging, our spiral sequence can also be acquired at 3T.
Thus, our spiral sequence had lower specific absorption rate val-
ues than its counterparts, an advantage at 3T. However, the spiral
sequence is more susceptible to off-resonance B0 effects, which
are more pronounced at 3T. Thus, a future study assessing the
clinical value of our spiral TSE technique at 3T would be of
interest.

One limitation of our study was the limited sample size:
Because the spiral sequence could not be run with standard clini-
cal software, the scanner console had to be rebooted before each
spiral acquisition (to load a patch). This step limited our ability to
acquire the sequence in further patients. Second, it may have not
been possible to fully blind readers toward sequence details
because the spiral sequence has a distinct appearance. Third, scan
parameters were not fully identical among all sequences, possibly
representing a source of bias, especially for the quantitative image
analysis. Last, we are aware that while formula-based approaches
for estimation of quantitative metrics are widely used, they are
inherently limited, and more sophisticated methods may yield
more accurate estimations.9

CONCLUSIONS
We show that a spiral 2D T2WI TSE sequence enables high-qual-
ity, artifact-robust brain MR imaging in clinical routine at short
scan times. This sequence may, thus, represent a promising
option for improved and rapid clinical T2-weighted brain MR
imaging.

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
INTERVENTIONAL

A Thrombectomy Model Based on Ex Vivo Whole
Human Brains

Y. Liu, J.L.A. Larco, S.I. Madhani, A.H. Shahid, R.A. Quinton, R. Kadirvel, D.F. Kallmes, W. Brinjikji, and
L.E. Savastano

ABSTRACT

BACKGROUND AND PURPOSE: The persistent challenges in thrombectomy for large-vessel occlusion, such as suboptimal complete
recanalization and first-pass effect imply an insufficient understanding of the artery-clot-device interaction. In this study, we pres-
ent a thrombectomy model using fresh human brains, which can capture the artery-clot-device interaction through concurrent
transmural and angiographic visualizations.

MATERIALS AND METHODS: Fresh nonfrozen whole adult human brains were collected and connected to a customized pump system
tuned to deliver saline flow at a physiologic flow rate and pressure. Angiography was performed to verify the flow in the anterior-posterior
and vertebrobasilar circulations and collaterals. Large-vessel occlusion was simulated by embolizing a radiopaque clot analog.
Thrombectomy was tested, and the artery-clot-device interactions were recorded by transmural and angiographic videos.

RESULTS: Baseline cerebral angiography revealed excellent penetration of contrast in the anterior-posterior and vertebrobasilar cir-
culations without notable arterial cutoffs and with robust collaterals. Small branches (,0.5mm) and perforating arteries were con-
sistently opacified with good patency. Three device passes were performed to achieve recanalization, with failure modes including
elongation, fragmentation, and distal embolization.

CONCLUSIONS: This model enables concurrent transmural and angiographic analysis of artery-clot-device interaction in a human
brain and provides critical insights into the action mechanism and failure modes of current and upcoming thrombectomy devices.

ABBREVIATIONS: LVO ¼ large-vessel occlusion; VA ¼ vertebral artery

Thrombectomy has been the standard of care for stroke with
large-vessel occlusion (LVO), but clinical challenges such as

suboptimal rates of first-pass effect and overall complete recanaliza-
tion persist even after years of experience and development of new
thrombectomy devices.1,2 Such challenges imply the need for
improved next-generation devices optimized in more realistic
thrombectomymodels. Historically, preclinical testing of thrombec-
tomy devices has relied heavily on benchtop models. Although
phantoms reproduce the gross arterial geometry and enable easy

and reproducible testing of devices, they have oversimplified vascu-
lar anatomy and have much stiffer vessel walls compared with the
human cerebral vasculature.3,4 Animal models have also been used
to evaluate device performance; however, the visualization of de-
vice-clot-artery interaction is limited by fluoroscopy, and the
arteries do not accurately represent the complex anatomy and he-
modynamic conditions of human brains.5 A thrombectomy model
that can realistically mimic the mechanical properties, anatomy,
and blood flow of human cerebral vasculature is an unmet need.

In this study, we present a thrombectomy model using ex vivo
whole human brains with unmodified cerebral vasculature and re-
alistic flow conditions. This model allows concurrent direct optical
and fluoroscopic examinations of the device-clot-artery interac-
tions. The preparation of the brains and recreation of LVO will be
described, followed by thrombectomy testing for model validation.

MATERIALS AND METHODS
Brain Preparation
The reparation method of the brains has been previously dis-
closed.6 Briefly, after local institutional review board approval
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(20–002582), fresh nonfrozen whole adult human brains were
collected during research-consented hospital postmortem exami-
nations within 24hours of the patient’s death, and craniotomy
was carefully performed to minimize damage to the brain and cer-
ebral vessels. Brains with a history of head trauma, neurosurgical
procedures, and stroke were excluded from this study. The arach-
noid was then removed to expose the circle of Willis, including the
anterior and posterior circulations. Postmortem clots were then
removed by manual aspiration. The ICAs and vertebral arteries
(VAs) were then cannulated with 8F or 9F femoral sheaths and
tied with sutures (Fig 1A). The sheaths were then connected to a
customized pump system to deliver 0.9% saline into the brain (Fig
1B). The saline allows direct observation of the interactions
between the clot, artery, and thrombectomy devices. The pump
system was calibrated to deliver physiologically representative flow

rates to the ICAs and VAs, and the pressure was tuned by adjusting
the downstream flow resistance to recreate physiologic pressure.6

The flow rates were calibrated to infuse about 300mL/min for
each ICA and 160mL/min for each vertebral artery. Then, using
an 014 pressure-sensing guidewire (ComboWire XT; Philips
Healthcare), we obtained intra-arterial pressures with a diastolic
pressure around 80mm Hg and a systolic pressure of about
100mm Hg. Outward pressure can be replicated by submerging
the brain in a saline tank, and the saline height above the brain can
be adjusted to match the intracranial pressure (5 to 20 cm of
water). Baseline cerebral angiographies of the ICA and vertebro-
basilar circulations were performed in anteroposterior and lateral
projections by injecting 10mL of contrast (iohexol, Omnipaque
300; GE Healthcare) in the sheath.

Recreation of Large-Vessel Occlusion
A fibrin-rich clot analog was made by mixing human plasma and
red blood cells at a volume ratio of 19:2.4 To increase radiopacity,
0.5 g of barium sulfate powder was added per 10mL of blood
mixture. Higher amounts of barium sulfate can further increase
the radiopacity but will make the clot analog more fragment-
prone.4 Coagulation was induced by adding 1mL of 5% calcium
chloride and 10mL of 10 U/mL thrombin per 10mL of blood
mixture.7 To simulate LVO, we loaded clot analogs into a syringe
and embolized them to the brain via a 0.088-inch guide catheter
(Neuron MAX; Penumbra) under physiologic pressure. This clot
analog was selected to challenge current thrombectomy devices
because fibrin-rich clots have been reported to be associated with
more device passes, longer procedure times, and less favorable
patient outcomes.8 Clot analogs with different histology and ten-
sile properties can also be made by mixing human plasma and
red blood cells with different volume ratios.7,9

Thrombectomy Testing
Thrombectomy was performed with a 6F catheter (Sofia Plus;
MicroVention) using the direct-aspiration technique or in com-
bination with a stent retriever (Solitaire; Medtronic) using the
Solumbra technique. These 2 techniques were selected because
they are most often used for thrombectomy on the basis of a sur-
vey of neurointerventionalists.10 The aspiration catheter was
navigated to the clot face over a 0.014-inch guidewire (Synchro;
Stryker) and a 0.027-inch microcatheter (Phenom; Medtronic)
under roadmap guidance. Aspiration was provided by a vacuum
pump (Gomco 405; Allied Healthcare).

RESULTS
Brain Model
After a learning curve of about 8 brains (if the operator has exten-
sive experience in cerebrovascular anatomic dissections), it is
possible to consistently have an operational testing platform that
replicates physiologic hemodynamic conditions and allows real-
time visualization of the device-clot interaction in about 75% of
all harvested brains. About one-fourth of the brains could not be
used due to a variety of reasons including the following: 1) major
leaks due to perforating vessel avulsion during the extraction pro-
cess from the skull base or cortical damage with M4 branch trans-
ection with the bone saw (easy to see after connecting the arteries

FIG 1. Ex vivo brain model flow setup and cerebral angiography. The
bilateral ICAs and VAs of a fresh human cadaver brain were cannu-
lated with sheaths to deliver saline solution and contrast (blue
arrows) and catheters (A). The sheaths were connected to a pump
system and connected in parallel to an escape system, including a res-
ervoir of saline hung at a height that mimics the back pressure, equiv-
alent to the peripheral arterial resistance, that releases the cerebral
pressure when an occlusion is created (B). DSA of the right ICA in the
late arterial phase in a pure ventrocaudal projection shows good opa-
cification of the right MCA candelabra, right anterior cerebral artery
(ACA), with cross-filling into the left ACA through a patent anterior
communicating artery (C). Occlusion of the proximal right MCA
(asterisk) enhances the visualization of robust leptomeningeal collat-
erals (arrows) from the ACA into cortical MCA branches (D). MCA
indicates middle cerebral artery.
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to the flow system); 2) thick circumferential atherosclerotic pla-
ques that prevent transmural visualization; 3) the length of the
paraclinoid ICA and V4 segment of the VA being too short to
allow cannulization by the sheaths. About 10–15 thrombectomy
passes can be tested for each brain (about 5 in each anterior circu-
lation and 5 in the basilar artery), but that changes depending on
the type of clot and device used. After the brain is harvested,
preparation and testing need to be done in about 6 hours before
the brain decays.

Baseline Cerebral Angiography
Cerebral angiography revealed excellent penetration of contrast
in the ICA and the vertebrobasilar circulation both in the arterial
and capillary phases without notable arterial cutoffs and occa-
sional minimal extravasation. Small branches (,0.5mm) and
perforating arteries were consistently opacified by radiopaque
contrast with good patency (Fig 1C). Interhemispheric collateral
flow through the circle of Willis was identified. Robust leptome-
ningeal collaterals were also identified by creating a proximal
MCA occlusion and following contrast flow from the anterior
cerebral artery to the cortical MCA branches in the late arterial
phase (Fig 1D).

Concurrent Fluoroscopic and Transmural Visualization of
Embolic Large-Vessel Occlusion
Direct transmural visualization concurrent with angiography was
feasible for both the ICA and the vertebrobasilar circulation (Figs
2A–D). The anterior circulation model provided visualization of the
intracranial ICA system, including the lenticulostriate vessels and
cortical leptomeningeal collaterals (Figs 2A, -B). The posterior circu-
lation model revealed the vertebrobasilar system including the thala-
moperforating and pontine arteries (Figs 2C, -D). Embolization of
the radiopaque clot analog could be visualized in real-time by fluo-
roscopy (Online Video 1). Postembolization cerebral transluminal
observation and angiography demonstrated LVO at the MCA

bifurcation (Figs 1E, -F) and the basilar artery apex (Figs 1G, -H),
which remained stable under physiologic flow and pressure. In the
anterior circulation, postembolization contrast filling defects
included the lenticulostriate arteries and distal cortical MCA
branches, likely due to partial clot fragmentation and downstream
migration (Fig 1F). In the posterior circulation, postembolization
contrast filling defects included the pontine arteries and the thala-
moperforating arteries (Fig 1H).

Concurrent Fluoroscopic and Optical Visualization of the
Recanalization Procedure
The model allowed concurrent fluoroscopic and optical visualiza-
tion through the arterial wall of the thrombectomy, greatly
enhancing the analysis of device-clot interaction. For example,
for an occlusion at the basilar apex, 3 device passes were per-
formed to recanalize the parent artery. In the first pass (Online
Video 2), the aspiration catheter was navigated to the clot face,
and vacuum was then activated. Vacuum and device withdrawal
are needed to overcome the resistance forces including the vessel
wall friction and hydrodynamic forces in the antegrade direction.
The clot corked the catheter tip and started to be pulled back
with an initial length of L0 (Fig 3A). During pulling, the tensional
load stretched the clot to a length of L1 (Fig 3B). As the clot was
further pulled to enter the smaller VA, the increased resistance
forces surpassed the device-clot integration force resulting in clot
disengagement from the catheter (Fig 3C). The clot was then
pushed downstream by the flow, resulting in a recurrent occlu-
sion at the basilar artery apex. In the second pass (Online Video
3), as the clot was pulled into the VA, the tensional load elongated
and weakened the clot and eventually caused clot fragmentation
with distal embolization to the basilar artery apex. In the third
pass (Online Video 4), the remaining clot fragment remained
corked at the catheter tip and was pulled out without disengage-
ment or fragmentation. Compared with the previous 2 passes, the
clot fragment in the third pass had a smaller surface area and,

FIG 2. Concurrent direct transmural observation and DSA of the brain model pre- and post-LVO. Baseline transmural and angiographic visualiza-
tion of the anterior circulation model (A and B) includes ICA, MCA, anterior cerebral artery (ACA), lenticulostriate arteries (green triangle), and
leptomeningeal cortical collaterals (yellow triangles). The posterior circulation model (C and D) includes the vertebral arteries, the basilar artery
with bifurcation into the posterior cerebral arteries, the thalamoperforating arteries (green triangle), and the pontine arteries (yellow triangles).
Embolization of a radiopaque clot analog (asterisks, E–H) generally results in MCA bifurcation occlusion involving the lenticulostriate vessels (E
and F) and occasionally results in concurrent distal MCA branch occlusion (triangle in F) and occlusion of the basilar artery apex (G and H).
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therefore, smaller frictional and hydrodynamic shear forces fight-
ing against the catheter pull, leading to a smaller tensional load
within the clot.

DISCUSSION
In this article, we introduced a human cadaveric model for cere-
brovascular research with concurrent transmural and angio-
graphic visualization and demonstrated its value for testing in
LVO. Compared with our previous work in which thrombectomy
testing in ex vivo brains was transmurally observed,6 the angio-
graphic study presented here included baseline cerebrovascular
anatomy in cadavers and the changes during and after thrombec-
tomy, revealing important features such as the presence of lepto-
meningeal collaterals and the capacity to assess the patency of
small branches and perforating arteries. In addition, the previ-
ously published model was able to only assess recanalization in
the arterial segments exposed at the base of the brain (mostly the
distal VA, basilar artery, and P1 and the ICA terminus with the
proximal M1 and A1). The present model here introduced pro-
vides a much broader area of analysis, practically including the
whole brain and the cerebral vasculature down to the cortical
branches. In addition to a more clinically relevant and accurate
scoring of the recanalization procedure, it may enable the testing
of miniaturized thrombectomy devices in the removal of thrombi
from distal branches to eloquent brain areas.

In addition to the human brain model herein described,
another 3 main categories of thrombectomy models have been
reported and reviewed in the literature: benchtop phantoms,11 in
vivo animal models,12 and emerging computational models.13

Benchtop phantoms leverage recent advances in high-resolution
medical imaging and 3D printing techniques to replicate patient-
specific anatomy in a consistent fashion. This feature is advanta-
geous in early device testing and benchmarking of different devi-
ces. Hemodynamics in the benchtop phantoms can also be
customized to replicate physiologic conditions. Transparent
phantoms also allow direct visualization of the device-clot inter-
action, though the “vascular” walls are much stiffer than human
arteries (or totally rigid), lack submillimeter arteries, and do not
adhere well to the clots.11 Animal models have been extensively
used and are critical to test device safety. These models provide a
more realistic device-artery-clot interaction, but it can only be

visualized using fluoroscopy, with a
limited resolution and frame rate. In
addition, the blood flow in animal
models is usually slower than that of
the human cerebrum, resulting in
an underestimation of hemodynamic
force and events of distal emboliza-
tion, and the 3D anatomic configura-
tion is much simpler than the human
cerebral vasculature. Finally, com-
putational models may be prom-
ising to generate a realistic “virtual
patient” model with characteristics
otherwise difficult to be simultane-
ously mimicked in phantoms and ani-
mals such as anatomic tortuosity,

hemodynamics, and vessel wall properties. However, the develop-
ment of a realistic and validated biomechanical model continues
to be a persisting challenge.

First, this model has the unmodified geometric complexity of
the human cerebral vasculature, including a patent circle of Willis,
small branches and perforating arteries, and functional leptome-
ningeal collaterals. These anatomic features are extremely impor-
tant because the models used to date are mostly artificial benchtop
phantoms that do not have submillimeter arteries.11 Animal mod-
els (eg, swine) do not fully emulate the human cerebral vasculature
distribution or wall characteristics.3 Residual occlusion in small
branching and perforating arteries is believed to be one of the rea-
sons for poor neurologic outcome despite apparently “complete”
recanalization, and this model may be of benefit to better charac-
terize this problem and develop solutions.14

Second, the human brain model provides a realistic mechani-
cal response of the arteries to the mechanical load of devices. This
is critical to accurately test arterial deformation, stretching, col-
lapse under vacuum, and even arterial injury such as perforation.
Recently, mechanical thrombectomy devices were recalled from
the market after multiple events of fatal catastrophic arterial rup-
tures.15 By comparison, benchtop phantoms have much stiffer
and stronger walls, preventing arterial deformation, traction, and
even injury, and the friction encountered is not realistic.3,11

Animal models do provide a more realistic environment and ena-
ble gross analysis of arterial injury, but recent publications have
shown that human arteries differ both in architecture and me-
chanical strength compared with the extracranial arteries of ani-
mals,5 and the analysis of the response continues to be limited by
the resolution and frame rate of fluoroscopy.

Third, this model allows concurrent fluoroscopy and direct
transluminal observation of artery-clot-device interaction to
understand the action mechanism and failure modes of throm-
bectomy devices. Neurointerventionalists are blind to the arterial
wall response under vacuum and/or device pull; therefore, a
model that “opens a window” for direct visualization has a large
potential in research and improvement of technology. In this
study, we have demonstrated that pulling back of thrombectomy
devices can cause elongation, thinning, weakening, and possible
fracturing of the clot, leading to distal embolization and residual
occlusion. Although such a phenomenon has been reported in

FIG 3. Concurrent transmural and angiographic visualization of a direct-aspiration thrombectomy
for an embolic occlusion at the basilar apex. The aspiration catheter was navigated to the clot
face, and the clot with an initial length of L0 was corked by vacuum at the catheter tip (asterisk)
(A). Device pullout elongated the clot to a length of L1 and disengaged the clot from the basilar
apex (B). As the clot was pulled from the basilar artery into the right VA, it further elongated (L2)
and was stripped away from the catheter tip (asterisk in C).
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benchtop models,16 fidelity of this brain model is higher, and
analysis is more comprehensive due to the more realistic vessel
wall properties, including friction and strength. In addition, the
realistic mechanical properties of the vessel wall make this model
unique to reveal failure modes of device-artery interaction such
as vessel traction and vessel collapse as shown previously.14

Pulling back the catheter with weak clot-catheter integration
results in residual occlusions or iatrogenic embolization and is
likely the main cause of low first-pass recanalization. We think
that future aspiration technologies should aim to ingest clots in
situ, proximal-to-distal, and at low vacuum power to prevent ves-
sel collapse.

Although only embolic LVOs were presented in this study, we
believe that this model can be adapted to recreate other neurovascu-
lar conditions, including medium and distal vessel occlusions (and
test the performance of novel miniaturized thrombectomy devices),
brain aneurysms, and intracranial atherosclerotic diseases.

We do acknowledge some limitations with this model that
must be considered to extrapolate results to our patients. First, sa-
line was used to enable direct transmural observation of the
thrombectomy procedure, but the viscosity is lower than that of
blood. Blood can be used to replicate the hydrodynamics, though
this will limit direct transmural observation. Ideally, other color-
less and transparent fluids that can simultaneously mimic the vis-
cosity and friction of blood can be used, though such fluid has
not been reported in the literature. Second, the brain is ex vivo,
and biologic activities such as vasospasm and vascular tone can-
not be captured. Third, the model as presented in this article does
not include the tortuous path of the ICA through the skull base,
though this feature could be implemented if needed by using
appropriately shaped sheaths. Fourth, the degree of arterial defor-
mation in this model could be potentially more pronounced
given the absence of enclosing calvaria and skull base; therefore,
extrapolation to patients needs to be considered with care. Last,
variance among different brains is inevitable (for example in the
size and shape of the circle of Willis), somehow limiting the
reproducibility of results, and necessitates testing multiple brains
to minimize bias. Overall, this is a proof-of-concept study, and
further validation against clinical experience and other thrombec-
tomy models are warranted.

CONCLUSIONS
The whole-human brain model with concurrent transmural and
angiographic visualization of recanalization provides unsurpassed
fidelity of the human cerebrovascular system and enables accu-
rate analysis of artery-clot-device interaction in thrombectomy.
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ORIGINAL RESEARCH
INTERVENTIONAL

Evaluation of Outcome Prediction of Flow Diversion for
Intracranial Aneurysms

S. Hadad, F. Mut, R. Kadirvel, Y.-H. Ding, D. Kallmes, and J.R. Cebral

ABSTRACT

BACKGROUND AND PURPOSE: Identifying and predicting which aneurysms are likely to quickly occlude and which ones are likely
to remain open following treatment with flow-diverting devices is important to develop optimal patient management strategies.
The purpose of this study was to evaluate predictions based on computational fluid dynamics models using the elastase rabbit an-
eurysm model.

MATERIALS AND METHODS: A series of 13 aneurysms created in rabbits were treated with flow diverters, and outcomes were
angiographically assessed at 8weeks’ follow-up. Computational fluid dynamics models were constructed from pretreatment 3D
rotational angiograms and Doppler ultrasound flow velocity measurements. Postimplantation mean aneurysm inflow rate and flow
velocity were used to prospectively predict aneurysm occlusion blinded to the actual outcomes. Specifically, if both variables were
below their corresponding thresholds, fast occlusion was predicted, while if one of them was above the threshold, slow or incom-
plete occlusion was predicted.

RESULTS: Of the 13 aneurysms included, 8 were incompletely occluded 8weeks after treatment, and 5 were completely occluded.
A total of 10 computational fluid dynamics–based predictions agreed with the angiographic outcome, reaching 77% accuracy, 80%
sensitivity, and 75% specificity. Posttreatment mean velocity alone was able to achieve the same predictive power as the combina-
tion of inflow rate and velocity.

CONCLUSIONS: Subject-specific computational fluid dynamics models of the hemodynamic conditions created immediately after
implantation of flow-diverting devices in experimental aneurysms created in rabbits are capable of prospectively predicting, with a
reasonable accuracy, which aneurysms will completely occlude and which ones will remain incompletely occluded.

ABBREVIATIONS: CFD ¼ computational fluid dynamics; DUS ¼ Doppler ultrasound; FD ¼ flow-diverting (diverter); Q ¼ inflow rate; VEL ¼ velocity

Treatment of intracranial aneurysms with flow-diverting
(FD) devices has been gaining popularity as a viable alterna-

tive to coiling or clipping, especially for complex aneurysms
with wide necks.1 Many complex aneurysms have been success-
fully treated with an increasing variety of flow diverters.2

However, aneurysms are not immediately excluded from the

circulation, and numerous aneurysms remain patent for a long

time after treatment; approximately 25% remain incompletely

occluded after 6months.3,4 Thus, understanding and identifying

which aneurysms are likely to quickly occlude and which ones

are likely to remain incompletely occluded is important for per-

sonalized management-planning and to avoid or minimize

retreatment of these aneurysms.
Computational fluid dynamics (CFD) has been previously

proposed in several studies as a predictive tool for flow-diversion

treatment of intracranial aneurysms.5-10 Similarly, alteration of

the mean aneurysm flow amplitude, estimated from high-

frame-rate dynamic DSA, has also been proposed as an outcome

predictor for FD treatment.11 Therefore, the objective of this

study was to evaluate the predictive power of previously reported

subject-specific CFD models12 by performing a prospective anal-

ysis of aneurysm occlusion after FD treatment using elastase rab-

bit models.
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MATERIALS AND METHODS
Animal Models and Imaging Data
A total of 13 aneurysms were experimentally created in rabbits
using elastase and carotid ligation techniques previously devel-
oped and used to evaluate flow diverters.13 The aneurysms were
allowed to progress for 4weeks and then were treated by implan-
tation of a flow-diverting device, the Pipeline Embolization
Device (PED; Medtronic). Vessel diameter at the aneurysm neck
and device sizes are given in the Online Supplemental Data. A 3D
rotational angiography image was acquired immediately before
the implantation of the flow diverter, and 2D-DSA sequences
were acquired both immediately prior to and immediately after
implantation. Doppler ultrasound was used to measure the pre-
treatment blood flow velocity in the parent artery proximal and
distal to the aneurysm. Aneurysm occlusion was subsequently
evaluated using DSA sequences acquired 8weeks after the im-
plantation of the flow-diverting device.

Hemodynamics Modeling
Subject-specific CFD models were created from the 3D rotational
angiography images using a previously described methodology,14

illustrated in Fig 1. Briefly, 3D vascular segmentations were used
to create anatomic models of the aneurysm and parent artery.
Blood flow was mathematically modeled by the unsteady incom-
pressible Navier-Stokes equations, which were numerically solved
using a finite element code.15 Pulsatile flow conditions were
derived from the Doppler ultrasound acquired in the parent ar-
tery proximal to the aneurysm. The velocity waveforms were digi-
tized and converted to flow-rate curves by multiplying by the
vessel cross-sectional area and were used to prescribe inflow
boundary conditions. Outflow boundary conditions consistent
with a flow division proportional to the vessel cross-sectional

area to the power 3/2 (the Murray
law) were applied. Vascular walls were
approximated as rigid, and no-slip
boundary conditions were applied at
the walls. Simulations were performed
for 2 cardiac cycles, and flow fields
from the second cycle were used to
characterize the aneurysm hemody-
namic environment.

FD Modeling
As in previous studies,6,14 models of
the flow-diverting device were created
and virtually deployed within the vas-
cular models (Fig 1). For this purpose,
the skeleton of the parent artery was
first reconstructed from the vascular
model, and a cylindrical structure was
expanded within the vascular model
until it contacted the wall or reached
the device diameter. The device design
(48 wires of 32-mm thickness braided
into 24 cells with a braid angle of 150°)
was then mapped onto the deployed cy-
lindrical surface, taking into account the

foreshortening effects due to device oversizing.16 2D-DSA images
acquired immediately postimplantation (Online Supplemental
Data) were used to verify that the position of the virtual FD within
the vascular model was consistent with the actual FD depicted in
the DSA images. The computational mesh was then adaptively
refined to resolve the device wires, and a new flow solution corre-
sponding to the immediate posttreatment conditions was obtained
using an immersed boundary method on unstructured grids.17

Outcome Prediction and Evaluation
In a previous study,12 a series of 36 aneurysms created in rabbits
was used to compare the hemodynamics between aneurysms that
were completely occluded at #4weeks (fast-occlusion group)
and aneurysms that remained incompletely occluded at 8weeks
(slow- or incomplete-occlusion group). In that study, it was
found that the posttreatment mean aneurysm velocity (VEL) and
the mean aneurysm inflow rate (Q) were significantly lower in
the fast-occlusion group than in the incomplete-occlusion group
(VEL, P¼ .05; Q, P¼ .02). Receiver operating characteristic curve
analysis suggested that these variables could be used to discrimi-
nate between aneurysms in these 2 groups, with a discriminatory
power given by the corresponding areas under the receiver oper-
ating characteristic curve of 0.83 (VEL) and 0.90 (Q), respectively.
The optimal threshold for each of these 2 variables was deter-
mined from the point along the receiver operating characteristic
curve closest to the upper-left corner (ie, the threshold that maxi-
mizes specificity and sensitivity). The values of these thresholds
were 0.161 cm=s for VEL, and 0.041 mL=s for Q.

Outcome predictions were made for the 13 aneurysms in the
current series on the basis of these previously determined thresh-
olds. Specifically, if both the posttreatment VEL and Q were
below the corresponding thresholds, the aneurysm was assigned

FIG 1. Subject-specific, multimodal image–based CFD modeling methodology. A subject-specific
vascular model constructed from a 3D rotational angiography (3DRA) image, flow conditions
derived from Doppler ultrasound images, and an FD model constructed from device-design data
and virtually deployed into vascular model guided by 2D-DSA. Pre- and posttreatment hemody-
namics characterized by corresponding CFD simulations and inflow jets visualized with velocity
isosurfaces. Tx indicates Treatment; Pre-Tx, Pretreatment; Post-Tx, Posttreatment.
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to the fast-occlusion group. Alternatively, if either of these 2 vari-
ables were above their thresholds, the aneurysm was assigned to
the incomplete-occlusion group. All predictions were made pro-
spectively, blinded to the actual outcome.

On the basis of DSA sequences acquired at 8weeks after treat-
ment with an FD, the outcomes were assessed as complete occlu-
sion (no filling of the aneurysm and no remnant) or incomplete
occlusion (persistent filling of the aneurysm or small remnant).
Note that because all outcomes were assessed at 8weeks, a small
remnant at 8weeks would most likely have placed the aneurysm in
the slow-occlusion group of the previous study (not in the fast-
occlusion group in which complete occlusion was required at
#4weeks). Finally, the outcomes were compared against the pre-
dictions on the basis of the immediate posttreatment CFD analyses.

RESULTS
The main results of the study are summarized in Table 1. This ta-
ble lists the values of the hemodynamic variables used to predict
outcomes, namely the mean aneurysm Q and mean aneurysm
VEL, both corresponding to the hemodynamic conditions imme-
diately after FD implantation. The table also shows, for each aneu-
rysm, the prospective prediction based on both Q and VEL, the
actual outcome at 8weeks, and whether they agreed or disagreed.
For completeness, the pre- and posttreatment values of these vari-
able and their relative change are listed in the Online Supplemental
Data.

Of the 13 aneurysms treated, 8 (62%) were angiographically
classified as incompletely occluded at 8weeks, and 5 (38%), as
completely occluded. Sample DSA images acquired immediately
before and after treatment and at 8weeks, follow-up are shown in
the Online Supplemental Data for each aneurysm.

A summary of the agreement between predictions and out-
comes is presented in Table 2. Of the 13 predictions, 10 agreed

with the actual outcomes, correspond-
ing to an overall accuracy of 77%, a
sensitivity of 80%, and a specificity of
75%. In 3 cases (23%), the predictions
disagreed with the outcomes. Two of
these disagreements corresponded to
false-negatives (ie, predicted complete
occlusions but aneurysms were incom-
pletely occluded at follow-up), and one,
to a false-positive (ie, predicted incom-
plete occlusion but the aneurysm was
completely occluded at follow-up).

Examples of an aneurysm pre-
dicted and confirmed to be completely
occluded at follow-up and another
predicted and confirmed to be incom-

pletely occluded are presented in Fig 2. In the first case, it can be
seen that the aneurysm had a strong inflow jet before treatment,
but this jet was effectively blocked by the FD device, resulting in
low-inflow and low-velocity patterns after treatment. In the sec-
ond case, the FD device did not sufficiently reduce the inflow
and mean velocity, and the aneurysm remained incompletely
occluded at follow-up.

DISCUSSION
Predicting whether an aneurysm will immediately occlude after
treatment with an FD device or whether it will remain incom-
pletely occluded is important to plan the best management strat-
egy for each individual patient. For example, it could help
support decisions about using multiple devices to achieve the
desired hemodynamic environment, choosing a different FD de-
vice or endovascular approach, closely monitoring patients who
may need retreatment, or determining when to discontinue dual
antiplatelet therapy.

The use of image-based CFD models to predict FD outcomes
has been proposed in several studies that demonstrated hemody-
namic differences between completely and incompletely occluded
aneurysms.5-10 Furthermore, similar trends have been reported
for intrasaccular FDs for the treatment of bifurcation aneurysms
that are problematic for endoluminal devices.18 The current work
focused on validating CFD-based predictions in experimental
aneurysms created in rabbits. The study was restricted to endolu-
minal FDs, and hemodynamic variables previously identified as
the principal distinguishing characteristics between fast occlusion
and incomplete occlusion after treatment were used to predict
outcomes. The same variables were also identified as potential
discriminators between fast and incomplete occlusions after FD
treatment of human aneurysms, with similar areas under the
curve.19 Therefore, it is reasonable to expect that the results of the
current study will generalize to human aneurysms and be consist-
ent with recent reports relating posttreatment flow velocity and
FD outcome in humans.20

Our results indicate that the combination of Q and mean VEL
immediately after FD implantation is indeed capable of predict-
ing outcomes with an accuracy of 77%. Specifically, aneurysms
with low Q and low mean VEL after treatment (below their corre-
sponding thresholds) are predicted to occlude completely, while

Table 1: Posttreatment hemodynamic variables, predictions, outcomes, and agreement
Subject Q (mL/s) VEL (cm/s) Prediction Outcome Agreement
1 0.055 0.391 I I A
2 0.013 0.127 C I D
3 0.048 0.532 I I A
4 0.013 0.112 C I D
5 0.018 0.179 I I A
6 0.053 0.362 I I A
7 0.031 0.344 I I A
8 0.094 0.664 I I A
9 0.011 0.108 C C A
10 0.007 0.156 C C A
11 0.021 0.102 C C A
12 0.100 0.831 I C D
13 0.025 0.156 C C A

Note:—I indicates incomplete occlusion; C, complete occlusion; A, agreement; D, disagreement.

Table 2: Summary of agreement between predictions and
outcomes

Predictions
Outcomes

Complete Incomplete Total
Complete 4 2 6
Incomplete 1 6 7
Total 5 8 13
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aneurysms with either a large Q or large mean VEL are predicted
to remain incompletely occluded at 8weeks. Most interesting, if
the predictive variables (Q and VEL) were considered separately,
VEL was able to correctly predict the same 77% of cases, while Q
alone was capable of correctly predicting only 62% of the cases.
This finding suggests that the posttreatment mean aneurysm
VEL may be a better predictor than the mean aneurysm inflow
Q; however, in the current sample, these 2 variables were not in-
dependent (regression analysis showed a linear correlation with
an R2 value of 0.91), explaining why the VEL 1 Q combination
was not better than the VEL alone. Further studies with more
cases are needed to determine whether the combination of these
2 variables can be better than the mean VEL alone in general.

Recently, Paliwal et al21 constructed machine learning models
based on 16 morphologic, hemodynamic, and device parameters
and applied them to a retrospective cohort of 84 aneurysms
treated with FDs and obtained a 90% accuracy in an internal 20-
fold cross-validation. In another study, Sindeev et al22 analyzed
the flow changes in 3 aneurysms treated with FDs with known
outcomes using CFD and phase-contrast MR imaging and con-
cluded that CFD could be used to predict outcomes. Previously,
Pereira et al11 studied a prospective series of 24 patients treated

with FDs and calculated the mean aneurysm flow amplitude ratio
from dynamic DSA images and concluded that this variable could
predict complete or incomplete occlusion at 12 months with an
accuracy of 86%, sensitivity of 88%, and specificity of 73%. In
comparison, we achieved an accuracy of 77%, sensitivity of 80%,
and specificity of 75% when validating the predictions in a pro-
spective manner blinded to the outcomes and in an external data
set of 13 rabbit models.

Some of these previous studies have proposed the change in he-
modynamic variables such as the mean aneurysm VEL from pre-
treatment to posttreatment as potential predictors of outcomes.9,13

In our previous study,14 changes in hemodynamic variables were
slightly different between the complete and incomplete aneurysm
occlusion groups; thus, it was not possible to use these changes
for outcome prediction (ie, it was not possible to calculate cor-
responding thresholds to discriminate between the 2 groups).
However, it was the posttreatment conditions (not their change
from the pretreatment values) that were able to predict the out-
comes. Large hemodynamic changes may facilitate fast occlu-
sions, but they may not be sufficient if these changes do not
produce hemodynamic conditions with values below the predic-
tive thresholds.

FIG 2. Examples of a completely occluded (left, subject 11) and an incompletely occluded (right, subject 7) aneurysm after treatment with FD
devices. In both cases, prospective CFD predictions coincided with the angiographic outcomes at 8weeks. Visualizations show the inflow jet
(isovelocity surfaces) and flow pattern (streamlines) before and after treatment. Substantial reduction of the inflow and flow velocities is
observed in the completely occluded aneurysm, but persistent posttreatment inflow and flow velocity can be seen in the incompletely
occluded aneurysm. The circled white line show neck area of the aneurysm. Tx indicates Treatment; Fup,follow up; Fup DSA, Follow up DSA.
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In our study, 2 aneurysms had low-flow conditions after treat-
ment according to the CFD models but remained incompletely
occluded at follow-up. These false-negatives are difficult to
understand and may indicate that though important, flow condi-
tions may not be the only determining factor for aneurysm occlu-
sion. Perhaps other biologic mechanisms not included in the
current models such as individual responses to antiplatelet ther-
apy, diminished fibrin activity, impaired endothelialization, and
so forth may slow down the occlusion process. However, in one
of these cases (subject 2), the distal parent artery was larger than
the FD diameter (device undersized), and consequently, the de-
vice was not well-apposed to the wall. This result was confirmed
with optical coherence tomography imaging at follow-up (Online
Supplemental Data). In such cases, it is very difficult to predict
the exact positioning of the FD in the vascular model, and it is
possible that the virtual FD was more effective at disrupting the
flow into the aneurysm than the actual device, explaining this
false-negative.

One case with high-flow conditions after treatment (values
above their thresholds) was completely occluded at follow-up
(false-positive). Here, we need to remember that the thresholds
were determined from a previous study in which one group of
aneurysms was completely occluded at 4weeks, while the other
remained open at 8weeks. Thus, in the current study, perhaps
this false-positive case may have been incompletely occluded at
4weeks but occluded before 8weeks. These disagreements may
also be due to limitations of the CFD models (see below), which
could deviate from the actual in vivo hemodynamics in certain
subjects. Nevertheless, our models were able to prospectively pre-
dict the outcomes correctly in 77% of the cases. This predictive
power is consistent with those in previous studies based on DSA
flow assessments13 and with the previously determined areas
under the curve.14,21

In our previous studies, we have found similar hemodynamic
differences between complete and incomplete occlusions after FD
treatment in rabbits8,14 and in humans,21 which, in the current
study, were used as outcome predictors. Furthermore, we showed
that in humans, individualized flow conditions derived from an
empirical law relating the inflow rate and parent artery diameter
were sufficient to distinguish between complete and incomplete
occlusions,21 suggesting that it may not be necessary to measure
patient-specific flow rates in humans. Additionally, rabbit elastase
models have been shown to appropriately mimic human intracra-
nial aneurysms for studying aneurysm treatment.23 Thus, it is to
be expected that the proposed approach will also work in human
aneurysms. The application of CFD modeling of FDs for easy use
in the clinic can be simplified by 2 main aspects: 1) developing
integrated vascular modeling tools that can be easily interfaced
with angiography systems (to accelerate/simplify the manual part
of the modeling process), and 2) performing steady-state simula-
tions, which provide good estimates of the mean velocity and
inflow rates (accelerating the automatic part of the process).
These simplifications would allow CFD models to be created and
run in a few minutes. On the other hand, if the hemodynamic
variables identified here as good predictors of aneurysm occlu-
sion could be reliably derived from other techniques, such as the
mean aneurysm flow amplitude from cine DSA or 4D phase-

contrast MR imaging, it may not be necessary to construct CFD
models for all patients. However, these other techniques also
have limitations that need to be carefully considered (eg, mean
aneurysm flow amplitude is a 2D technique and may underesti-
mate mean velocities in the aneurysm, where the flow has, in gen-
eral, a complex 3D structure).

The current study has several limitations. The CFD modeling
is based on several approximations such as Newtonian flows,
rigid vessel walls, inflow rates derived from Doppler ultrasound
measurements of flow velocities, and outflow boundary condi-
tions based on the Murray law. However, previous studies
showed that these models were able to reproduce in vivo velocity
values at the aneurysm neck measured with Doppler ultrasound
and overall flow patterns observed in DSA sequences.16 The vir-
tual FD deployment methodology takes into account foreshorten-
ing effects and is able to reasonably reproduce the geometry of
the implanted device,16 but it does not exactly reproduce the
FD position and shape, which could be affected by operator-
dependent maneuvers, which could locally compress or expand
the device. The sample size was small for both the “training” set
used to determine the predictive thresholds of hemodynamic var-
iables, and the “testing” set used to compare the prospective pre-
dictions with actual outcomes. Only the PED device was used in
this study; thus, the results are exclusively valid for this device.
Only 1 device was implanted in each subject; the effects of multi-
ple devices was not studied. Further studies with larger samples
and human aneurysms should be performed to confirm our
results and further characterize the predictive thresholds of he-
modynamic variables (and perhaps develop multivariate models)
and the predictive power of CFD models.

CONCLUSIONS
Subject-specific CFD models of the hemodynamic conditions cre-
ated immediately after implantation of FD devices in experimental
cerebral aneurysms created in rabbits are capable of prospectively
predicting (with a reasonable accuracy) which aneurysms will
quickly occlude and which ones will remain incompletely occluded
for a longer time.
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ORIGINAL RESEARCH
INTERVENTIONAL

Outcomes of Mechanical Thrombectomy in the Early
(<6-hour) and Extended (‡6-hour) TimeWindow Based

Solely on Noncontrast CT and CT Angiography: A Propensity
Score–Matched Cohort Study

P. Hendrix, D. Chaudhary, V. Avula, V. Abedi, R. Zand, A. Noto, I. Melamed, O. Goren, C.M. Schirmer, and
C.J. Griessenauer

ABSTRACT

BACKGROUND AND PURPOSE: Current stroke care recommendations for patient selection for mechanical thrombectomy in the
extended time window demand advanced imaging to determine the stroke core volume and hypoperfusion mismatch, which may
not be available at every center. We aimed to determine outcomes in patients selected for mechanical thrombectomy solely on
the basis of noncontrast CT and CTA in the early (,6-hour) and extended ($6-hour) time windows.

MATERIALS AND METHODS: Consecutive mechanical thrombectomies performed for acute large-vessel occlusion ischemic (ICA,
M1, M2) stroke between February 2016 and August 2020 were retrospectively reviewed. Eligibility was based solely on demographics
and noncontrast CT (ASPECTS) and CTA, due to the limited availability of perfusion imaging during the study period. Propensity
score matching was performed to compare outcomes between time windows.

RESULTS: Of 417 mechanical thrombectomies performed, 337 met the inclusion criteria, resulting in 205 (60.8%) and 132 (39.2%)
patients in the 0- to 6- and 6- to 24-hour time windows, respectively. The ASPECTS was higher in the early time window (9; inter-
quartile range ¼ 8–10) than the extended time window (9; interquartile range ¼ 7–10; P ¼ .005). Propensity score matching yielded
112 well-matched pairs. Equal rates of TICI 2b/3 revascularization and symptomatic intracranial hemorrhage were observed. A favor-
able functional outcome (mRS 0–2) at 90 days was numerically more frequent in the early window (45.5% versus 33.9%, P¼ .091).
Mortality was numerically more frequent in the early window (25.9% versus 17.0%, P¼ .096).

CONCLUSIONS: Patients selected for mechanical thrombectomy in the extended time window solely on the basis of noncontrast CT and
CTA still achieved decent rates of favorable 90-day functional outcomes, not statistically different from patients in the early time window.

ABBREVIATION: IQR ¼ interquartile range

Randomized controlled trials demonstrated that mechanical
thrombectomy for anterior circulation large-vessel occlusion

strokes provides beneficial outcomes when performed within the

early 6-hour time window.1 Among these randomized controlled

trials, the Solitaire with the Intention for Thrombectomy as

Primary Endovascular Treatment (SWIFT PRIME) and Extending

the Time for Thrombolysis in Emergency Neurological Deficits–

Intra-Arterial (EXTEND-IA) trials enrolled patients on the basis of

ischemic core imaging, whereas the Multicenter Randomized

Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke

in the Netherlands (MR CLEAN) and Mechanical Thrombectomy

After Intravenous Alteplase Versus Alteplase Alone After Stroke

(THRACE) trials did not. The selection of patients with advanced

imaging provided a more favorable absolute treatment benefit.2-6

Nevertheless, due to the safety and efficacy demonstrated in MR

CLEAN and THRACE, current guidelines do not recommend

advanced imaging as long as the patient presents within the 6-hour

time window with a CT-ASPECTS of $6 (class I).7 The

Endovascular Therapy Following Imaging Evaluation for Ischemic
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Stroke 3 (DEFUSE-3)8 trial and Diffusion Weighted Imaging

(DWI) or Computerized Tomography Perfusion (CTP) Assessment

With Clinical Mismatch in the Triage of Wake Up and Late

Presenting Strokes Undergoing Neurointervention with Trevo

(DAWN)9 trial generated class I evidence for mechanical thrombec-

tomy in the extended 6- to 16-hour time window, while DAWN

also expanded to the 16- to 24-hour time window (class IIa). Most

important, enrollment in DEFUSE-3 and DAWNwas also based on

core imaging.8,9 Therefore, to date, patient selection in the extended

time window (6–24 hours) demands advanced imaging to deter-

mine the stroke core volume and hypoperfusion mismatch (CT per-

fusion or diffusion-weighted brain MR imaging).
Recently, Nogueira et al10 compared outcomes between

patients selected with noncontrast CT and CTA and patients who
underwent CT perfusion in the early and extended time windows.
They found that the CT perfusion acquisition was associated with
better outcomes neither in the early nor extended time window.
There is a lack of real-world data on patients selected solely on
the basis of noncontrast CT and CTA for the extended time win-
dow. Here, we present mechanical thrombectomy outcomes in
the early and extended time windows in patients evaluated solely
on the basis of noncontrast CT and CTA.

MATERIALS AND METHODS
Consecutive mechanical thrombectomies performed for acute
large-vessel occlusion ischemic stroke between February 2016
and August 2020 at comprehensive stroke centers Geisinger
Medical Center and Geisinger Wyoming Valley Medical Center
were retrospectively reviewed. Local institutional review board
approval was obtained before the study initiation.

Patient Selection, Treatment, and Outcome Assessment
Patients were treated according to current American Heart
Association/American Stroke Association guidelines except for
the limited availability of perfusion imaging during the study pe-
riod.7,11 Each patient underwent a noncontrast CT scan followed
by determination of the ASPECTS. Eligibility for mechanical
thrombectomy was based on patient demographics, baseline
NIHSS scores, time since symptom onset, and noncontrast CT,
including CT-ASPECTS. Scores were obtained by the on-call
stroke neurologist and treating neuroendovascular surgeon. None
of the patients included underwent advanced imaging beyond
noncontrast CT or CTA. Patients transferred from outside hospi-
tals or affiliated primary stroke centers did not undergo additional
noncontrast CT or CTA on presentation to the comprehensive
stroke center, unless the neurologic status significantly declined
during transport or outside imaging was insufficient to facilitate
decision-making. Transferred patients were promptly directed to
the angiography suite on the basis of imaging provided through
the telestroke system. Eligibility for treatment was ultimately deter-
mined by the treating neuroendovascular surgeon and adjudicated
by the stroke center quality framework. Successful revasculariza-
tion (TICI 2b/3) was evaluated by the neuroendovascular surgeon.
Symptomatic intracranial hemorrhage was assessed according to
the Heidelberg Bleeding Classification.12 Functional outcome at

90days was determined using the mRS, with mRS 0–2 indicating a
favorable functional outcome and mRS 6 indicating death.

Statistical Analysis
Categoric variables are given as frequency and percentage.
Continuous variables are stated as the median and interquartile range
(IQR). Baseline characteristics were compared by means of the x 2,
Fisher exact, and Mann-Whitney U tests, as appropriate. Propensity
score matching of 0- to 6- versus 6- to 24-hour time windows was
performed using age, sex, baseline NIHSS, site of occlusion, and CT-
ASPECTS as parameters. Matching was performed using the nearest
neighbor method, without replacement and a caliper of 0.1.
Subsequent outcome analyses were performed comparing pairs using
the McNemar and Wilcoxon signed-rank test. P values of,.05 were
considered statistically significant. SPSS, Version 25 (IBM) and R sta-
tistical and computing software, Version 4.03 (http://www.r-project.
org/) were used to perform statistical analysis.

RESULTS
During the study period, February 2016 to August 2020, two hun-
dred thirty-seven/417 (56.8%) mechanical thrombectomies were
performed in transferred patients. In the early time window,
transferred patients constituted 52.0% of all cases, whereas trans-
ferred patients even constituted 63.9% of all cases in the extended
time window, thereby demonstrating the challenges of timely
stroke management in a health care system that serves a large ru-
ral area. Of 417 mechanical thrombectomies performed during
the study period, 383 had ICA or MCA (M1 or M2) segment
large-vessel occlusions. Forty-four patients with premorbid
mRS. 2 and another 2 patients with missing data were excluded.
The final dataset comprised 337 cases. Two hundred five (60.8%)
were treated within the early 0- to 6-hour time window, and 132
(39.2%), in the extended 6- to 24-hour time window (Fig 1).

Prematch Comparison of Early-versus-Extended Time
Windows
Baseline demographics between patients who underwent me-
chanical thrombectomy in the early (n¼ 205) and extended

FIG 1. Flow sheet patient selection.
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(n¼ 132) time windows in the pre-propensity score–matched
comparison were similar except for a higher baseline NIHSS
score in the 0- to 6-hour time window (P¼ .045) (Table 1).
CT-ASPECTS was lower in the 6- to 24-hour time window
group (P¼ .005) (Fig 2). Rates of successful revascularization
and symptomatic intracranial hemorrhage were similar. A
favorable functional outcome was more frequently observed
in the early time window (P¼ .038) (Fig 2). A trend toward
more deaths was found in the group with the early time win-
dow (P¼ .052).

Propensity Matched Comparison of Early-versus-
Extended Time Windows
Propensity score matching yielded 112 matched pairs.
Standardized mean differences were,0.1. Additional bal-
ance measures are provided in Figs 3 and 4. Comparison of
the 0- to 6-hour versus 6- to 24-hour groups demonstrated
equal distribution of age, sex, baseline NIHSS score, occlu-
sion site, and CT-ASPECTS (Table 2). Outcome analysis
showed equal rates of TICI 2b/3 revascularization and symp-
tomatic intracranial hemorrhage. A favorable functional out-
come was numerically more frequent in the 0- to 6-hour
group than the 6- to 24-hour group (45.5% versus 33.9%),
but it was not statistically significant (P¼ .091). Likewise,
death rates were numerically larger in the 0- to 6-hour group
than in the 6- to 24-hour group (25.9% versus 17.0%) though
they were not statistically significant (P¼ .096).

DISCUSSION
This retrospective cohort provides
additional evidence from a real-world
setting that clinical evaluation and
noncontrast CT-ASPECTS in the
extended time window are sufficient
to achieve favorable outcome rates.
Safety end points for symptomatic in-
tracranial hemorrhage and death at
90 days were similar for both time
windows. Likewise, successful revascu-
larization was achieved in.90%
regardless of the time windows. A
favorable functional outcome was
more frequently achieved in the early
time window. This observation
remained evident even after matching
CT-ASPECTS variables, reflecting the
predominant role of time in reva-
scularization. However, still, 1 of 3
patients in the extended time window
achieved a favorable functional out-
come. These observations align with
Santos et al,13 who also analyzed a
cohort selected solely by noncontrast
CT and CTA. They compared 186
patients from the 0- to 6-hour window
with 63 patients in the time window
beyond 6 hours. While applying strict
inclusion criteria (NIHSS. 11, CT-

ASPECTS. 6, and premorbid mRS, 2 for the extended time
window), the authors observed a favorable functional outcome in
57% and 65.1% in the 0- to 6-hour and beyond the 6-hour time
windows, respectively. Mortality and symptomatic intracranial
hemorrhage rates were equal across time windows.13

Advanced imaging such as CT perfusion or diffusion-
weighted MR imaging allows the preselection of those patients
with small cores with a higher likelihood of a beneficial out-
come from mechanical thrombectomy. This effect becomes
particularly apparent in the extended time window. Patients
beyond 6 hours of symptom onset have comparatively small
cores, but without intervention, they are not likely to with-
stand hypoperfusion resulting in cerebral infarction and neu-
rologic decline. Albers14 appropriately illustrated the role of
timing and imaging on patient selection together with inherent
absolute treatment effects when discussing the late window
paradox. Albers postulated that patients who withstand the
first 6 hours without significant infarctions (core volumes)
have likely a favorable status due to good collateral supply. On
the other hand, patients with poor collaterals are very likely to
have significant infarctions even in the early time window.
Early deteriorators are patients who do not benefit from me-
chanical thrombectomy despite timely treatment. Patients
with poor collateral status and early infarctions are very
unlikely to be candidates for mechanical thrombectomy in the
extended time window. In contrast, patient selection in the
early time window is likely to be more liberal. Therefore,

Table 1: Baseline characteristics

Overall Cohort
0–6 Hours (n= 205) 6–24 Hours (n= 132) P Value

Variable
Age (median) (IQR) (yr) 72 (61–80) 75 (60–83) .418
Female 104 (50.7%) 71 (53.4%) .584
Baseline NIHSS (median) (IQR) 18 (14–24) 17 (11–22) .045
Premorbid mRS (median) (IQR) 0 (0–1) 0 (0–1) .600
Risk factors
Arterial hypertension 157 (76.6%) 106 (80.3%) .421
Type 2 diabetes 60 (29.3%) 38 (28.8%) .924
Dyslipidemia 142 (69.3%) 95 (72.0%) .596
Coronary artery disease 54 (26.3%) 34 (25.8%) .905
Atrial fibrillation 90 (43.9%) 47 (35.6%) .130
Chronic kidney disease 47 (22.9%) 37 (28.0%) .290
Ischemic stroke 30 (14.6%) 15 (11.4%) .389
Smoking (ever) 115 (56.1%) 70 (53.0%) .581

Site of occlusion
ICA 41 (20.0%) 34 (25.8%) .427
M1 127 (62.0%) 78 (59.1%)
M2 37 (18.0%) 20 (15.2%)
CT-ASPECTS (median) (IQR) 9 (8–10) 9 (7–10) .005
Transfer to CSC 104 (50.7%) 82 (62.1%) .040
IV-tPA 117 (57.1%) 18 (13.6%) ,.001
Time to intervention (median) (IQR) 204 (158–263) 684 (476–919) ,.001
Primary aspiration 47 (22.9%) 36 (27.3%) .366
TICI 2b/3 revascularization 193 (94.1%) 120 (90.9%) .259
sICH 13 (6.3%) 12 (9.1%) .347
Functional outcome
mRS 0–2 90 (43.9%) 43 (32.6%) .038
mRS 6 58 (28.3%) 25 (18.9%) .052

Note:—CSC indicates comprehensive stroke center; sICH, symptomatic intracranial hemorrhage.
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patients selected in the extended time window have an a priori
more favorable basis, translating into a relatively benign func-
tional outcome of this particular subgroup.14

CT perfusion imaging performed within 6 hours of symptom
onset may overestimate the infarct core.15 Thus, CT perfusion
imaging in the early time window requires careful interpretation.

FIG 2. A, Mean proportion of favorable functional outcomes (mRS 0–2) per 4-hour interval of time since symptom onset to intervention,
including a trendline. The trendline declines with time. B, CT-ASPECTS of all cases plotted across time from symptom onset to intervention. The
trendline remains almost stable with time, representing patient selection based on favorable CT-ASPECTS.
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For the extended time window, to date, only DEFUSE-3 and
DAWN provide class I recommendations. In both trials, patients
underwent advanced imaging to screen for core infarct volumes,

and patient selection was based on predefined cutoffs.8,9 Despite the
awareness of stroke care inequities between urban and rural areas,16

the current literature lacks a discussion on strategies for patients

FIG 4. Unadjusted (unmatched) and adjusted (matched) group comparison for the early 0- to 6-hour time window (indicated by 0) and the
extended 6- to 24-hour time window (indicated by 1). Density overlay for age, baseline NIHSS, and ASPECTS and equality of height of propor-
tions for female sex and location demonstrate good comparability after propensity score matching.

FIG 3. Standardized mean differences for covariates integrated into propensity score matching. Prematching (unadjusted) standardized mean
differences and postmatching (adjusted) standardized mean differences are shown. Standardized mean difference , 0.1 indicates well-matched
samples.
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eligible for mechanical thrombectomy requiring long-distance trans-
fers. During the study period, February 2016 to August 2020, two
hundred thirty-seven/417 (56.8%) mechanical thrombectomies were
performed in transferred patients. Among the early time window,
transferred patients constituted 52.0% of all cases, whereas trans-
ferred patients even constituted 63.9% of all cases among the
extended time window. In our health care system, transfer times reg-
ularly exceed 1 hour due to the long distance despite an internal
flight air ambulance system. To date, it is unknown whether trans-
ferred patients should undergo repeat imaging to update CT-
ASPECTS and rule out hemorrhage or even undergo advanced
imaging to estimate the infarct core and guide patient selection.

Furthermore, only a subset of affiliated rural hospitals are certi-
fied primary stroke centers capable of providing timely advanced
imaging. Contrasting the ideal stroke care system incorporating
timely transportation and timely availability of advanced imaging
with a stroke care system, in large part, also covering rural areas
highlights 2 aspects that require reiterated adjudication by stroke
quality frameworks. First, suspending advanced imaging should
guide patient selection in both the early and extended time windows.
Second, delaying mechanical thrombectomy by repeat imaging
unless there is severe neurologic decline may result in fatality due to
herniation or hemorrhage.

Recently, Nogueira et al10 found CT perfusion–based patient
selection not superior to standardized noncontrast CT and CTA
in terms of functional-outcome prediction. These observations,
together with real-world data such as presented in the current
study, challenge the demand for advanced imaging to guide
patient selection and justify patient selection based purely on
favorable CT-ASPECTS, even in the extended time window. The
selection of patients with favorable CT-ASPECTS is shown in Fig
2. Notably, the selection of patients with large-vessel occlusion
for mechanical thrombectomy using advanced imaging may
increase the relative proportion of patients achieving functional
independence but might compromise the absolute number of
patients potentially benefitting from this treatment by excluding
patients who might have benefitted.

Lowering the threshold for perform-
ing mechanical thrombectomy has also
been debated for patients presenting
with poor CT-ASPECTS such as CT-
ASPECTS, 6. In this context, older
age and large-core infarcts do not uni-
formly present a contraindication for
mechanical thrombectomy. Instead, a
subset of patients with large-core
infarcts undergoing mechanical throm-
bectomy still achieve a favorable func-
tional outcome.17–21 Whether sparing
of either the deep or superficial MCA
territories provides a better outcome is
still controversial.22,23 Partial reperfu-
sion of distinct areas such as the motor-
eloquent cortical area appears to out-
weigh the degree of partial reperfu-
sion.24 It remains uncertain whether
advanced imaging would identify these

patients better or exclude patients who could benefit.
Mechanical thrombectomy beyond the 6-hour time window

with patient selection based on advanced imaging appears cost-
effective.25,26 Providing timely interpretation of perfusion-based
advanced imaging modalities has been challenging for every
stroke center. It has led to the development of outsourced solu-
tions and automated interpretation platforms. However, standar-
dized cloud-based services to assess core and penumbra on CT or
MR perfusion are associated with a substantial financial burden.
This study shows that selection of patients with large-vessel
occlusion strokes for thrombectomy with favorable CT-
ASPECTS even in the extended time window is feasible, without
using advanced imaging modalities.

In summary, absolute treatment effects become lower with
less stringent preselection criteria. However, withholding me-
chanical thrombectomy due to lack of advanced imaging does
not appear justifiable for those patients with favorable CT-
ASPECTS irrespective of the time window. Additional investiga-
tion is required to determine the value of advanced imaging in
patients in extended time windows and those with large-core
infarcts on presentation.

Limitations
Its sample size and retrospective design limit this study. There is
no randomization or comparative control group for the time-
window groups. The study does not provide the number of
patients that ultimately did not undergo mechanical thrombec-
tomy, which, specifically for the late window, needs to be consid-
ered. Here, patient selection is based on the decision of the stroke
care team. Finally, the study does not provide specific demo-
graphic, neurologic, or radiologic criteria (such as collateral
scores), finally leading to a decision for or against mechanical
thrombectomy in the late time window.

CONCLUSIONS
Patients selected for mechanical thrombectomy in the extended
time window solely on the basis of noncontrast CT and CTA still

Table 2: Propensity score–matched cohort

Overall Cohort
0–6 Hours
(n= 112)

6–24 Hours
(n= 112)

P
Value

Variable
Age (median) (IQR) (yr) 73 (62–81) 75 (59–83) .759
Female 61 (54.5%) 59 (52.7%) .773
Baseline NIHSS (median) (IQR) 17 (12–22) 17 (12–22) .985
Site of occlusion
ICA 25 (22.3%) 26 (23.2%) .991
M1 67 (59.8%) 67 (59.8%)
M2 20 (17.9%) 19 (17.0%)
CT-ASPECTS (median) (IQR) 9 (8–10) 9 (8–10) .720
Time to intervention (median) (IQR)
(hr)

210 (157–266) 691 (497–907) ,.001

TICI 2b/3 revascularization 106 (94.6%) 104 (92.9%) .593
sICH 6 (5.4%) 7 (6.2%) .782
Functional outcome
mRS 0–2 51 (45.5%) 38 (33.9%) .091
mRS 6 29 (25.9%) 19 (17.0%) .096
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achieved decent rates of favorable 90-day functional outcomes
not statistically different from those in patients in the early time
window. However, additional investigation is required to deter-
mine the value of advanced imaging in the extended time win-
dow, specifically if advanced imaging is associated with further
delay when serving patients from rural areas with long-distance
transfers.

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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Local Intra-arterial Thrombolysis during Mechanical
Thrombectomy for Refractory Large-Vessel Occlusion:

Adjunctive Chemical Enhancer of Thrombectomy
S.H. Baik, C. Jung, J.Y. Kim, D.-W. Shin, B.J. Kim, J. Kang, H.-J. Bae, and J.H. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Data on adjunctive intra-arterial thrombolysis during mechanical thrombectomy for refractory
thrombus are sparse. The aim of this study was to evaluate the efficacy and safety of local intra-arterial urokinase as an adjunct to
mechanical thrombectomy for refractory large-vessel occlusion.

MATERIALS AND METHODS: We retrospectively evaluated patients with acute ischemic stroke who underwent mechanical throm-
bectomy for anterior circulation large-vessel occlusion between January 2016 and December 2019. Patients were divided into 2
groups based on the use of intra-arterial urokinase as an adjunctive therapy during mechanical thrombectomy for refractory
thrombus: the urokinase and nonurokinase groups. Herein, refractory thrombus was defined as the target occlusion with minimal
reperfusion (TICI 0 or 1) despite .3 attempts with conventional mechanical thrombectomy. The baseline characteristics, procedural
outcomes, and clinical outcome were compared between the 2 groups.

RESULTS: One hundred fourteen cases of refractory thrombus were identified. A total of 45 and 69 patients were in the urokinase
and the nonurokinase groups, respectively. The urokinase group compared with the nonurokinase group showed a higher rate of
successful reperfusion (82.2% versus 63.8%, P¼ .034), with lower procedural times (54 versus 69minutes, P¼ .137). The rates of good
clinical outcome, distal embolism, and symptomatic intracranial hemorrhage were similar between the 2 groups. The use of intra-
arterial urokinase (OR ¼ 3.682; 95% CI, 1.156–11.730; P¼ .027) was an independent predictor of successful reperfusion.

CONCLUSIONS: The use of local intra-arterial urokinase as an adjunct to mechanical thrombectomy may be an effective and safe
method that provides better recanalization than the conventional mechanical thrombectomy for refractory thrombus in patients
with embolic large-vessel occlusion.

ABBREVIATIONS: CA ¼ contact aspiration; IA ¼ intra-arterial; ICH ¼ intracerebral hemorrhage; IQR ¼ interquartile range; LVO ¼ large-vessel occlusion;
MT ¼ mechanical thrombectomy; mTICI ¼ modified TICI; SR ¼ stent retriever; sICH ¼ symptomatic ICH; UK ¼ urokinase

Successful reperfusion is one of the most powerful factors for
determining good clinical outcome in patients undergoing

mechanical thrombectomy (MT) to treat acute ischemic stroke
due to large-vessel occlusion (LVO).1,2 Therefore, many studies
have focused on improving the efficacy of MT.3

Although satisfactory recanalization rates can be obtained via
standard MT, about 10%–35% of patients fail to achieve sufficient

recanalization.4,5 In these refractory cases, various rescue treatments
such as local intra-arterial fibrinolysis, suction aspiration, mechani-
cal thrombus disruption, balloon angioplasty, and stent placement
have been proposed.6-8 However, the rates of effective recanaliza-
tion following these rescue treatment methods remain low.

Intra-arterial (IA) thrombolysis has been studied mainly as a pri-
mary therapy in previous randomized clinical trials before the era of
newer-generation MT devices. Recent observational studies on the
concomitant use of IA tissue-type tPA or urokinase (UK) during
MT have demonstrated promising results with improved reperfu-
sion rates, shortened procedural times, and acceptable safety pro-
files.9-14 However, to date, data are limited on the use of local IA
thrombolysis as an adjunct to MT in response to multiple failed
attempts of conventional thrombectomy as a treatment for refrac-
tory thrombus. The impact of local IA thrombolysis as an adjunctive
therapy to MT for refractory thrombus in terms of recanalization
and hemorrhagic complications remains largely unknown.
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We hypothesized that the use of local IA UK as an adjunct to
MT may improve the recanalization rate in refractory thrombus.
The aim of this study was to evaluate the efficacy and safety of
using local IA UK as an adjunctive therapy to MT for treating re-
fractory thrombus in patients with LVO with failed conventional
MT.

MATERIALS AND METHODS
Patients
This study was approved by the local institutional review board
of Seoul National University Bundang Hospital (No. B-2102–
667–112); the requirement of written informed consent was
waived due to the retrospective nature of this study.

A retrospective analysis was performed in all consecutive
patients with acute ischemic stroke who underwent endovascu-
lar treatment between January 2016 and December 2019 at our
center. The inclusion criteria for the study were as follows: 1)
time from symptom onset to groin puncture #24 hours, 2)
occlusion of the intracranial segment of the ICA or MCA (M1
or M2 segment) visible on CT or MR angiography, 3) baseline
NIHSS score of $6 points, 4) stent retriever (SR) or contact
aspiration (CA) thrombectomy as the primary treatment, and
5) refractory thrombus, defined as the target occlusion with
minimal reperfusion (TICI 0 or 1) despite .3 attempts with
conventional MT. The exclusion criteria of this study were as
follows: 1) posterior circulation occlusion, 2) large-artery ather-
osclerosis as the cause of stroke, 3) other etiologies of stroke
such as dissection or vasculitis, 4) tandem or multiple occlu-
sions, and 5) IA UK as a rescue therapy (UK alone without
additional MT) or treatment for distal embolism.

Generally, local IA UK is administered if standard thrombec-
tomy yields no response (modified TICI [mTICI] scale 0 or 1) for
$3 attempts. Hence, refractory thrombus is defined on the basis
of the number of passes. In particular, for the purpose of our
analysis, refractory thrombus did not include atherosclerosis-
related occlusion lesions because these generally require multiple
attempts of MT due to elastic recoil and thrombus buildup.

Endovascular Treatment
All included patients underwent MT $3 times and were treated
with one of the following techniques: SR, CA alone, or CA com-
bined with SR. Patients were divided into 2 groups based on the
use of IA UK: 1) the UK group, which included patients who
received adjunctive IA UK during MT of the primary occlusion,
and 2) the non-UK SR group, which included those who did not
receive IA UK. In the UK group, IA UK was adjunctively used
only for refractory thrombus that did not respond to a conven-
tional MT using CA or SR or combined techniques (mTICI 0 or
1), and additional MT was performed subsequently after injection
of UK.

All procedures were performed by 3 experienced neurointer-
ventionalists (C.J., S.H.B., and J.Y.K.) in a single tertiary care cen-
ter. The endovascular procedure was typically performed via a
femoral approach through an 8F or 9F sheath with the patient
under local anesthesia or conscious sedation. An 8F or 9F balloon
guide catheter was routinely used whenever possible. The specific
thrombectomy devices used and intervention strategies were at

the discretion of the operator. If successful reperfusion was not
achieved with the initially selected first-line MT despite multiple
attempts, rescue therapy was performed by switching to the other
primary method.

IA UK has long been used as a stand-alone intra-arterial
thrombolysis at our center. Local intra-arterial urokinase was per-
formed through a microcatheter (0.021 or 0.027 inch). Initially,
the microcatheter was navigated across the thrombus and placed
just distal to the thrombus. After confirmation of antegrade con-
trast opacification beyond the occlusion site, UK injection was
started. Next, the microcatheter was gradually withdrawn and
positioned within the offending thrombus while injecting the
UK. Then, the microcatheter was pulled back and placed proxi-
mal to the thrombus, and the small amount of UK remaining was
injected gently. More proximal regional infusion was prohibited.
After the completion of UK administration, additional mechani-
cal thrombectomy followed after waiting 3–5 minutes. This
method was used by all 3 operators. The details of the conven-
tional MT technique were described previously.15,16

Data Collection and Outcome Measures
Clinical and radiologic data, including patient demographics,
angiographic and radiologic findings, time intervals (ie, onset,
puncture, reperfusion time), and clinical information, were pro-
spectively collected. Two interventional neuroradiologists (C.J.
and S.H.B.) independently evaluated all images. Discordance
between the 2 readers was resolved by consensus. In patients with
successful reperfusion, the procedure time was defined as the
interval from puncture to final recanalization, whereas in patients
with unsuccessful reperfusion, it was defined as the time interval
from puncture to the last angiographic series. The reperfusion sta-
tus was assessed on the final angiogram and was classified accord-
ing to the mTICI scale. The primary outcome was the rate of
successful reperfusion, which was defined with an mTICI score of
2b or 3. Complete reperfusion was defined as an mTICI grade of 3.
Good clinical outcome was defined as a 3-month mRS score of 0–
2. The angiographic findings such as time intervals, number of
passes, and reperfusion status before and after the administration
of IA UK were checked.

The safety outcomes included procedural complications (per-
foration and dissection) and hemorrhagic complications. An in-
tracerebral hemorrhage (ICH) was classified on the basis of the
second European-Australasian Acute Stroke Study classification,
and symptomatic intracerebral hemorrhage (sICH) was defined
as any hemorrhage associated with an increase in the NIHSS
score by$4 within a 24-hour period.17

Statistical Analysis
The differences in the baseline characteristics and the procedural
and clinical outcomes between the UK and non-UK groups were
compared. The Pearson x 2 test or Fisher exact test was used for
categoric variables, and the Mann-WhitneyU test, for continuous
variables. Multivariable logistic regression was performed to eval-
uate the independent variables for successful reperfusion in
patients with refractory thrombus. All statistical analyses were
performed using SPSS for Windows (Version 20.0; IBM). A P
value, .05 was considered statistically significant.
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RESULTS
A flow chart depicting the patient recruitment process is shown
in Fig 1. Between January 2016 and December 2019, a total of 524
patients with acute ischemic stroke with LVO in the anterior cir-
culation underwent endovascular treatment within the first
24 hours after symptom onset. Of the 524 patients, 172 patients
were identified as having refractory thrombus. Of these, 58
patients were excluded due to the following reasons: 1) large-
artery atherosclerosis (n¼ 38); 2) use of UK for rescue therapy or
treatment of distal embolism (n¼ 10); 3) tandem or multiple
occlusions (n¼ 7); and 4) other etiologies of stroke, such as dis-
section (n¼ 3). Finally, 114 patients (median age, 75 years; inter-
quartile range [IQR], 65–81 years; 56 men [49.1%]) with
refractory thrombus qualified for the final analysis. Of the
included 114 patients, 45 patients (39.5%) were included in
the UK group and administered IA UK as an adjunct to MT, and
the remaining 69 patients (60.5%) were included in the non-UK
group and did not receive IA UK during MT.

The baseline characteristics of all patients and 2 subgroups
are shown in Table 1. The median NIHSS score was 15 (IQR,
12–18). Seventy-seven (67.5%) patients were identified as hav-
ing cardioembolism, and 17 (14.9%) patients had active cancer
at the time of acute stroke. Forty-five patients (39.5%) had
MCA M1 occlusions, and 29 patients (25.4%) received intrave-
nous tPA before endovascular treatment. There were no signifi-
cant differences in the baseline characteristics between the 2
groups.

The procedural and clinical outcomes are summarized in
Tables 2 and 3. A total of 45 patients received adjunctive IA UK

(median dose, 40,000; IQR, 20,000–60,000 IU) duringMT to treat
refractory thrombus despite conventional MT (before IA UK;
median number of passes, 4; IQR, 3–5). IA UK was administered
at a median of 244 minutes (IQR, 182–470 minutes) after symptom
onset or after last seen well. The UK group showed a higher rate of
successful reperfusion (82.2% versus 63.8%, P¼ .034) and complete
reperfusion (35.6% versus 17.4%, P¼ .044) compared with the non-
UK group. Additionally, the procedure time was shorter in the UK
group (median, 54 versus 69minutes; P¼ .137), with fewer rescue
therapies, albeit without statistical significance (60.0% versus 73.9%,
P¼ .118). After the injection of UK, final reperfusion was obtained
after a mean of 15minutes (range, 10–18minutes), and 2 additi-
onal thrombectomies (range, 1–4) were performed on average.
Furthermore, conversion to the other MT technique was performed
in 10 (22.2%) patients. With respect to the number of passes, there
were more patients who underwent MT with$8 passes in the non-
UK group than in the UK group (13.3% versus 18.8%, P¼ .441).
Among patients who had$8 MT passes, the non-UK group
showed lower rates of successful reperfusion compared with the UK
group (100.0% versus 30.8%, P¼ .011) (Fig 2).

Regarding procedural complications, the incidence of vessel
perforation and dissection was comparable between the 2 groups
(2.2% versus 1.4% and 2.2% versus 5.8%, respectively). Overall,
vessel perforation occurred in 2 (1.8%) patients, and dissection
occurred in 5 (4.4%) patients. sICH and SAH were not different
between the 2 groups (11.1% versus 14.5%, P¼ .602, and 4.4%
versus 7.2%, P¼ .702, respectively).

In a subgroup analysis, comparison of successful reperfusion
rates according to the etiology of stroke is presented in the

FIG 1. Flow chart of patient selection. EVT indicates endovascular treatment.
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Online Supplemental Data. Among patients who had cardioemb-

olism or active cancer, the UK group showed a higher rate of suc-

cessful reperfusion in the refractory thrombus group (86.2%

versus 54.2%, P¼ .004; 77.8% versus 50.0%, P¼ .335, respec-

tively); however, the latter did not reach statistical significance

compared with the non-UK group.
Multivariate logistic regression analysis showed that the proce-

dure time (OR ¼ 0.98; 95% CI, 0.962–0.998; P¼ .026) and intra-

arterial urokinase (OR ¼ 3.682; 95% CI, 1.156–11.730; P¼ .027)

were independent predictors of successful reperfusion in patients

with multiple MT passes ($3) when adjusted for age, intravenous

tPA, baseline NIHSS, M2 occlusion,

onset to puncture time, rescue therapy,

distal embolism, and number of passes

(Table 4).

DISCUSSION
The results of our study indicate that
patients with embolic LVO with re-
fractory thrombus who were treated
with IA UK as an adjunct to MT
showed a higher rate of successful
reperfusion and a shorter procedure
time compared with those who were
not treated with IA UK. In addition,
the adjunctive use of IA UK for refrac-
tory thrombus did not increase the
risk of procedural and hemorrhagic
complications. Moreover, the use of
IA UK was shown to be an independ-
ent predictor of successful reperfusion
in patients with embolic LVO with re-
fractory thrombus after adjustment
for multiple confounders.

Only a handful of retrospective
studies to date have evaluated the
safety and efficacy of IA thrombolysis
before, after, or during MT for various
purposes. Kaesmacher et al12 recently
reported that in selected patients, the

use of IA UK during or after MT may not only be safe but may
also improve angiographic reperfusion. However, this study
included the use of IA UK not only as adjunctive therapy to MT
(25%) but also as a rescue therapy (without additional MT)
(15%), as a method to improve reperfusion (from TICI 2a or 2b)
(53%) and treatment of emboli to new territory (7%). Zaidi et al11

also recently reported that IA tPA could be used as a rescue treat-
ment in patients who were refractory to SR therapy, showing a
successful reperfusion in 61.2% of cases without increasing the
incidence of sICH. Similarly, Heiferman et al9 and Yi et al10

showed that using adjuvant IA tPA injection combined with SR
thrombectomy improved revascularization without increasing
adverse effects. Our results are in line with these studies.
However, our study included only refractory cases that did not
respond to multiple attempts of conventional MT; herein, we
demonstrated that the IA UK as an adjunct to MT increased the
rate of successful and complete reperfusion and shortened the
procedure time without increasing the rate of hemorrhagic com-
plications compared with the non-IA UK group. To the best of
our knowledge, this is the first report to explore the efficacy of IA
UK as an adjunctive option to augment MT in the setting of em-
bolic LVO with refractory thrombus.

The greatest concern of using IA UK is the risk of hemor-
rhage. The most severe complication of IA UK is sICH, which is
known to occur in 10% of patients in the recombinant prouroki-
nase group, as shown in the previous Prolyse in Acute Cerebral
Thomboembolism (PROACT-II) trial,18 and in 5.2% in those

Table 1: Baseline characteristics between the 2 groupsa

Total
(n= 114)

UK Group
(MT+UK+MT) (n= 45)

Non-UK Group
(MT+MT) (n= 69)

P
Value

Ageb 75 (65–81) 74 (63–81) 75 (65–82) .615
Male 56 (49.1) 21 (46.7) 35 (50.7) .672
Risk factor
Hypertension 59 (51.8) 23 (51.1) 36 (52.2) .912
Diabetes 27 (23.7) 12 (26.7) 15 (21.7) .545
Dyslipidemia 20 (17.5) 10 (22.2) 10 (14.5) .289
Smoking 15 (13.2) 7 (15.6) 8 (11.6) .541
Coronary artery
disease

9 (7.9) 3 (6.7) 6 (8.7) 1.000

Atrial fibrillation 72 (63.2) 26 (57.8) 46 (66.7) .336
TOAST
LAA 0 (0.0) 0 (0.0) 0 (0.0)
CA 77 (67.5) 29 (64.4) 48 (69.6) .568
SUD 19 (16.7) 6 (13.3) 13 (18.8) .441

Cancer-related
stroke

17 (14.9) 9 (20.0) 8 (11.6) .218

IV tPA 29 (25.4) 9 (20.0) 20 (29.0) .282
Admission
NIHSSb

15 (12–18) 15 (10–18) 15 (12–19) .080

Baseline
ASPECTSb

8 (7–9) 8 (7–9) 8 (7–9) .328

Occlusion site .182
ICA 42 (36.8) 12 (26.7) 30 (43.5)
M1 45 (39.5) 20 (44.4) 25 (36.2)
M2 27 (23.7) 13 (28.9) 14 (20.3)

Note:—TOAST indicates Trial of Org 10172 in Acute Stroke Treatment31; LAA, large-artery atherosclerosis; CA, car-
dioembolism; SUD, stroke of undetermined etiology.
a Values in parentheses represent the number of patients (%).
b Data are median and numbers in parentheses are IQR.

Table 2: Procedural characteristics in the UK group
Characteristics Quartile or No. (%)

Dose of IA UK (IU) 40,000 (20,000–60,000)
Dose of IA UK based on site P value¼ .056a

ICA (IU) 60,000 (58,000–100,000)
M1 (IU) 40,000 (28,000–60,000)
M2 (IU) 40,000 (20,000–50,000)

UK to reperfusion time (min) 15 (10–18)
Rescue therapy after IA UK 10 (22.2)
No. of passes before IA UK 4 (3–5)
No. of passes after IA UK 2 (1–2)
Final reperfusion status
0–1 2 (4.4)
2a 6 (13.3)
2b 21 (46.7)
3 16 (35.6)

a P value was calculated by the Kruskal-Wallis test.
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receiving IA UK as an adjunct treat-
ment to MT, as shown in a recent
report.12 However, our study shows
that the occurrence of sICH was 11.1%
in those with IA UK. However, the
patients in our study consisted of only
those who had refractory occlusion due
to embolic thrombi, which is usually
related to large clot burden, a long pro-
cedure time, and an increased number
of passes. Thus, our patients were, at
baseline, probably at higher risk of poor
outcome. Despite these circumstances,
we found that the occurrence of sICH
was comparable between the UK and
non-UK groups. This finding may be
explained by an improvement in the
procedural efficacy and perfusion,
which minimizes infarction expansion,
ultimately reducing the overall ICH
risk.19,20

Despite significant improvements
in the various endovascular techniques,
some situations are not amenable to
conventional methods, especially in the
case of large and/or stubbornly rooted
thrombi.8 Recently, several studies
reported a novel rescue technique using
double SRs, showing safe and effective
outcomes and thereby demonstrating it
as a potential option for refractory
LVO.8,21,22 Besides, Chang et al23

reported that rescue stent placement for
failed MT achieved successful reperfu-
sion in 64.6% of cases. Nonetheless,
double-stent thrombectomy is a rela-
tively complex technique that demands
extensive technical experience as well as
specific anatomic features, like arte-
rial bifurcation.21,22 In addition, the

increased cost of 2 SRs is another disadvantage. Moreover, rescue
permanent stent placement is preferable for refractory occlusion
caused by atherosclerotic stenosis or arterial dissection rather than
for embolic occlusion. In addition, a drawback of permanent stent
placement is that it requires antiplatelet medication during or imme-
diately after the treatment in patients with acute stroke.

Our results showed that the efficacy of reperfusion is better with
the use of IA UK than without it in patients with refractory throm-
bus. There are several possible advantages to using local IA UK as
an adjunct to MT in refractory thrombus. First, the local IA throm-
bolysis enhances the efficacy of thrombectomy by fibrin degradation
which softens and increases the surface area of the clots enabling
easier detachment.24,25 Second, UK thrombolysis also decreases the
surface area interaction with the vessel wall, which reduces friction/
adhesion.3 These theoretic advantages of combining IA UK and
MT could help explain the improvement in reperfusion in patients
with LVO with refractory thrombus.

Table 3: Procedural and clinical outcomes between the 2 groupsa

Total
(n= 114)

UK Group
(MT+UK+MT)

(n= 45)
Non-UK Group

(MT+MT) (n= 69)
P

Value
Onset to puncture
time (min)b

158 (110–413) 182 (122–412) 149 (102–420) .561

Procedure timeb 62 (42–93) 54 (39–88) 69 (49–113) .137
Onset to
reperfusion
timeb

253 (169–491) 254 (195–481) 231 (164–503) .561

First-line technique .533
SR 72 (63.2) 31 (68.9) 41 (59.4)
CA 29 (25.4) 9 (20.0) 20 (29.0)
Combined
technique

13 (11.4) 5 (11.1) 8 (11.6)

Rescue therapy 78 (68.4) 27 (60.0) 51 (73.9) .118
Switch to SR 24 (21.1) 9 (20.0) 15 (21.7)
Switch to CA 23 (20.2) 8 (17.8) 15 (21.7)
Switch to SR1CA 34 (29.8) 10 (22.2) 24 (34.8)
Total No. of
passesb

5 (5–6) 6 (5–6) 6 (6–7) .289

4–5 Passes 49 (43.0) 22 (48.9) 27 (39.1) .304
6–7 Passes 46 (40.4) 17 (37.8) 29 (42.0) .651
$8 Passes 19 (16.7) 6 (13.3) 13 (18.8) .441
Other adjuvant
treatments

22 (19.3) 7 (15.6) 15 (21.7) .414

Final reperfusion
status
2b–3 81 (71.1) 37 (82.2) 44 (63.8) .034
3 28 (24.6) 16 (35.6) 12 (17.4) .044
mRS at 90 daysb 3 (2–5) 3 (1–4) 3 (2–5) .352
mRS 0–2 at 90 days 41 (36.0) 17 (37.8) 24 (34.8) .745
Mortality at 90
days

16 (14.0) 7 (15.6) 9 (13.0) .706

Vessel perforation 2 (1.8) 1 (2.2) 1 (1.4) 1.000
Dissection 5 (4.4) 1 (2.2) 4 (5.8) .647
ICH 15 (13.2) 5 (11.1) 10 (14.5) .602
SAH 7 (6.1) 2 (4.4) 5 (7.2) .702
HI1 or HI2 20 (17.5) 7 (15.6) 13 (18.8) .652
PH1 or PH2 8 (7.0) 2 (4.4) 6 (8.7) .476

Note:—HI indicates hemorrhagic infarction; PH, parenchymatous hematoma.
a Values in parentheses represent the number of patients (%).
b Data are medians and numbers in parentheses are IQR.

FIG 2. Comparison of successful reperfusion rates according to the
total number of passes between the 2 groups.
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Previous reports indicated that fibrin-rich thrombi are less re-
sponsive to SR thrombectomy and thrombolysis compared with
red blood cell–rich thrombi.26,27 Thrombi retrieved from active
cancer usually show high fibrin/platelet and low erythrocyte frac-
tions, whereas cardioembolic stroke is associated with red blood
cell–rich thrombi.28 In exploring the effect of IA UK on reperfu-
sion of refractory LVO, according to stroke etiology, IA UK
enhanced the reperfusion among patients with cardioembolism.
Moreover, we found a trend toward higher successful reperfusion
in patients with active cancer who received IA UK than in those
who did not. This finding may be explained by the lysis effect of
IA UK on dense fibrin fiber within the thrombi from active

cancer, despite its resistance to lysibility compared with red blood
cell–rich thrombi.27 Our subgroup results implied that the use of
local IA UK as an adjunct to MT could be a treatment option for
refractory occlusion from cancer-related stroke as well as
cardioembolism.

There were scarce and discrepant data for determining the opti-
mal number of passes and the optimal timing of switching to the
other rescue therapies during MT.29 Some previous studies sug-
gested $4 passes of thrombectomy as the maximum cutoff point
before futile reperfusion,25 while others found that patients who
achieve successful reperfusion after $4 MT passes still had better
outcomes compared with patients without reperfusion.30 In our
study, the UK group compared with the non-UK group showed not
only fewer cases of an excessive number of passes ($8 passes), but
among those with an excessive number of passes, the rate of
successful reperfusion was higher. Nevertheless, our findings should
not be interpreted as suggestive of endless efforts to achieve favor-
able reperfusion. In our cohort, 33 cases still remained unsuccessful,
even with the use of IA UK as an adjunct to MT. Furthermore, mul-
tiple attempts at MT could be associated with an increased proce-
dure time and higher complication rates. Thus, we believe that the
early use of adjunctive IA UK may be beneficial when thrombus is
deemed not responsive to the standardMT.

To the best of our knowledge, there are limited data on the
role of IA UK and its relation to a modern MT technique.
Although several previous studies reported various techniques

and doses of IA UK, it has mostly
been used as a rescue therapy or
for distal embolism.12,14,18 Currently,
there is no standardized protocol for
dosing and administration of IA UK
as an adjunct to MT for refractory
thrombus. In our cohort, IA UK tends
to be given in various doses, depend-
ing on the occlusion site; generally, if
it is locally administrated, a lower dose
(median, 40,000 IU) of IA UK seems
to be sufficient to enhance the efficacy
of thrombectomy, which is followed
by a relatively short duration of action
(median UK injection to reperfusion
time, 15minutes) (Fig 3). However,
further research on the optimal proto-
col of IA UK is warranted.

There are several limitations to this
study. First, due to the nonrandom-
ized, retrospective design, there could
be bias; the use of IA UK and the
selection of the MT technique for re-
fractory occlusion were at the discre-
tion of the operator. Hence, the
conclusion of improved reperfusion
without an increase in the risk of hem-
orrhage should be interpreted cau-
tiously. Second, the sample size may
not have been large enough to show

Table 4: Multivariable analysis of successful reperfusion in
patients with multiple passes (‡4) of mechanical
thrombectomy

Successful Reperfusion (mTICI 2b/3)
Adjusted OR (95% CI) P Value

Age 1.018 (0.971–1.066) .463
IV tPA 0.773 (0.240–2.485) .665
Baseline NIHSS 0.986 (0.881–1.104) .806
ICA occlusion 1.287 (0.405–4.091) .669
Onset to puncture time 0.999 (0.997–1.001) .385
Procedure time 0.980 (0.962–0.998) .026
Rescue therapy 0.816 (0.252–2.961) .816
No. of passes 0.778 (0.538–1.125) .182
Distal embolism 0.828 (0.248–2.765) .759
Intra-arterial urokinase 3.682 (1.156–11.730) .027

FIG 3. A, A-63-year-old male patient with acute stroke due to left MCA proximal M2 occlusion
(arrow). B, Left ICA angiogram obtained after SR thrombectomy (twice) and CA thrombectomy
(twice) (not shown) still shows complete occlusion at the left MCA M2 segment. C, Intra-arterial
urokinase (40,000 IU) is injected through a 0.021-inch microcatheter from the distal-to-proximal
portion of the thrombus. D, After completion of urokinase administration, additional SR throm-
bectomy followed (not shown). The angiographic morphology of the thrombus is changed, and
minimal recanalization is achieved (arrow). E and F, After 1 more attempt of SR thrombectomy,
complete recanalization is achieved.
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statistical differences between the subgroups of this cohort.
Another limitation could be the lack of histologic examination of
the retrieved clots. The relationship between the thrombus com-
position and the efficacy of combining IA UK with MT could be
a topic for future research.

CONCLUSIONS
The use of local IA UK as an adjunct to MT seems to be a safe
and effective method for treating embolic LVO with refractory
thrombus that is unresponsive to conventional MT. The use of
adjunctive IA UK may provide enhanced reperfusion not only in
patients with cardioembolism but also in those with cancer-
related stroke. Further prospective studies are needed to verify
this method.

Disclosures: Sung Hyun Baik—RELATED: Grant: Seoul National University Bundang
Hospital, Comments: No. 14-2020-033.
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ORIGINAL RESEARCH
INTERVENTIONAL

Evolution of MRI Findings in Patients with Idiopathic
Intracranial Hypertension after Venous Sinus Stenting

N.F. Belachew, W. Almiri, R. Encinas, A. Hakim, S. Baschung, J. Kaesmacher, T. Dobrocky, C.J. Schankin,
M. Abegg, E.I. Piechowiak, A. Raabe, J. Gralla, and P. Mordasini

ABSTRACT

BACKGROUND AND PURPOSE: The correlation between imaging findings and clinical status in patients with idiopathic intracranial
hypertension is unclear. We aimed to examine the evolution of idiopathic intracranial hypertension–related MR imaging findings in
patients treated with venous sinus stent placement.

MATERIALS AND METHODS: Thirteen patients with idiopathic intracranial hypertension (median age, 26.9 years) were assessed for
changes in the CSF opening pressure, transstenotic pressure gradient, and symptoms after venous sinus stent placement. Optic
nerve sheath diameter, posterior globe flattening and/or optic nerve protrusion, empty sella, the Meckel cave, tonsillar ectopia,
the ventricles, the occipital emissary vein, and subcutaneous fat were evaluated on MR imaging before and 6months after venous
sinus stent placement. Data are expressed as percentages, medians, or correlation coefficients (r) with P values.

RESULTS: Although all patients showed significant reductions of the CSF opening pressure (31 versus 21 cm H2O; P¼ .005) and transstenotic
pressure gradient (22.5 versus 1.5mm Hg; P ¼ .002) and substantial improvement of clinical symptoms 6months after venous sinus stent
placement, a concomitant reduction was observed only for posterior globe involvement (61.5% versus 15.4%; P¼ .001), optic nerve sheath di-
ameter (6.8 versus 6.1mm; P, .001), and subcutaneous neck fat (8.9 versus 7.4mm; P¼ .001). Strong correlations were observed between
decreasing optic nerve sheath diameters and improving nausea/emesis (right optic nerve sheath diameter, r¼ 0.592, P¼ .033; left optic
nerve sheath diameter, r¼ 0.718, P¼ .006), improvement of posterior globe involvement and decreasing papilledema (r¼ 0.775, P¼ .003),
and decreasing occipital emissary vein diameter and decreasing headache frequency (r¼ 0.74, P¼ .035). Decreasing transstenotic pressure gra-
dient at 6months strongly correlated with decreasing empty sella (r¼ 0.625, P¼ .022) and regressing cerebellar ectopia (r¼ 0.662, P¼ .019).

CONCLUSIONS: Most imaging findings persist long after normalization of intracranial pressure and clinical improvement. However,
MR imaging findings related to the optic nerve may reflect treatment success.

ABBREVIATIONS: IIH ¼ idiopathic intracranial hypertension; VAS ¼ visual analog scale

Idiopathic intracranial hypertension (IIH) is a disorder charac-
terized by increased intracranial pressure that is not caused by

a mass lesion, a meningeal process, or cerebral venous thrombo-
sis.1 The diagnosis requires a thorough neurologic and ophthal-
mologic examination, a diagnostic lumbar puncture, and

neuroimaging.1 Imaging is primarily performed to exclude
pathologies that would provide an obvious alternative explana-
tion for clinical and laboratory diagnostic findings.1,2 However,
several imaging findings, though not specific, may assist in
establishing the diagnosis.2,3 Neither IIH pathogenesis nor the
evolution of imaging findings in patients with IIH is fully
understood.4,5 It is particularly unclear whether IIH-associated
MR imaging findings provide any information on treatment
success.6-10 We, therefore, aimed to examine the evolution of
IIH-related MR imaging findings in patients treated with ve-
nous sinus stent placement.

MATERIALS AND METHODS
Inclusion Criteria
All information was derived frommedical record review, MR imag-
ing analyses, and telephone interviews with patients diagnosed with
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IIH who underwent venous sinus stent placement at our hospital
between October 2016 and April 2020. Patients were included if
they met the following criteria: 1) final diagnosis of IIH according
to the modified Dandy criteria;1 2) confirmation of a functionally
relevant venous sinus stenosis on DSA and venous sinus manome-
try; 3) treatment of venous sinus stenosis with venous sinus stent
placement; and 4) MR imaging available before and after venous
sinus stent placement. Venous sinus stent placement was per-
formed if the condition was deemed refractory to conservative ther-
apy by the treating physicians or treatment had to be stopped due
to adverse effects. Venous sinus stenosis with a transstenotic pres-
sure gradient of $4mm Hg was considered functionally relevant.
All 13 patients gave general consent. Ethics approval was obtained
from the local ethics committee. All patients included in the current
study had previously been examined to assess technical and clinical
outcome parameters after venous sinus stent placement (clinical
data currently under review).

Analysis of Clinical Information
Information on age, sex, arterial hypertension, diabetes mellitus,
and obesity (including body mass index) was gathered for all
patients. Initial IIH-related symptoms such as headache (intensity
according to visual analog scale [VAS] of 0–10 and frequency per
week), nausea and/or emesis, phono- and photophobia, tinnitus
of any kind, diplopia, and other subjective visual disturbances (ie,
transient visual obscuration, blurry vision) were documented.
Clinical symptoms were listed as IIH-related only if treating
physicians had confidently excluded alternative causes. The time
from symptom onset to first treatment and the duration of con-
servative treatment were documented. Additionally, the CSF
opening pressure and the presence of papilledema were recorded.

DSA, Venous Sinus Manometry, and Venous Sinus Stent
Placement
Diagnostic DSA and venous sinus manometry were performed
with the patient under local anesthesia. The transstenotic
pressure gradient was measured as described by Fargen et
al.11 DSA and venous sinus manometry were repeated with the
patient under general anesthesia directly before as well as immedi-
ately after venous sinus stent placement to compare the pre- and
postinterventional transstenotic pressure gradient. Venous sinus
stent placement was performed with the patient under general an-
esthesia according to institutional protocols and in accordance
with the recommendations of Fargen et al.12 Patients were pre-
loaded with aspirin, 100mg/day, and clopidogrel, 75mg/day,
5 days before the intervention. Aspirin, 100mg/day, was continued
life-long, while clopidogrel was discontinued 6months after ve-
nous sinus stent placement.

Six-Month Follow-up and Outcome
At the 6-month follow-up, DSA, venous sinus manometry, and
diagnostic lumbar puncture for CSF opening pressure measure-
ment were repeated with the patient under local anesthesia. In
addition to chart review, patients were interviewed to assess symp-
toms before venous sinus stent placement as well as changes in all
IIH-related symptoms and quality of life after venous sinus stent
placement (Online Supplemental Data). The patients’ statements

were compared with the information in their medical records.
The follow-up period (from venous sinus stent placement
until the interview) was documented in months for each case.
Ophthalmology reports were reviewed to assess the evolution
or development of papilledema.

Technical Imaging Information
MR imaging was performed using a 1.5T or a 3T MR imaging
scanner (1.5T: Magnetom Aera or Magnetom Avantofit; 3T:
Magnetom Skyrafit, Magnetom Prisma, Magnetom Verio, or
Magentom Vida; Siemens). Measurements and evaluation of
the Meckel cave, the optic nerve sheath diameter, posterior
globe flattening, optic nerve protrusion, and empty sella were
performed on a 3D isovoxel T2-weighted sampling perfection
with application-optimized contrasts by using different flip
angle evolution sequence (SPACE; Siemens). Tonsillar ectopia,
subcutaneous fat in the scalp and the neck, and the occipital emis-
sary vein were assessed on 3D T1-weighted MPRAGE sequences
with contrast media. The acquisition parameters are provided in
the Online Supplemental Data. If the relevant sequence was not
available for evaluation or was inadequate due to artifacts, the neu-
roradiologist decided whether reliable assessment was possible on
an alternative sequence.

Imaging Analysis
Posterior globe flattening and optic nerve protrusion were
assessed by a senior neuroradiologist (A.H.) with 14 years of ex-
perience. All quantitative measurements were performed by 2 in-
dependent neuroradiologists (W.A. and R.E.) with 8 and 3.5 years
of experience, respectively. All evaluations were performed on
the latest scan before venous sinus stent placement and at 6-
month follow-up. The only exception was patient 4 for whom the
only follow-up MR imaging was from 6days after venous sinus
stent placement. Quantitative measurements were repeated 3
times by each neuroradiologist and acquired on different days to
avoid recall bias. Posterior globe flattening and optic nerve pro-
trusion were only assessed once on the baseline scan before ve-
nous sinus stent placement and the follow-up scan. All imaging
data were evaluated in a randomized order. Neuroradiologists
were blinded to the clinical conditions of the patients.

The width of the Meckel cave was measured bilaterally on cor-
onal images parallel to the brainstem. The optic nerve sheath di-
ameter was measured bilaterally on axial images perpendicular to
the optic nerve. Optic globe involvement was assessed on multi-
planar T2-SPACE reconstructions and categorized as normal
convexity of the optic globe, posterior globe flattening, or optic
nerve protrusion with or without posterior globe flattening. The
empty sella was quantified on sagittal images after drawing a line
between the tuberculum and dorsum sellae and measuring the
maximal perpendicular distance to the superior margin of the pi-
tuitary gland. Tonsillar ectopia was quantified on paramedian
sagittal images by measuring the shortest distance between the
most inferior margins of the cerebellar tonsil and the opisthion-
basion line. The maximal thickness of subcutaneous fat was
measured on sagittal images perpendicular to the coronal suture
(frontal) and posteriorly at the level of the dens axis (occipital).
Ventricle size was determined on axial images perpendicular to
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the brainstem by measuring the dis-
tance between the anterior horns of
the lateral ventricles and the maximal
width of the third ventricle corpus at
the same level. As suggested by
Hedjoudje et al,13 the occipital emis-
sary vein was measured at its proximal
osseous segment whenever it could be
identified. Figure 1 illustrates all the
MR imaging findings evaluated in this
study.

Statistical Analysis
Data analyses were performed using
SPSS Software (Version 25.0; IBM).
Continuous parametric variables were
compared using the t test for depend-
ent variables, whereas nonparametric
variables were compared using the
Wilcoxon signed rank test. Mean values
were used for statistical analyses of quan-
titative parameters with repeat measure-
ments by 2 raters. Categoric variables
were compared using the Fisher exact
test. Results are shown as total values,
medians with or without interquartile
range (25%–75%), or median compari-
sons with P values for the test applied.
Intra- and interobserver agreement was
assessed by calculating the intraclass cor-
relation coefficient. Correlation between
IIH-related MR imaging findings and
clinical improvement was assessed
using the Spearman rank correla-
tion coefficient.

RESULTS
Thirteen patients with IIH who under-
went venous sinus stent placement for
venous sinus stenosis at our hospital
between October 2016 and April 2020
were included in this study. The mean
age was 26.9 years (23.3–35.3 years of
age). Patients’ demographic characteris-
tics and comorbidities are listed in
Table 1. All except 1 patient (n¼ 12/13)
received conservative therapy before
venous sinus stent placement, and 1
patient (n¼ 1/13) additionally under-
went surgical treatment (ventriculoperi-
toneal shunt). The mean duration of
conservative therapy was 18.9 months
(6–26 months), and the mean dura-
tion of the follow-up period was 16.6
months (7.8–32.2 months). Treatment
and symptoms before venous sinus
stent placement and at 6-month follow-

FIG 1. A, Posterior globe flattening (white line), optic nerve protrusion (red arrows), and disten-
sion of the optic nerve sheath diameter (white line with arrowheads) in the right eye. B,
Measurement technique applied to quantify the empty sella (white line with arrowheads). C,
Measurement of the Meckel cave: The circled gray area highlights the width measurement (white
line with arrowheads) on the right side. D, Standard measurement to assess cerebellar ectopia
(white line with arrowheads). E, Measurement of the distance between the anterior horns of the
lateral ventricles (red line with arrowhead) as well as the diameter of the third ventricle corpus
(red arrows pointing to perpendicular red lines delimiting the third ventricle corpus). F,
Measurement of the frontal and occipital subcutaneous fat (red lines). G, Anatomic course of the
occipital emissary vein.

AJNR Am J Neuroradiol 42:1993–2000 Nov 2021 www.ajnr.org 1995



up are summarized in Table 2. Intracranial pressure values before
and after venous sinus stent placement are summarized in Table 3.

Pressure Values before and after Venous Sinus Stent
Placement
CSF opening pressure (31 versus 21 cm H2O; P¼ .005) and
the transstenotic pressure gradient with the patient under
local anesthesia and general anesthesia were significantly
lower after venous sinus stent placement compared with
before (22.5 versus 1.5 mm Hg, P¼ .002; and 9 versus 1 mm
Hg, P¼ .002). Reductions of CSF opening pressure (�9.25
cm H2O), transstenotic pressure gradient under local anes-
thesia (�8mm Hg), and transstenotic pressure gradient
under general anesthesia (�19mm Hg) were substantial.

Headache before and after Venous Sinus Stent Placement
Six of 11 patients in this study reported experiencing .1 type of
headache. All patients initially had IIH-related headaches, which

showed complete resolution 6 months after venous sinus stent
placement (intensity according to the VAS: 7 versus 0, P¼ .005;
and frequency per week: 7 versus 0, P¼ .003).

Other IIH-Related Symptoms before and after Venous
Sinus Stent Placement
Other than headaches, visual disturbances (n¼ 9/13; 69.2%) and tin-
nitus (n¼ 8/13; 61.5%) were the most common IIH-related symp-
toms. Papilledema was documented in 9/13 patients. All patients
who agreed to be interviewed (n¼ 11/13) reported a substantial
impairment of their daily life due to IIH-related symptoms before
venous sinus stent placement. Mean symptom duration before any
treatment was 23.6 months (7.3–52.1 months). The mean duration
of conservative therapy was 18.9 months (6.0–26.0 months). All
patients who had nausea/emesis (n¼ 8/8), photophobia/phonopho-
bia (n¼ 3/3), or diplopia (n¼ 3/3) showed substantial improvement
or complete resolution 6 months after venous sinus stent placement.

Almost all patients with tinnitus (6/8;
75.0%) or visual disturbances other than
diplopia (8/9; 88.9%) showed substantial
improvement or complete resolution.
For all except 1 patient (who was lost to
ophthalmologic follow-up), substantial
or complete resolution of papilledema
was documented after venous sinus
stent placement (n¼ 8/9). All patients
with available follow-up reported a sub-
stantial improvement in the quality of
life (n¼ 11/11) after venous sinus stent
placement.

Table 1: Demographics and comorbiditiesa

Data Available for % (No.)
Age 100% (13/13) 26.9 (23.3–35.3)
Sex (female) (%) 100% (13/13) 100% (13)
Comorbidities
Diabetes mellitus 100% (13/13) 15.4% (2)
Arterial hypertension 100% (13/13) 23.1% (3)
Body mass index 100% (13/13) 28.9 (25.6–36.2)
Obesity 100% (13/13)
None 15.4% (2)
Moderate 38.5% (5)
Severe 46.2% (6)

a Data are expressed as percentages (No.) or median (interquartile range [25%–75%]).

Table 2: Therapy and symptoms before and after venous sinus stent placementa

Before Venous Sinus Stent Placement After Venous Sinus Stent Placement
Data Available
(%) (No.)

Data Available
(%) (No.)

Headache intensity (VAS) 84.6% (11/13) 7 (5.5–9.0) Headache intensity (VAS) 84.6% (11/13) 0 (0–0)
Headache intensity
improvement (VAS)

84.6% (11/13) �7 (�9 to �4.5)

Headache, frequency (per wk) 84.6% (11/13) 7 (4.5–7) Headache frequency (per
wk)

84.6% (11/13) 0 (0–0)

#1 15.4% (2) #1 84.6% (11)
2–4 0.0% (0/0) 2–4 0.0% (0)
.4 69.2% (9) .4 0.0% (0)
Patients with .1 type of
headache

84.6% (11/13) 46.2% (6) Headache frequency
improvement (per wk)

84.6% (11/13) �7 (�7 to �4.5)

Nausea/emesis 100% (13/13) 61.5% (8) Nausea/emesis IMP-AF 100% (8/8) 100% (8)
Photophobia/phonophobia 100% (13/13) 23.1% (3) Photophobia/phonophobia

IMP-AF
100% (3/3) 100% (3)

Tinnitus 100% (13/13) 61.5% (8) Tinnitus IMP-AF 100% (8/8) 75.0% (6)
Diplopia 100% (13/13) 23.1% (3) Diplopia IMP-AF 100% (3/3) 100% (3)
Visual disturbances 100% (13/13) 69.2% (9) Visual disturbances IMP-AF 100% (9/9) 88.9% (8)
Papilledema 100% (13/13) 69.2% (9) Papilledema IMP-AF 88.9% (8/9) 88.9% (8)
Daily life impairment 84.6% (11/13) 84.6% (11) Daily life quality IMP-AF 100% (11/11) 100% (11/11)
Symptom duration (mo) 100% (15/15) 23.6 (7.3–52.1) Follow-up period (mo) 100% (13/13) 16.6 (7.8–32.2)
Other therapy
Conservative therapy 100% (13/13) 92.3% (12)
Duration of conservative
therapy (in months)

100% (15/15) 18.9 (6–26)

Surgical therapy 100% (15/15) 7.7% (1)

Note:—HA indicates headache; IMP-AF, improvement among affected.
a Data are expressed as percentages (No.) or median (interquartile range [25%–75%]).
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IIH-Related MR Imaging Findings before and after a
Venous Sinus Stent Placement
Inter- and intrarater agreement was excellent (intraclass correla-

tion coefficient for raters 1 and 2: 0.968; intraclass correlation

coefficient for repeat measurements for rater 1 ¼ 0.998 and rater

2 ¼ 0.968). No differences between measurements at baseline

and after venous sinus stent placement were seen for the sella

(4.9 versus 4.9mm, P¼ .753), tonsillar ectopia (�1.1 versus

�0.67mm, P¼ .600), the lateral ventricles (31.5 versus 32.2mm,

P ¼.124), the diameter of the proximal occipital emissary vein

(1.6 versus 1.6mm, P¼ .790), or the subcutaneous fat in the scalp

(4.1 versus 4.1mm, P¼ .834). The occipital emissary vein was

identified in 11/13 patients (84.6%) before and after venous sinus

stent placement. The width of the Meckel cave tended to decrease,

whereas the diameter of the third ven-

tricle corpus had increased on the fol-

low-up scan, though these findings

were not statistically significant (4.5

versus 4.2mm, P¼ .096; 3.7 versus

4.5mm, P¼ .075). Measurements for

optic nerve sheath diameter (6.8 versus

6.1mm, P, .001) and subcutaneous

fat in the neck (8.9 versus 7.4mm,

P¼ .001) were the only 2 quantitative

parameters to have decreased on 6-

month follow-up imaging. Optic globe

involvement improved after venous

sinus stent placement (normal convex-

ity of the optic globe: 38.5% versus

84.6%; posterior globe flattening: 30.8%

versus 15.4%; and posterior globe flat-

tening with optic nerve protrusion:

30.8% versus 0%; P¼ .001). Figure 2

exemplifies the improvement in orbital

findings after venous sinus stent place-

ment. Changes of quantitative measure-

ments at 6 months did not differ when patients showing

improvement of all IIH-related symptoms were compared with

patients who had at least 1 persistent symptom. All MR imaging

findings evaluated before and after venous sinus stent placement,

including the number of MRIs suitable for assessment, are listed in

Table 4.

Correlation between Evolution of IIH-Related MR Imaging
Findings and Development of Intracranial Pressure Values
and IIH-Related Symptoms after Venous Sinus Stent
Placement
Decreasing empty sella height measurements as well as regressing
cerebellar ectopia at 6months correlated strongly with transstenotic
pressure gradient improvement with the patient under general

Table 3: Pressure values before and after venous sinus stent placementa

Before After
Data
Available
(%) (No.)

Data
Available
(%) (No.)

CSF opening pressure (cm
H2O)

84.6% (11/13) 31 (23–38) CSF opening pressure (cm H2O) 76.9% (10/13) 21 (18.75–29.25)

CSF opening pressure
improvement (mm Hg)

76.9% (10/13) �9.25 (�20.7 to �5.7)

Transstenotic pressure
gradient in GA (mm Hg)

100% (13/13) 9 (5–15) Transstenotic pressure gradient in
GA (mm Hg)

100% (13/13) 1 (0–2)

Transstenotic pressure gradient
improvement (in mm Hg)

100% (13/13) �8 (�15 to �3.5)

Transstenotic pressure
gradient on diagnosis in
LA (mm Hg)

92.3% (12/13) 22.5 (13.25– 26.25) Transstenotic pressure gradient at
6-mo follow-up in LA (mm Hg)

92.3% (12/13) 1.5 (0.25– 5)

Transstenotic pressure gradient
improvement at 6-mo follow-
up (mm Hg)

92.3% (12/13) �19 (�21.75 to �13.25)

Note:—LA indicates local anesthesia; GA, general anesthesia.
a Data are expressed as percentages (No.) or median (interquartile range [25%–75%]).

FIG 2. Axial reformation of both eye globes as well as sagittal reformation of the left eye globe
along the axis of the optic nerve before (upper images) and after (lower images) stent place-
ment. Before venous sinus stent placement, there is flattening of the posterior sclera (yellow
line) with intraocular protrusion of the optic nerve (blue arrows) and distension of the optic
nerve sheath diameter due to increased perineural fluid (red arrows). None of these 3 signs are
seen after venous sinus stent placement.
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anesthesia immediately after stent placement (empty sella:
r¼ 0.625, P¼ .022; cerebellar ectopia: r¼ 0.567, P¼ .043) and
improvement of the transstenotic pressure gradient with the
patient under local anesthesia 6 months after stent placement
(empty sella: r¼ 0.620, P¼ .032; cerebellar ectopia: r¼ 0.662,
P¼ .019). Decreasing optic nerve sheath diameter on the
right side moderately correlated with improvement of trans-
stenotic pressure gradient assessed directly after venous sinus
stent placement with the patient under general anesthesia
(r = 0.570; P = .042). Correlations between changes in IIH-
related MR imaging findings and improvement of intracra-
nial pressure values after venous sinus stent placement are
summarized in the Online Supplemental Data.

Decreasing optic nerve sheath diameters on both sides
correlated with improvement in nausea/emesis (right optic
nerve sheath diameter: r¼ 0.592, P = .033; left optic nerve
sheath diameter: r¼ 0.718, P¼ .006). Improvement of poste-
rior globe flattening and/or nerve protrusion correlated
strongly with improvement of papilledema (r¼ 0.775;
P¼ .003). Decreasing empty sella height measurements at 6
months strongly correlated with less improvement of head-
ache intensity assessed with the VAS (r ¼ �0.661, P¼ .027).
Decreasing optic nerve sheath diameter on the left side also
correlated strongly with less improvement of headache inten-
sity (VAS) (r ¼ �0.606, P¼ .048). Decreasing diameter of the
proximal occipital emissary vein correlated strongly with
decreasing headache frequency (r¼ 0.741; P¼ .035). Online
Supplemental Data show an overview of clinicoradiologic
correlation results.

DISCUSSION
The main findings of this study are as follows: 1) Posterior globe
flattening and optic nerve protrusion improved at 6-month
follow-up, in line with the favorable clinical outcome
observed in all patients. 2) In the same period, there was a
reduction of optic nerve sheath diameter, and 3) subcutane-
ous fat in the neck. 4) However, optic nerve sheath diameter
remained above the physiologic threshold of 5 mm 6 months
after normalization of the CSF opening pressure and the
transstenotic pressure gradient. 5) The other MR imaging
findings evaluated did not differ at 6 months from those
before treatment. 6) Strong correlations were observed
between decreasing optic nerve sheath diameter and improv-
ing nausea/emesis, improvement of posterior globe involve-
ment, and decreasing papilledema, decreasing empty sella
and improving transstenotic pressure gradient, regressing
cerebellar ectopia and improving transstenotic pressure gra-
dient, as well as decreasing diameter of the proximal occipi-
tal emissary vein and decreasing headache frequency.

Previous studies have shown the high specificity of IIH-
associated MR imaging findings, particularly if .2 of them can
be identified concurrently.3,14 However, data regarding the corre-
lation between IIH-associated MR imaging findings and clinical
symptoms are scarce.6-10 As with CSF analysis, neuroimaging is
primarily performed to exclude other diseases affecting the
CNS.1,2 IIH-related symptoms are diverse and mainly nonspe-
cific. Thus, they are often difficult to quantify.4 Consequently, the
assessment of treatment success in patients with IIH requires
thorough multidisciplinary monitoring and minimally invasive

Table 4: IIH-related MR imaging findings before venous sinus stent placement and at 6-month follow-upa

MR Imaging Findings Evaluation Possible (%) (No.)
Before Venous Sinus
Stent Placement At 6-Month Follow-Up P Values

Meckel cave (mm) 100% (26/26) 4.3 (4.0–4.9) 4.1 (3.4–5.1) .096
Empty sella (mm) 100% (13/13) 4.9 (3.5–6.9) 4.9 (3.2–7.0) .753
Tonsillar ectopia (mm) 100% (13/13) �1.1 (�1.9 to –1.9) �0.67 (�1.3 to �0.9) .600
Lateral ventricles (mm) 100% (13/13) 31.5 (29.4–34.6) 32.2 (29.7–34.6) .124
Third ventricle corpus
(mm)

100% (13/13) 3.7 (3.2–4.2) 4.5 (3.5–5.2) .075

Optic nerve sheath
diameter (mm)

100% (26/26) 6.8 (6.2–7.3) 6.1 (5.9–6.5) .000

Optic nerve protrusion (%) 100% (26/26)
Posterior globe
involvement (%)

100% (26/26) .001

Normal convexity of the
optic globe

38.5% (10) 84.6% (22)

Posterior globe flattening 30.8% (8) 15.4% (4)
Posterior globe flattening
with optic nerve
protrusion

30.8% (8) 0.0% (0)

Extracranial findings
Proximal emissary vein
(mm)

84.6% (11/13) 1.6 (0.6–2.3) 1.6 (0.6–2.4) .790

Subcutaneous fat
thickness in the scalp
(mm)

100% (13/13) 4.1 (3.8–4.3) 4.1 (3.5–4.6) .834

Subcutaneous fat
thickness in the neck
(mm)

100% (13/13) 8.9 (7.3–11.2) 7.4 (5.9–8.3) .001

a Data are expressed as percentages (No.) or median (interquartile range [25%–75%]).
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procedures such as diagnostic lumbar puncture. Neuroimaging
may offer a noninvasive alternative, which could depict treatment
success in terms of a decrease of intracranial pressure and the
improvement of clinical symptoms.

The results regarding the correlation of orbital MR imag-
ing findings with IIH-related visual symptoms are conflict-
ing.6,8,10,15 Our data suggest that they resolve with the
normalization of intracranial pressure and the improvement
in IIH-related symptoms. However, the optic nerve sheath
diameter remained above the threshold of 5mm,16 which
indicates that even orbital findings do not simply vanish 6
months after successful treatment. Our findings differing
from those in previous studies may be attributed to the lack
of standardized protocols for the assessment of IIH-related
MR imaging findings. Measurements may also differ
depending on the MR imaging sequences used for evalua-
tion.17 Automated analysis software packages, which are
likely to yield more accurate results than manual measure-
ment techniques, may help solve this problem.15 Similar to
Wong et al,6 our data suggest that the extent of posterior
globe involvement on MR imaging reliably reflects the sever-
ity of papilledema. Strong correlation between decreasing
optic nerve sheath diameter and relief of nausea may indicate
that optic nerve involvement plays a role in the pathogenesis
of nausea in patients with IIH.

The significant reduction of subcutaneous fat in the neck 6
months after successful treatment is probably associated with life-
style changes and an increase in daily activity. However, monitor-
ing of weight loss should be a more effective way of assessing
treatment success in this regard.

Despite substantial improvement of clinical symptoms and a
significant reduction in intracranial pressure, the other imaging
findings did not show any relevant changes. Possible explanations
include the following: 1) 2D measurement parameters may not
reflect the 3D neuromorphologic changes observed in patients
with IIH. 2) IIH-associated MR imaging findings could precede
symptom manifestation of IIH, and resolution might be delayed
despite clinical improvement. Thus, a 6-month follow-up period
may be too short to observe a normalization. 3) Independent fac-
tors (ie, genetics) could influence the pace of neuromorphologic
recovery. 4) Additional, unrecognized medical conditions may
induce neuromorphologic changes similar to IIH (eg, tonsillar ec-
topia in adult Chiari malformation18).

The association between IIH-related MR imaging findings
in the pituitary gland/stalk and clinical outcome is unclear.6-8,10

In this study, the evaluation of the empty sella sign was quantified
through repeat measurements intended to increase generalizabil-
ity and avoid any rater bias. However, many of the above-men-
tioned problems may also affect our measurements.

None of the patients in our study showed tonsillar ectopia of
.5mm, though Aiken et al18 found pathologic tonsillar ectopia
in 20.9% patients. Given the low sensitivity of this finding,3 future
studies will be needed to determine whether patients with IIH
and tonsillar ectopia of .5mm show resolution after successful
treatment. Despite strong correlations between improvement of
the transstenotic pressure gradient and decreasing empty sella
height as well as resolution of cerebellar ectopia, the marginal

differences observed at 6 months suggest that neither of these
MR imaging findings show sufficient variation to act as imaging
biomarkers for intracranial pressure in clinical routine.

Data on whether IIH is associated with an enlargement or nar-
rowing of the Meckel cave are conflicting.9,19 Both possibilities may
be plausible, depending on the intracranial distribution of CSF pres-
sure. Bialer et al9 found enlargement, defined as “prominent or
increased fluid signal expanding the Meckel cave but not distorting
the contours,” more often in patients with IIH than in controls, but
they did not provide a quantifiable threshold. Degnan and Levy19

found narrowing of the mediolateral diameter on axial images and
suggested a threshold of 4.5mm. In the present study, median values
before and after venous sinus stent placement were below that
threshold. However, the width tended to decrease after successful
treatment. Assuming that this change occurred in response to the
decrease of intracranial pressure, our results suggest that IIH is asso-
ciated with enlargement of the Meckel cave. Future studies might
examine whether patients with IIH share a common feature that is
associated with a narrowMeckel cave, but not directly related to IIH.

Slit-like ventricles were reported in some of the earliest studies
examining IIH-associated MR imaging findings. However, their
incidence is low, and several studies failed to confirm that slit-like
ventricles are observed significantly more often in patients with
IIH than in controls.3 Our data suggest that the third ventricle,
which tended to be larger at 6-month follow-up, might be more
susceptible to changes in intracranial pressure than the lateral ven-
tricles. This possibility could be explained by its central position
and overall configuration. The use of automated volume-meas-
uring software might improve the accuracy and reliability of ven-
tricle size assessment.20

Hedjoudje et al13 have suggested that occipital emissary veins
are more prominent and frequent in patients with IIH. In support
of their findings, we were able to identify the proximal occipital
emissary vein in nearly all patients with IIH. However, the me-
dian diameter was smaller than that found by Hedjoudje et al and
had not changed at 6-month follow-up, suggesting poor reflec-
tion of treatment success. On the other hand, a strong correlation
between the decreasing proximal occipital emissary vein diameter
on imaging and decreasing headache frequency may indicate that
unlike the other findings, the occipital emissary vein could reflect
the frequency of symptom occurrence. The determination of a
reliable threshold in terms of pathologic dilation could increase
its diagnostic value. However, applicability in clinical routine is
restricted because the occipital emissary vein is not an anatomic
structure that can always be identified on imaging.

Our results suggest that IIH-associated MR imaging findings
unrelated to the optic nerve have limited value in the assessment of
treatment success. The lack of relevant change in most MR imag-
ing findings after 6 months despite evident treatment success may
not only suggest that they outlast the symptomatic period but
could also indicate that they precede it.21 Given the increasing rate
of obesity and the widespread use of diagnostic neuroimaging
worldwide, the number of patients with suspected IIH and the
actual incidence of IIH are likely to rise.22 Future research may
focus on developing imaging scores with high sensitivity and speci-
ficity capable of justifying minimally invasive procedures (lumbar
puncture or venous sinus manometry) in patients with few or
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nonspecific symptoms. Detection of IIH in the presymptomatic
patients or even in the early phase would allow swift treatment,
which might influence the course of disease favorably.

Limitations
Generalizability is limited due to the retrospective, monocentric
design of this study. The small number of patients included
(n=13) may have caused sampling error. We exclusively examined
patients with IIH treated with venous sinus stent placement; how-
ever, the evolution of IIH-related MR imaging findings might dif-
fer between patients who received conservative or surgical
treatment. Clinical data were incomplete because 2 patients were
not available for interview and 1 patient was lost to ophthalmologic
follow-up. Only 2 patients showed persistence of at least 1 IIH-
related symptom after venous sinus stent placement. Thus, this
study provides no data regarding the evolution of IIH-related MR
imaging findings in patients who had an unfavorable outcome.
There was no healthy control cohort, which could have helped to
establish a physiologic variation range for IIH-associated MR
imaging findings. There was only a 6-day follow-up MR imaging
for patient 4. This patient was also the only one showing improve-
ment but not complete resolution of posterior globe involvement;
this issue may, therefore, have been due to the short follow-up pe-
riod. Venous sinus stenosis is the most sensitive MR imaging find-
ing associated with IIH.3 However, due to device-related artifacts
in the ROI, it was not possible to evaluate IIH stenosis reliably on
follow-up MR imaging after venous sinus stent placement.

CONCLUSIONS
Most IIH-related MR imaging findings persist long after normal-
ization of intracranial pressure and clinical improvement.
However, MR imaging findings related to the optic nerve may
reflect treatment success.
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Dual-Energy Parathyroid 4D-CT: Improved Discrimination of
Parathyroid Lesions from Thyroid Tissue Using Noncontrast

40-keV Virtual Monoenergetic Images
P.M. Bunch, A.A. Pavlina, M.E. Lipford, and J.R. Sachs

ABSTRACT

BACKGROUND AND PURPOSE: In parathyroid CT, a noncontrast phase aids discrimination of parathyroid lesions (not iodine-
containing) from thyroid tissue (iodine-containing). When thyroid iodine is pathologically diminished, this differentiation is difficult
with standard CT. Because the attenuation of an element is maximal near its K-edge (iodine ¼ 33.2 keV), we hypothesized that
dual-energy CT 40-keV virtual monoenergetic images will accentuate thyroid iodine relative to standard images, improving the dif-
ferentiation of thyroid from parathyroid lesions. Our purpose was to test this hypothesis through quantitative assessment of
Hounsfield unit attenuation and contrast-to-noise on dual-energy CT standard (70-keV) and 40-keV noncontrast images.

MATERIALS AND METHODS: For this retrospective study including 20 dual-energy parathyroid CTs, we used an ROI-based analysis to
assess the attenuation of thyroid tissue, parathyroid lesions, and sternocleidomastoid muscle as well as corresponding contrast-to-noise on
standard and 40- keV noncontrast images. Wilcoxon signed rank tests were performed to compare differences between 70 and 40keV.

RESULTS: Absolute and percentage increases in attenuation at 40 keV were significantly greater for thyroid gland than for parathyroid
lesions and sternocleidomastoid muscle (P, .001 for all). Significant increases in the contrast-to-noise of thyroid relative to parathyroid
lesions (median increase, 0.8; P, .001) and relative to sternocleidomastoid muscle (median increase, 1.3; P, .001) were observed at 40 keV
relative to 70 keV.

CONCLUSIONS: Forty-kiloelectron volt virtual monoenergetic images facilitate discrimination of parathyroid lesions from thyroid
tissue by significantly increasing thyroid attenuation and associated contrast-to-noise. These findings are particularly relevant for
parathyroid lesions that exhibit isoattenuation to the thyroid on parathyroid CT arterial and venous phases and could, therefore,
be missed without the noncontrast phase.

ABBREVIATIONS: CNR ¼ contrast-to-noise ratio; DECT ¼ dual-energy CT; IQR ¼ interquartile range; VMI ¼ virtual monoenergetic images

Parathyroid 4D-CT is a powerful tool for localizing abnormal
parathyroid tissue in the setting of primary hyperparathyroid-

ism.1 Localization of a single adenoma facilitates minimally invasive
parathyroidectomy and its associated benefits,2,3 whereas localiza-
tion of multigland disease aids bilateral neck exploration. The opti-
mal number of CT phases is undetermined, but the most
commonly used protocol involves 3 CT acquisitions of the neck and
upper chest, including noncontrast, arterial, and venous phases.4

Parathyroid lesions, exophytic thyroid nodules, and lymph
nodes may appear morphologically identical on CT.5 Although the

classic postcontrast enhancement pattern of parathyroid adenomas

is well-described (hyperattenuating relative to thyroid on arterial

phase images; hypoattenuating [washout] relative to thyroid on ve-

nous phase images), a challenge for the radiologist is that this classic

pattern is seen in only 20% of adenomas.6 Moreover, it is estimated

that up to 25% of parathyroid lesions could be missed without the

noncontrast CT phase.6 Parathyroid lesions are always lower in

attenuation than the normal, iodine-containing thyroid gland on

noncontrast images.1 However, another challenge for the radiologist

is that thyroid disease and primary hyperparathyroidism frequently

coexist,7,8 and chronic thyroid disease (eg, Hashimoto disease) can

result in abnormal hypoattenuation of the thyroid gland related to

diminished iodine content (Fig 1).1 In such cases, using the noncon-

trast images to differentiate parathyroid lesions from the abnormally

hypoattenuating thyroid gland is more difficult.
Numerous applications of dual-energy CT (DECT) have been

described for neuroradiology practice.9 Low-keV (eg, 40 keV)
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virtual monoenergetic imaging is an application of dual-energy
CT that can be used to accentuate the conspicuity of enhancing
masses on neck CT10 as well as to increase arterial attenuation
and the contrast-to-noise ratio (CNR) on CT angiography of the
head and neck.11 These applications of low-kiloelectron volt vir-
tual monochromatic images (VMI) related to iodinated contrast
media are possible because the CT attenuation of an element is
maximal at or slightly above the K-edge of the element, and the
K-edge of iodine is 33.2 keV.9,12 It would, therefore, be expected
that low-kiloelectron volt VMI could also be used to accentuate
the attenuation of native thyroid iodine on noncontrast images
(Fig 2), though formal investigation is warranted.

We hypothesized that 40-keV VMI will increase the conspicu-
ity of thyroid tissue relative to nonthyroid tissue (eg, parathyroid
lesions, muscle) on the noncontrast phase of a DECT parathyroid
4D-CT protocol, thereby facilitating discrimination of parathy-
roid lesions from exophytic thyroid tissue. The purpose of this
study was to test our hypothesis through the quantitative assess-
ment of Hounsfield unit attenuation and CNR on standard (70-
keV) noncontrast VMI and 40-keV noncontrast VMI.

MATERIALS AND METHODS
Subjects
For this retrospective, Health Insurance Portability and
Accountability Act–compliant, institutional review board–approved
study, all parathyroid 4D-CT examinations performed at our insti-
tution between March 2020 and November 2020 were retrospec-
tively reviewed (n¼ 35). Inclusion criteria were the following: 1)
DECT acquisition used, 2) parathyroidectomy performed, 3) largest
pathologically-proved parathyroid lesion measured at least 1 cm in
the long axis, and 4) no prior thyroidectomy. Examinations not
meeting all inclusion criteria were excluded.

Medical Record Review
The following data were obtained from the electronic medical re-
cord for the study cohort: age, sex, medical history of hypothyroid-
ism, parathyroid surgery operative notes, and pathology reports for
parathyroid surgical specimens.

Image Acquisition
All parathyroid 4D-CT examinations
were performed on a Revolution Apex
CT system (GE Healthcare) using a
dual-energy acquisition. The CT acqui-
sition parameters were as follows: 80-/
140-kV(peak) simultaneous acquisition,
250–445mA, 0.516:1 pitch, 0.5-second
rotation time, 40-mm detector cover-
age, 2.5-mm helical section thickness,
and 2.5-mm interval for each of 3 CT
phases (noncontrast, 30-second post-
contrast, and 60-second postcontrast).
Multiplanar reconstructions of each CT
phase were generated, including 0.625-
mm axial 70-keV VMI and 0.625-mm
axial 40-keV VMI of the noncontrast
phase (reconstruction method: adaptive

statistical iterative reconstruction V, 20%; convolution kernel:
standard; display FOV: 22 cm for 70- and 40- keV image sets). The
volume CT dose index for each CT phase ranged between 14 and
24mGy (32-cm phantom). For comparison, a recently reported sin-
gle-energy protocol performed at 140kV(p) resulted in a volume
CT dose index range of 19 to 24 mGy (32-cm phantom).1

Image Analysis
2D circular ROIs were drawn by a neuroradiology fellow on the
0.625-mm axial 70- and 40-keV images using our institution’s
PACS. An attending neuroradiologist with 4 years’ experience
interpreting parathyroid 4D-CT reviewed and verified all ROIs
placed by the neuroradiology fellow, optimizing ROI size and posi-
tion if needed. The image sets were linked so that identical ROIs
could be drawn in the same location on both the 70- and 40-keV
image sets. In each patient, ROIs were placed in the right and left
lobes of the thyroid gland, within the right and left sternocleido-
mastoid muscles, within the subcutaneous fat of the midline poste-
rior neck, and within the largest pathologically-proved parathyroid
lesion (adenoma or hyperplasia). Care was taken with the place-
ment of all ROIs to avoid confounding structures, such as thyroid
nodules and blood vessels. The ROI size for the thyroid lobes and
sternocleidomastoid muscles was 0.5 cm2. ROI size for subcutane-
ous fat was 2.0 cm2 in most (n¼ 18) patients, though by necessity,
it was 1.0 cm2 in 2 very thin patients. The ROI size for parathyroid
lesions ranged between 0.1 and 0.83 cm2 (median, 0.20 cm2). The
mean Hounsfield unit attenuation (SD) was recorded for each ROI.

Absolute differences in Hounsfield unit attenuation and percent-
age change were calculated for thyroid gland, parathyroid lesions,
and sternocleidomastoid muscles at 40 keV compared with 70keV.

The CNR of the thyroid gland relative to pathologically-
proved parathyroid lesions (CNRthy/par) of at least 1 cm was cal-
culated using the following formula: (ROIthy – ROIpar)/SD, where
ROIthy is the mean Hounsfield unit attenuation of the thyroid
lobes, ROIpar is the mean Hounsfield unit attenuation of the para-
thyroid lesion, and SD is the Hounsfield unit attenuation SD of
subcutaneous fat.

The CNR of the thyroid gland relative to the sternocleidomas-
toid muscles (CNRthy/scm) was calculated for each patient using the

FIG 1. Axial, noncontrast, single-energy CT image (A) obtained in a patient with normal thyroid
function demonstrates the normal hyperattenuating appearance of the thyroid gland (asterisks,
A) relative to adjacent soft tissue. When present, this normal hyperattenuating appearance ena-
bles differentiation of parathyroid lesions adjacent to the thyroid gland from exophytic thyroid
tissue. In contrast, the axial noncontrast single-energy CT image (B) obtained in a patient with
long-standing Hashimoto disease demonstrates an iodine-deficient thyroid gland (asterisks, B),
appearing nearly isodense to muscle, which renders differentiation of parathyroid lesions from
exophytic thyroid tissue more difficult.
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following formula: (ROIthy – ROIscm)/SD, where ROIscm is the mean
Hounsfield unit attenuation of the sternocleidomastoid muscles.

Statistical Analysis
Descriptive analyses were performed using absolute and relative
frequencies for categoric variables and median and interquartile
range (IQR) for continuous variables, respectively. The Wilcoxon
signed rank test was used to compare differences in Hounsfield
unit attenuation, CNR, and image noise between the 70- and 40-

keV images. All analyses were performed with Excel 2016
(Microsoft) and Matlab (MathWorks). A P value, .05 indicated
a statistically significant difference.

RESULTS
Subjects
Of the 35 parathyroid 4D-CT examinations reviewed, 3 examina-
tions were excluded because a DECT acquisition was not used, 8
were excluded because the patient had not yet undergone parathyr-
oidectomy, 2 were excluded because the largest pathologically-
proved parathyroid lesion did not meet the 1-cm minimum size
threshold of this study, and 2 were excluded due to prior thyroid-
ectomy. This process yielded 20 parathyroid 4D-CT examinations
in the study cohort. Characteristics of the study group are sum-
marized in Table 1.

Histopathologic analysis of the surgical specimens from these
20 patients revealed a total of 28 pathologically-proved parathy-
roid lesions, 26 (93%) of which were identified and described on
preoperative CT. The 2 parathyroid lesions not identified on pre-
operative CT both measured,1 cm in maximum dimension and
occurred in 2 different patients with multiglandular disease. In

FIG 2. Virtual monoenergetic spectral curves (A) demonstrate noncontrast Hounsfield unit attenuation as a function of kiloelectron volts for
the thyroid gland (red), sternocleidomastoid muscle (pink), and pathologically-proved parathyroid adenoma (blue) generated from ROIs placed
on an axial noncontrast 70-keV virtual monoenergetic image (B) in a 56-year-old woman with primary hyperparathyroidism. The noncontrast
Hounsfield unit attenuation difference between thyroid and the other tissues of interest is maximal at 40 keV. Corresponding axial arterial phase
CT image (C) is also provided for comparison. T indicates thyroid; S, sternocleidomastoid; P, parathyroid.

Table 1: Characteristics of the study group
Characteristics

Age (median) (range) (yr) 63 (33–81)
Sex
Male 9
Female 11
Operative findings
Single-gland disease 16
Multigland disease 4

Concurrent hypothyroidism
Yes 3
No 17
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one of these patients, 2 of 3 proved parathyroid lesions were
described on preoperative CT, and 3 of 4 proved parathyroid
lesions were described on preoperative CT in the other.

Image Analysis
Quantitative data related to Hounsfield unit attenuation and
percentage change, CNR, and image noise are summarized in
Table 2.

Attenuation and Percentage Change. Thyroid gland, parathyroid
lesion, and sternocleidomastoid muscle Hounsfield unit attenua-

tion increased at 40 keV compared with 70 keV in 20/20 (100%)

patients, 19/20 (95%) patients, and 20/20 (100%) patients, respec-

tively. For all 20 patients, the absolute Hounsfield unit increase

(Fig 3) and percentage Hounsfield unit increase at 40 keV relative

to 70 keV was greater for thyroid than for parathyroid lesions and

for the sternocleidomastoid muscles. One parathyroid lesion

Table 2: Summary of differences in Hounsfield unit attenuation, contrast-to-noise, and image noise at 70 and 40 keV

40 keV (Median) (IQR) 70 keV (Median) (IQR)
Difference (40-70 keV)

(Median) (IQR) P Comparison (P)
Hounsfield unit attenuation
Thyroid
Absolute (HU) 158 (133–264) 84 (74–113) 167 (55–142) ,.001 Par

,.001 SCM
% Change 189% (66–123) ,.001 Par

,.001 SCM
Parathyroid
Absolute (HU) 42 (29–59) 32 (22–41) 19 (4–17) ,.001 Thy

.22 SCM
% Change 129% (13–58) ,.001 Thy

.09 SCM
Sternocleidomastoid
Absolute (HU) 67 (63–75) 57 (54–59) 111 (10–16) ,.001 Thy

.22 Par
% Change 122% (17–28) ,.001 Thy

.09 Par
Contrast-to-noise
Thy/Par 4.7 (3.3–6.0) 3.8 (2.4–4.8) 10.8 (0.2–1.2) ,.001
Thy/SCM 3.6 (1.7–5.0) 2.3 (0.9–3.1) 11.3 (0.7–1.9) ,.001
Image noise (HU) 32 (23–37) 16 (12–19) 114 (11–20) ,.001

Note:—Thy indicates thyroid; Par, parathyroid; SCM, sternocleidomastoid.

FIG 3. Dot plot demonstrates the absolute difference in Hounsfield unit attenuation between 40 keV and 70 keV for thyroid gland (triangle),
parathyroid lesions (X), and sternocleidomastoid muscles (square) in each of the 20 study participants.
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(participant No. 15, Fig 3) demonstrated a 5% decrease in

Hounsfield unit attenuation at 40 keV compared with 70 keV.
The median absolute difference in Hounsfield unit attenuation

at 40 keV compared with 70 keV was 167 HU (IQR, 55–142 HU)
for the thyroid gland, 19 HU (IQR, 4–17 HU) for parathyroid
lesions, and 111 HU (IQR, 10–16 HU) for the sternocleidomas-
toid muscles. The observed differences in absolute Hounsfield unit
attenuation increase for thyroid compared with parathyroid lesions
(P, .001) and sternocleidomastoid muscles (P, .001) were statis-
tically significant. There was no significant difference in the abso-
lute Hounsfield unit increase between parathyroid lesions and
sternocleidomastoid muscles (P= .22).

The median percentage difference in Hounsfield unit attenua-
tion at 40 keV compared with 70keV was 189% (IQR, 166% to
1123%) for the thyroid gland, 129% (IQR, 113% to 158%) for
parathyroid lesions, and 122% (IQR, 117% to 128%) for the
sternocleidomastoid muscles. The observed differences in the per-
centage increase in Hounsfield unit attenuation for thyroid com-
pared with parathyroid lesions (P, .001) and sternocleidomastoid
muscles (P, .001) were statistically significant. There was no sig-
nificant difference in the percentage increase in Hounsfield unit
attenuation between parathyroid lesions and sternocleidomastoid
muscles (P= .09).

Contrast-to-Noise. The CNR of the thyroid gland relative to
parathyroid lesions (CNRthy/par) increased on 40-keV VMI com-
pared with standard 70-keV VMI in 18/20 (90%) patients (Fig 4).
The median CNRthy/par at 40 keV was 4.7 (IQR, 3.3–6.0) com-
pared with 3.8 (IQR, 2.4–4.8) at 70 keV, and the median increase
in CNRthy/par at 40 keV compared with 70 keV was 0.8 (IQR, 0.2–
1.2; P, .001). CNRthy/par decreased at 40 keV relative to 70 keV

in participants Nos. 8 and 10 (Fig 4), one of whom (participant
No. 8) had a minimal increase in thyroid attenuation at 40 keV
and known hypothyroidism. In the other (participant No. 10),
the observed percentage increase in thyroid attenuation at 40 keV
relative to 70 keV was similar (rather than disproportionate) to
the percentage increase in parathyroid lesion attenuation.

The CNR of the thyroid gland relative to the sternocleidomas-
toid muscles (CNRthy/scm) increased on 40-keV VMI compared
with standard 70-keV VMI in 20/20 (100%) patients. The median
CNRthy/scm at 40 keV was 3.6 (IQR, 1.7–5.0) compared with 2.3
(IQR, 0.9–3.1) at 70 keV, and the median increase in CNRthy/scm

at 40 keV compared with 70 keV was 1.3 (IQR, 0.7–1.9; P, .001).

Image Noise. Image noise, defined as the Hounsfield unit attenu-
ation SD of subcutaneous fat for the purposes of this study,
increased at 40 keV compared with 70 keV in 20/20 (100%)
patients. The median image noise at 40 keV was 32 HU (IQR,
23–37 HU) compared with 16 HU (IQR, 12–19 HU) at 70 keV,
and the median noise increase at 40 keV compared with 70 keV
was 14 HU (IQR, 11–20 HU; P, .001).

DISCUSSION
Numerous applications of DECT have been described in head and
neck imaging.10,13-21 Previously published studies of dual-energy
parathyroid CT have primarily focused on the potential for radia-
tion dose reduction using virtual noncontrast images to eliminate
the standard noncontrast phase22,23 and on describing quantitative
dual-energy characteristics of parathyroid adenomas, thyroid pa-
renchyma, and lymph nodes on postcontrast phases.24,25 The
authors are aware of 1 previous study that evaluated dual-energy

FIG 4. Dot plot demonstrates contrast-to-noise ratios between the thyroid gland and pathologically-proved parathyroid lesions at 40 keV
(circle) and 70 keV (line) for each of the 20 study participants.
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noncontrast parathyroid CT images obtained on a dual-source sys-
tem using 90-keV, 150-keV, and mixed images (dual-energy com-
position factor, 0.8), but 40-keV VMI were not specifically
evaluated in this previous investigation.25

Our study compared the conspicuity of thyroid tissue relative
to pathologically-proved parathyroid lesions and muscle on 40-
keV noncontrast VMI and standard 70-keV noncontrast VMI
obtained on a fast-kiloelectron volt switching system and found
statistically significant increase in CNR at 40 keV compared with
the 70 keV standard. These findings support our hypothesis that
noncontrast 40-keV VMI facilitate the differentiation of parathy-
roid lesions from exophytic thyroid tissue by accentuating the
attenuation of iodine within thyroid tissue that is absent from
parathyroid tissue (Fig 5). Although the attenuation of thyroid,
parathyroid, and muscle generally increased at 40 keV relative to
70 keV, the increase in attenuation of the thyroid gland was dis-
proportionately greater in most subjects because of the proximity
to the K-edge (33.2 keV) of iodine. Although the cause of the
observed 5% decrease in Hounsfield unit attenuation of 1

parathyroid adenoma at 40 keV compared with 70 keV is uncer-
tain, this finding may relate to intralesional fat deposition,1 given
that the attenuation of fat is known to decrease at low kiloelec-
tron volts.12

Localization confidence is highly desirable in parathyroid
imaging. Not uncommonly, multiple parathyroid imaging studies
are requested in an attempt to maximize the surgeon’s confidence
in localization through concordant imaging results. The degree of
diagnostic confidence or lack thereof carries implications for the
operative plan, and in certain high-risk scenarios (eg, the reopera-
tive neck), it may determine whether an operation is offered at
all.1 Although radiologists’ confidence was not directly tested in
this study, it has been our clinical experience in interpreting dual-
energy parathyroid CT that noncontrast 40-keV VMI facilitate
more confident differentiation of parathyroid lesions from exo-
phytic thyroid tissue. Some authors have advocated for omitting
the true noncontrast phase as nonessential.23,26,27 However, in our
experience, the true noncontrast phase is indispensable because it
improves sensitivity by enabling detection of parathyroid lesions

FIG 5. Coronal arterial phase (A), noncontrast 70-keV (B), and noncontrast 40-keV (C) images demonstrate a pathologically-proved right inferior
parathyroid adenoma (arrows). Because the parathyroid adenoma appears isodense to the adjacent thyroid gland on the arterial phase image, it
is uncertain whether the finding represents a parathyroid lesion or exophytic thyroid tissue. The parathyroid adenoma appears slightly hypoat-
tenuating to the thyroid parenchyma on the standard (70-keV) noncontrast image; however, this attenuation difference is accentuated on the
40-keV image, indicating that the finding represents a parathyroid lesion rather than exophytic thyroid tissue. In contrast, coronal arterial phase
(D), noncontrast 70-keV (E), and noncontrast 40-keV (F) images from a different patient demonstrate exophytic thyroid tissue (arrows) arising
from the lower pole of the right thyroid lobe. On the arterial phase image alone, it is uncertain whether the finding represents exophytic thyroid
tissue or a right inferior parathyroid lesion. Although the finding is isodense relative to the thyroid gland on the 70-keV noncontrast image,
some uncertainty persists because of the nearly isoattenuating appearance of the thyroid gland relative to adjacent muscle, suggesting
decreased iodine content from chronic thyroid disease. The 40-keV noncontrast image demonstrates substantially increased attenuation of the
finding comparable with the increased attenuation of the remainder of the thyroid gland, indicating that the finding of interest represents exo-
phytic thyroid tissue rather than a parathyroid lesion. In this patient, a biochemical cure was achieved with removal of a pathologically-proved
parathyroid adenoma identified elsewhere in the neck (not shown), confirming that the finding depicted in images D, E, and F is indeed not a
parathyroid lesion. Section thickness (2mm), window level (40 HU), and window width (400 HU) are identical for all 6 images.

2006 Bunch Nov 2021 www.ajnr.org



that would be otherwise overlooked (eg, abutting and isoattenuat-
ing to thyroid on contrast-enhanced phases), and it decreases false-
positive candidate lesions by facilitating accurate characterization
of exophytic thyroid tissue on the basis of intrinsic iodine content.
To minimize adverse effects of the additional 40-keV VMI series
on workflow, the 40-keV VMI are automatically generated and
sent to the PACS at our institution, thus requiring no manual
processing by the radiologist.

There are limitations to this study. First, a small number of

patients were included in the cohort, which relates to our

recent implementation of dual-energy parathyroid 4D-CT and

our requirement that only data from pathologically-proved

parathyroid lesions be used. Second, all parathyroid 4D-CTs

were acquired with a single vendor’s DECT system so that our

findings are not necessarily generalizable to other vendors’

DECT systems, though the underlying physical principles

should be the same. This study investigated the potential value

of noncontrast 40-keV VMI for the focused task of determin-

ing whether a tissue of interest is likely to be thyroid, and it

was not intended to be a comprehensive assessment of image

quality.
Note that image noise, as estimated by the Hounsfield unit

attenuation SD of subcutaneous fat, was significantly higher at

40 keV. This phenomenon of increased noise on 40-keV VMI

has also been observed in a DECT phantom study28 and is in

keeping with the progressive increase in image noise observed

on low-kiloelectron volt VMI described in a previous study

of neck DECT examinations also performed using a fast-

kiloelectron volt switching system.29 In the future, image noise

in 40- keV VMI could likely be decreased with the addition of

noise-reducing reconstruction algorithms;30 however, such

algorithms were not a part of the current study. Furthermore, it

is possible that additional gains in CNR could be achieved at a

kiloelectron volt intermediate between 40 and 70 keV by bal-

ancing the benefit of the disproportionate increase in thyroid

iodine attenuation at a low kiloelectron volt against the cost of

increased noise. Although in our clinical experience the non-

contrast 40-keV VMI increased the radiologist’s interpretation

confidence, the overall assessment should continue to incorpo-

rate other candidate parathyroid lesion features (eg, morphol-

ogy, enhancement characteristics, polar vessel sign). Finally,

whether there is a positive impact of 40-keV VMI on interpreta-

tion accuracy remains undetermined.

CONCLUSIONS
Compared with standard (70-keV VMI) noncontrast images,

40-keV VMI significantly increase Hounsfield unit attenuation

and CNR of thyroid tissue relative to parathyroid lesions and

sternocleidomastoid muscle. Therefore, 40-keV VMI facilitate

differentiation of parathyroid lesions from exophytic thyroid

tissue on noncontrast images, which is particularly useful for

the subset of parathyroid lesions that exhibit isoattenuation to

thyroid parenchyma on the arterial and venous phases of a

parathyroid 4D-CT protocol and could be missed without the

noncontrast CT phase.
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ORIGINAL RESEARCH
HEAD & NECK

Intraindividual Comparison between the Contrast-Enhanced
Golden-Angle Radial Sparse Parallel Sequence and the
Conventional Fat-Suppressed Contrast-Enhanced T1-

Weighted Spin-Echo Sequence for Head and Neck MRI
S.-J. Hur, Y. Choi, J. Yoon, J. Jang, N.-Y. Shin, K.-J. Ahn, and B.-S. Kim

ABSTRACT

BACKGROUND AND PURPOSE: The golden-angle radial sparse parallel-volumetric interpolated breath-hold (GRASP-VIBE) sequence
is a recently introduced imaging technique with high resolution. This study compared the image quality between conventional fat-
suppressed T1-weighted TSE and GRASP-VIBE after gadolinium enhancement in the head and neck region.

MATERIALS AND METHODS: Data from 65 patients with clinical indications for head and neck MR imaging between September
2020 and January 2021 were retrospectively reviewed. Two radiologists assessed the overall image quality, overall artifacts, and
image conspicuities in the oropharynx, hypopharynx, and cervical lymph nodes according to 5-point scores (best score: 5).
Interobserver agreement was assessed using weighted k statistics. The SNR and contrast-to-noise ratio were calculated and com-
pared between the 2 sequences using a paired Wilcoxon signed rank test.

RESULTS: The analysis included 52 patients (mean age, 60 [SD, 14 ] years; male, 71.2% [37/52]) who were mostly diagnosed with head
and neck malignancies (94.3% [50/52]). k statistics ranged from slight agreement in cervical lymph node conspicuity (k ¼ 0.18) to
substantial agreement in oropharyngeal mucosal conspicuity (k ¼ 0.80) (k range, 0.18–0.80). Moreover, GRASP-VIBE demonstrated
significantly higher mean scores in overall image quality (4.68 [SD, 0.41] versus 3.66 [SD, 0.73]), artifacts (4.47 [SD, 0.48] versus 3.58
[SD, 0.71]), oropharyngeal mucosal conspicuity (4.85 [SD, 0.41] versus 4.11 [SD, 0.79]), hypopharyngeal mucosal conspicuity (4.84 [SD,
0.34] versus 3.58 [SD, 0.81]), and cervical lymph node conspicuity (4.79 [SD, 0.32] versus 4.08 [SD, 0.64]) than fat-suppressed T1-
weighted TSE (all, P, .001). Furthermore, GRASP-VIBE demonstrated a higher SNR (22.8 [SD, 11.5] versus 11.3 [SD, 5.6], P, .001) and
contrast-to-noise ratio (4.7 [SD, 5.4] versus 2.3 [SD, 2.7], P¼ .059) than fat-suppressed T1-weighted TSE.

CONCLUSIONS: GRASP-VIBE provided better image quality with fewer artifacts than conventional fat-suppressed T1-weighted TSE
for the head and neck regions.

ABBREVIATIONS: CNR ¼ contrast-to-noise ratio; GRASP-VIBE ¼ golden-angle radial sparse parallel-volumetric interpolated breath-hold; T1-TSE ¼ fat-
suppressed T1-weighted TSE

MR imaging is an integral imaging technique for detailed
anatomic assessment of complex head and neck regions. In

particular, conventional gadolinium-enhanced fat-suppressed
T1-weighted TSE (T1-TSE) is widely used in routine clinical

settings.1-3 However, the image quality of T1-TSE in the lower
neck region is often degraded by artifacts caused by pulsation, re-
spiratory motion, and wide magnetic susceptibility variations.4-6

Therefore, conventional T1-TSE has its limitations when consid-
ering the need for detailed assessment of small, complex struc-
tures in the head and neck region.

The golden-angle radial sparse parallel-volumetric interpolated
breath-hold (GRASP-VIBE) sequence is a recently introduced imag-
ing technique that combines radial 3D T1-weighted spoiled
gradient-echo (VIBE, Siemens; THRIVE, Philips Healthcare;
LAVA, GE Healthcare), parallel imaging, and compressed sensing
reconstruction for dynamic contrast-enhanced MR imaging.
GRASP-VIBE continuously acquires radial spokes throughout the
scan with contrast agent injection. Then, multiple phases of
dynamic 3D T1-weighted images are reconstructed from highly
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undersampled radial spokes using iterative reconstruction. Because
the continuous golden-angle sampling conserves the sampling uni-
formity of the k-space at any time point, any number of successive
radial spokes are combined to make dynamic images, enabling vari-
ous temporal resolutions and time points. Furthermore, GRASP-
VIBE gives a static 3D image after combination of all the radial
spokes, which can be used as an enhanced 3D T1-weighted image.
Also, because GRASP uses a radial trajectory where the center of the
k-space is sampled every TR, it is more motion-robust at high spa-
tial and temporal resolutions.7 Excellent GRASP-derived images
have already been demonstrated with fewer motion and pulsation
artifacts in prior liver,8 prostate,9 and breast10 studies.

A similar study by Wu et al11 applied a radial-volumetric inter-
polated breath-hold examination (VIBE) in the head and neck and
found that radial VIBE was a viable motion-robust improvement
over the conventional fat-suppressed T1-TSE.11 Our study
attempted to apply a more novel GRASP-VIBE technique in the
head and neck with a larger sample size and variable clinical indi-
cations, including preoperative staging and postoperative assess-
ment, thereby reflecting a more comprehensive clinical setting.

We hypothesized that GRASP-VIBE would yield better
images of the head and neck than conventional T1-TSE and that

GRASP-VIBE would be a promising alternative imaging tech-
nique to T1-TSE. Therefore, the purpose of the current study was
to qualitatively and quantitatively compare the image qualities of
GRASP-VIBE and conventional T1-TSE sequences.

MATERIALS AND METHODS
Patients
This single-center retrospective cohort study was approved by our
institutional review board, and the requirement for informed con-
sent was waived. Between September 2020 and January 2021, data
from 65 consecutive patients who had undergone head and neck
MR imaging for various clinical indications were reviewed. The
inclusion criteria were as follows: 1) availability of simultaneously
acquired gadolinium-enhanced GRASP-VIBE and T1-TSE
sequences; 2) MR imaging scan area covering the nasopharynx to
the subglottic region; and 3) visible left parotid glands and masseter
muscles.

GRASP-VIBE Acquisition
GRASP-VIBE sequence data were acquired using a fat-saturated
T1-weighted radial 3D gradient recalled-echo sequence.7 GRASP-
VIBE samples were characterized by a k-space with a stack-of-stars
scheme, in which radial spokes are stacked along the partition direc-
tion. An angle increase of 111.25° in consecutive spokes yields
approximately uniform k-space coverage during acquisition.12

Moreover, compressed-sensing reconstruction was applied to mini-
mize streaking artifacts caused by data undersampling in the radial
acquisition. For this study, a 2.5-second temporal resolution (ie, 21
spokes/frame and a static image of 2427 radial views) was used.

MR Imaging Acquisition
All MR imaging examinations were performed using 3T scanners
with 64-channel head and neck coils (Magnetom Vida; Siemens).
Gadoteridol (ProHance; Bracco Diagnostics) had been intrave-
nously administered at a rate of 1–2mL/s (0.01mmol/kg of

Table 1: Detailed acquisition parameters of the 2 sequences
Sequence GRASP-VIBE T1-TSE

FOV 200� 200 200� 200
Matrix 224� 224 384� 230
Section thickness (mm) 4 4
Gap (mm) 0 1
No. of slices 26 32
In-plane resolution (mm) 1.04� 1.04 0.52� 0.52
Echo-train 1 4
Flip angle 12° 160°
TR/TE (ms) 4.1/1.9 690/12
Bandwidth (Hz/px) 496 Hz/px 310 Hz/px
No. of excitations 1 1
Fat-suppression technique Chemical shift

selective
Dixon

Scanning type Gradient-echo TSE
Scan time (min/sec) 4/46 2/6
No. of dynamic acquisitions
(temporal resolution) (sec)

95 (2.5) NA

Acquisition type 3D 2D

Note:—NA indicates not applicable.

FIG 1. Flow chart of the patient-selection process.

Table 2: Baseline characteristics of included patientsa

Variable N = 52
Age (mean) (yr) 60 (SD, 14)
Sex
Male 37 (71.2)
Female 15 (28.8)
Diagnosis
Head and neck malignancies 50 (94.3)
Buccal 1 (1.9)
Floor of mouth 1 (1.9)
Vocal cord 10 (19.2)
Supraglottis 1 (1.9)
Hypopharynx 7 (13.5)
Salivary gland 6 (11.5)
Tongue 13 (25.0)
Tonsil 10 (19.2)
Other malignancies 3 (5.7)
Primary lesion visible
Yes 10 (19.2)
No 42 (80.8)
Postoperative state
Yes 45 (86.5)
No 7 (13.5)

a All values are presented as No. (%) unless otherwise specified.
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body weight). Approximately 5 seconds after gadoteridol adminis-
tration, GRASP-VIBE was acquired. T1-TSE was acquired approx-
imately 4–5minutes after gadoteridol administration. The
acquisition times for the GRASP-VIBE and T1-TSE were 4
minutes 46 seconds and 2 minutes 6 seconds, respectively. The
details of the GRASP-VIBE and T1-TSE acquisition parameters
are summarized in Table 1. All images were acquired under free-
breathing conditions.

Qualitative Image Analysis
Two radiologist raters (raters 1 and 2 with 2 and 8 years of expe-
rience in head and neck radiology, respectively) independently
reviewed the MR images. The raters were blinded to the

patient’s clinical information during
the review. The qualitative assessment
included overall image quality, over-
all artifacts, and image conspicuities
of the oropharyngeal, hypopharyng-
eal, and cervical lymphatic channels.
All assessments were graded using a
5-point scoring system. For assess-
ment of overall image quality and
overall artifacts, scores were graded
as 5¼ best, 4¼ good, 3¼ adequate,
2¼ poor, and 1¼ nondiagnostic. The
artifacts under evaluation included re-
spiratory motion artifacts, pulsation
artifacts of nearby blood vessels, and
susceptibility artifacts in the oral cavity.
For the assessment of mucosa conspi-
cuities, scores were graded as 5¼
sharp margin, 4¼minimal blurring,
3¼moderate blurring, 2¼ substantial
blurring, and 1¼ nondiagnostic due to
severe blurring.

Quantitative Image Analysis
For quantitative analysis, the first rater
(R1) drew circular ROIs with areas
ranging from 10 to 30 mm2 on the left
parotid glands and masseter muscles.
All ROIs were then reviewed by the
second rater (R2). Image analyses were
performed using an in-house PACS at
a designated workstation. From the
ROIs, the SNR and contrast-to-noise
ratio (CNR) were calculated using the
following formulas:13-15

SNR ¼ SIParotid gland

SDMasseter muscle
;

CNR ¼ ðSIParotid gland � SIMasseter muscleÞ
SDMasseter muscle

:

SIParotid gland is the mean signal in-
tensity of the parotid glands, and

SIMasseter muscle and SDMasseter muscle indicate the mean signal in-
tensity and SD of the masseter muscles, respectively. All signal
intensities and SDs were calculated within the ROIs.

Statistical Analyses
Interobserver agreement in the image-quality assessment for each
category was assessed using weighted k coefficients. The image-
assessment scores as well as the SNR and CNR between GRASP-
VIBE and T1-TSE were compared using a paired Wilcoxon rank
sum test. Statistical significance was 2-sided and was set at
P, .05. All statistical analyses were performed with R statistical
and computing software, Version 4.10.1 (http://www.r-project.
org/).

FIG 2. A 55-year-old female patient with a history of recurrent squamous cell carcinoma of the
tongue (top row); the lesion is better delineated in GRASP-VIBE (A) than in T1-TSE (B). A 76-year-
old male patient with a history of left hypopharyngeal cancer with transoral robotic surgery (mid-
dle row). Compared with GRASP-VIBE (C), a significant respiratory motion artifact is observed in
T1-TSE (D). A 70-year-old male patient with a history of left vocal cord squamous cell carcinoma
in situ and laser cordectomy (bottom row). Compared with GRASP-VIBE (E), there is a noticeable
pulsation artifact from blood vessels in T1-TSE (F).
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RESULTS
Clinical Characteristics of Patients
Among the initial 65 patients, 13 patients were excluded because
their scans did not cover the hypopharynx (n¼ 8), oropharynx
(n=2), and parotid glands and masseter muscles (n¼ 3). After
exclusion, 52 eligible patients remained for analysis (Fig 1). The
baseline characteristics of eligible patients are summarized in
Table 2. Among the 52 patients (mean age, 60 [SD, 14] years; 37
men and 15 women), 50 had head and neck malignancies, includ-
ing tongue cancer (13, 25%), vocal cord cancer (10, 19.2%),
supraglottic cancer (1, 1.9%), tonsil cancer (10, 19.2%), hypo-
pharynx cancer (7, 13.5%), salivary gland cancer (6, 11.5%), buc-
cal cancer (1, 1.9%), and floor of mouth cancer (1, 1.9%); and 3
had other malignancies (5.7%). Forty-five patients (86.5%) were
examined during postoperative follow-up, and malignant lesions
were visible in 10 patients (19.2%). Representative MR imaging
comparing the 2 sequences is illustrated in Figs 2 and 3.

Qualitative Assessment
The results of the qualitative assessment of the 2 sequences
are summarized in Table 3 and graphically depicted in Fig 4. The
mean quality scores were significantly higher in GRASP-VIBE
than in T1-TSE in all assessments, including overall image

quality, overall artifacts, and image
conspicuities of the oropharyngeal,
hypopharyngeal, and cervical lymph
nodes (all, P, .001).

Interobserver agreement was vari-
able, as measured by k statistics; the
agreement was substantial for the
assessment of oropharyngeal mucosa
conspicuity (k ¼ 0.80, for GRASP-
VIBE; k ¼ 0.5, for T1-TSE), whereas it
was slight-to-moderate for the assess-
ment of cervical lymph node conspi-
cuity (k ¼ 0.18 for GRASP-VIBE; k ¼
0.34 for T1-TSE).

Quantitative Assessment
The boxplots of the SNR and CNR of
GRASP-VIBE and T1-TSE are
depicted in Fig 5. The mean SNR of
GRASP-VIBE (22.8 [SD, 11.5]) was
significantly higher than that of T1-
TSE (11.3 [SD, 5.6]) (P, .001). The
mean CNR of GRASP-VIBE (4.7 [SD,
5.4]) was also higher than that of T1-
TSE (2.3 [SD, 2.7]), but without statis-
tical significance (P¼ .059).

DISCUSSION
In the current study, overall image
quality, overall artifacts, and image
conspicuities at different anatomic
locations of the head and neck were
compared between GRASP-VIBE and

T1-TSE. Furthermore, the SNR and CNR of both sequences were
quantitatively compared. GRASP-VIBE provided significantly
better image quality and a higher SNR compared with the con-
ventional T1-TSE sequence. Therefore, GRASP-VIBE could be a
superior alternative to conventional T1-TSE for the assessment of
the head and neck region.

Compared with T1-TSE, GRASP-VIBE showed higher scores
in all qualitative assessments, including overall image quality,
overall artifacts, and image conspicuities of the oropharyngeal,
hypopharyngeal, and cervical lymphatic channels. GRASP-VIBE
showed significantly higher scores, especially in terms of artifacts
and hypopharyngeal mucosa conspicuity. This finding is due to
pulsation and respiratory motion artifacts inherently associated
with the T1-TSE sequence, which mainly affect the lower neck
region and, in turn, degrade the image quality of the hypophar-
yngeal region.

In this regard, the findings of our study are clinically relevant
for imaging assessment of hypopharyngeal and laryngeal head
and neck cancers, whose MR imaging scans are often critically
affected by pulsation artifacts from adjacent carotid arteries and
jugular veins as well as respiratory motion artifacts from involun-
tary movement due to free breathing or swallowing. Minimizing
such artifacts would be beneficial for the accurate evaluation of
not only the primary lesions but also recurrences in postoperative

FIG 3. A 73-year-old male patient with a history of oropharyngeal squamous cell carcinoma of
the right tonsil; the susceptibility artifacts due to dental amalgam are more prominent in GRASP-
VIBE (A) than in T1-TSE (B). In right submental region of the same patient, fat suppression is weaker
in GRASP-VIBE (C) than in T1-TSE (D).
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follow-up MR imaging, in which anatomic complexities become
more challenging in the head and neck region.

Our findings are consistent with those in a previous similar
study by Wu et al,11 who compared radial VIBE with conventional
T1-TSE and found that radial VIBE was more motion-robust. The
motion-robust benefit of radial VIBE has been documented in
other anatomic regions as well, such as the abdomen16 and pros-
tate.9 The added value of the present study is the application of a
novel GRASP-VIBE technique and its direct intraindividual com-
parison with the conventional T1-TSE for head and neck MR
imaging in routine clinical settings.

The potential benefit of GRASP-
VIBE over T1-TSE lies in its 3D recon-
struction capability for coronal and
sagittal images. While the protocol of
the current study involved only
GRASP-VIBE for high temporal reso-
lution, GRASP-VIBE can also be
acquired with high spatial resolution.
Finally, the functional application of
GRASP-VIBE in evaluating tumor
angiogenesis has also been previously
investigated in lung cancer,17 rectal
cancer,18 and parotid neoplasms,19

proving its 4D imaging characteristics.
The GRASP-VIBE sequence has a

few weaknesses compared with T1-
TSE. GRASP-VIBE is more prone to
susceptibility artifacts than T1-TSE
because the gradient recalled-echo
sequence has no 180° refocusing pulse,
which limits correction for large and
fixed magnetic field inhomogeneities

induced by metallic implants.20 In head and neck MR imaging,
significant susceptibility artifacts are often seen in the oral cavity
due to dental amalgams; we found that fat suppression in GRASP-
VIBE was weaker in submental regions due to local signal loss
caused by severe susceptibility change and local magnetic inhomo-
geneity in the oral cavity. However, the fat-saturation techniques
for GRASP-VIBE and T1-TSE were different—chemical shift selec-
tive and Dixon, respectively—which might have contributed to the
difference in fat-suppression effects. Furthermore, the radial sam-
pling of k-space in GRASP-VIBE inherently leads to undersam-
pling of peripheral k-spaces, resulting in the edge smoothing of

Table 3: Qualitative evaluations and j values for overall image quality, overall artifacts, and anatomic conspicuities of GRASP-VIBE
and T1-TSE

GRASP-VIBE T1-TSE

P ValuebScores (mean) j P Valuea Scores (mean) j P Valuea

Overall image quality
Rater A 4.74 (SD, 0.49) 0.29 .003 3.81 (SD, 0.68) 0.594 ,.001
Rater B 4.62 (SD, 0.53) 3.51 (SD, 0.91)
Average of two raters 4.68 (SD, 0.41) 3.66 (SD, 0.73) ,.001

Overall artifacts 0.21 .041 0.542 ,.001
Rater A 4.26 (SD, 0.68) 3.60 (SD, 0.60)
Rater B 4.68 (SD, 0.51) 3.55 (SD, 0.97)
Average of two raters 4.47 (SD, 0.48) 3.58 (SD, 0.71) ,.001

Oropharyngeal mucosal conspicuity 0.80 ,.001 0.5 ,.001
Rater A 4.87 (SD, 0.39) 4.15 (SD, 0.74)
Rater B 4.83 (SD, 0.47) 4.04 (SD, 1.06)
Average of two raters 4.85 (SD, 0.41) 4.11 (SD, 0.79) ,.001

Hypopharyngeal mucosal conspicuity 0.30 .016 0.422 .002
Rater A 4.89 (SD, 0.32) 3.58 (SD, 0.84)
Rater B 4.79 (SD, 0.49) 3.57 (SD, 1.05)
Average of two raters 4.84 (SD, 0.34) 3.58 (SD, 0.81) ,.001

Cervical lymph node conspicuity 0.18 .072 0.34 .001
Rater A 4.64 (SD, 0.48) 4.34 (SD, 0.65)
Rater B 4.94 (SD, 0.30) 3.81 (SD, 0.83)
Average of two raters 4.79 (SD, 0.32) 4.08 (SD, 0.64) ,.001

a P value for k .
b P values for paired Wilcoxon rank sum tests comparing the scores of the 2 sequences.

FIG 4. Boxplots of qualitative assessments for GRASP-VIBE and T1-TSE.
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images.21 Nonetheless, reduction of significant motion artifacts
would compensate for such smoothing around the borders of
structures.

This study had several limitations that need to be addressed.
First, the 2 raters were not blinded to the names of the sequen-
ces during image analysis, possibly causing selection bias.
However, the 2 sequences demonstrated obvious differences in
image texture, and blinding would have had a limited role.
Additionally, there was an interval of approximately 4–
5minutes between the GRASP-VIBE and T1-TSE sequences,
which might have affected the extent and degree of tissue con-
trast enhancement. Finally, interobserver agreement was vari-
able across qualitative assessment categories, possibly due to the
differences in the experience of the raters (2 versus 8 years in
head and neck radiology).

CONCLUSIONS
In qualitative image assessment, GRASP-VIBE demonstrated
better image quality, fewer artifacts, and better image conspicui-
ties than conventional contrast-enhanced T1-TSE. GRASP-
VIBE also provided a significantly higher SNR than T1-TSE.
Therefore, the results of the current study are consistent with
our hypothesis that GRASP-VIBE is a promising alternative to
T1-TSE for the evaluation of head and neck MR imaging.
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ORIGINAL RESEARCH
HEAD & NECK

Measuring 3D Cochlear Duct Length on MRI: Is It Accurate
and Reliable?

M.B. Eser, B. Atalay, M.B. Dogan, N. Gündüz, and M.T. Kalcioglu

ABSTRACT

BACKGROUND AND PURPOSE: Prior studies have evaluated cochlear length using CT to select the most suitable cochlear implants
and obtain patient-specific anatomy. This study aimed to test the accuracy and reliability of cochlear lateral wall length measure-
ments using 3D MR imaging.

MATERIALS AND METHODS: Two observers measured the cochlear lateral wall length of 35 patients (21 men) with postlingual hear-
ing loss using CT and MR imaging. The intraclass correlation coefficient (with 95% confidence intervals) was used to evaluate intra-
observer and interobserver reliability for the 3D cochlear measurements.

RESULTS: The mean age of the participants was 39.85 (SD, 16.60) years. Observer 1 measured the mean lateral wall length as 41.52 (SD,
2.25)mm on CT and 41.44 (SD, 2.18)mm on MR imaging, with a mean difference of 0.08mm (95% CI, �0.11 to 0.27 mm), while observer 2
measured the mean lateral wall length as 41.74 (SD, 2.69)mm on CT and 42.34 (SD, 2.53)mm on MR imaging, with a mean difference
of �0.59mm (95% CI, �1.00 to �0.20 mm). An intraclass correlation coefficient value of 0.90 (95% CI, 0.84�0.94) for CT and 0.69 (95%
CI, 0.46�0.82) for MR imaging was obtained for the interobserver reliability for the full-turn cochlear lateral wall length.

CONCLUSIONS: CT-based 3D cochlear measurements show excellent intraobserver and interobserver reliability, while MR imag-
ing�based lateral wall length measurements have good-to-excellent intraobserver reliability and moderate interobserver reliability.
These results corroborate the use of CT for 3D cochlear measurements as a reference method and demonstrate MR imaging to be
an alternative acquisition technique with comparably reliable results.

ABBREVIATIONS: ICC ¼ intraclass correlation coefficient; LWL ¼ lateral wall length

Across the years, there has been an increase in the proportion
of the global population with postlingual profound hearing

loss, especially in developed countries.1 An effective surgical treat-
ment for patients with profound hearing loss is a cochlear
implant.2 As a result, the number of patients requiring presurgical
imaging has also amplified.3,4 CT has been the reference method
for evaluating bony structures and cochlear length measurements.

In the last 25 years, many studies have evaluated cochlear length
using CT and conebeam CT3,4 aimed at selecting the most suitable

cochlear implants and obtaining patient-specific anatomy and tono-
topy.5-9 The most common methods for cochlear length measure-
ments include the A-value (the widest diameter of the cochlear
basal turn) and measuring the cochlear circumference over 3D
reconstruction.3,4 The current literature proposes that accurate
measurements may help in developing custom-made cochlear
implant designs per the patient’s specific anatomy and tonotopy.2

However, the radiation exposure in these CT-based measurements
is a consideration; therefore, it is desirable to use alternate imaging
methods like MR imaging to make these measurements.10

This study aimed to test the accuracy and reliability of MR
imaging–based 3D cochlear length measurements that were pre-
viously performed by CT. A secondary aim was to test the effect
of the observer’s experience on these measurements.

MATERIALS AND METHODS
This retrospective diagnostic accuracy study was conducted at
the Istanbul Medeniyet University, Goztepe Prof. Dr. Suleyman
Yalcin City Hospital, between January 1, 2014, and December 31,
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2020. Ethics approval was obtained from the local University
Ethics Committee, and the committee waived the need for
informed consent due to the retrospective nature of the study.
The Standards for Reporting of Diagnostic Accuracy Studies
(STARD) guideline was followed during the conduct and docu-
mentation of the study.11

Study Participants
Patients with postlingual hearing loss who underwent cochlear
implant surgery in our university hospital were recruited for the
study based on the following inclusion and exclusion criteria.

Inclusion Criteria

1. Patients for whom both MRI and CT imaging were per-
formed in our hospital

2. Patients whose round window niche (the cochlear outer wall
and apical turn end point) could be clearly distinguished on
imaging

3. Patients who did not have a congenital anomaly of the inner
ear as seen on the CT andMRI.

Exclusion Criteria

1. Patients who were operated on at our hospital, but imaging
was performed at another center

2. The image quality of the scans was inadequate for measurement
3. Cochlear calcifications that did not allow measurement of the
lateral cochlear wall.

Protocols for CT and MR Imaging
CT was performed per the temporal bone algorithm using a
Optima CT660 scanner (GE Healthcare); all patients were
scanned supine. The FOV was adjusted to include the entire tem-
poral bone, data were collected with a 512� 512 matrix detector,
and the section thickness was 0.625mm.

MR imaging was performed using the Optima 450w 1.5T scan-
ner (GE Healthcare). For this study, the FIESTA-C (Siemens)
equivalent, the CISS sequence, was performed in the 3 in-plane
acquisitions, namely axial, coronal, and oblique sagittal, through
the internal auditory canal (details about this sequence are pre-
sented in Table 1). Cochlear lateral wall length measurements were
made per the reconstructed coronal FIESTA-C acquisition.

Recording and Processing of the Demographic and
Imaging Data
Demographic data of the study participants were recorded. CT
and MR images of the patients were blinded and transferred to a

Mac OS X (10.15.7; Apple) computer; raw imaging data were reg-
istered with the PACS software. Measurements were made with a
3DMPR application.

Two observers performed and recorded their CT and MR
imaging measurements independently: Observer 1 had per-
formed cochlear measurements on 387 cases before participating
in the study; observer 2 had no prestudy experience of cochlear
measurement and was given 1 hour of training with sample cases.
First, they measured the cochlea on the CT images, followed by
measurement on MR imaging at a gap of 2 weeks to avoid recog-
nition bias.

For CT measurements, the procedure described by Eser et al12

was used to measure the length of the cochlear duct starting from
the cochlear view, following the full-turn cochlea, and covering
the lateral cochlear wall. The observers selected each point as the
outermost coordinate to avoid partial volume effects and beam-
hardening artifacts (Fig 1). The MR imaging measurement
method was modified to obtain the round window niche and fol-
low the hyperintense cochlear fluid boundary (Fig 2). Unlike the
previous study, the hook of the apical turn was not included for
both CT and MR imaging measurements.12

Statistical Analysis
Gaussian distribution of the outcome data was evaluated using
the Kolmogorov-Smirnov test, and Gaussian-distributed data
were presented as mean (SD). A paired t test was used to deter-
mine the mean difference. Intraobserver and interobserver reli-
ability for CT and MR imaging was evaluated using the intraclass
correlation coefficient (ICC) (with 95% confidence intervals) as
described by Koo and Li13 (2-way mixed-effects, absolute agree-
ment, single measurement). If the ICC value was 0.49 and below,
the reliability was considered weak. ICCs ranging from 0.50 to
0.74 represented moderate reliability, between 0.75 and 0.89 rep-
resented good reliability, and .0.90 meant excellent reliability. A
P value , .05 was used to determine statistical significance. All
data were evaluated using SPSS for Mac OS X (Version 22.0;
IBM).

RESULTS
Demographic Data of the Participants
The study included 35 patients (all whites), of which 70% (n¼ 21)
were men. The average age of all participants was 39.85 (SD,
16.60) years, while the mean age of male participants was 36.71
(SD, 15.02) years, and it was 44.57 (SD, 18.26) years for the female
participants. Measurements on CT and MR images of 1 patient’s
left ear could not be made due to calcifications secondary to
chronic otitis media, so this ear was excluded. MR imaging of
another 2 patients was excluded due to motion artifacts. Therefore,
interobserver reliability analyses were performed on 69 ears for CT
and 65 ears for MR imaging, while 65 ears were evaluated during
intraobserver reliability analyses.

Cochlear Length Measurement and Intraobserver
Reliability Results
Observer 1 measured the mean cochlear lateral wall length (LWL)
as 41.52 (SD, 2.25)mm on CT and 41.44 (SD, 2.18)mm on MR
imaging, with a mean difference for the full-turn cochlear length

Table 1: Internal acoustic canal 3D FIESTA-C protocol

3D FIESTA-C
Plane Axial 1 coronal 1 sagittal oblique
Fat suppression 1
TR (ms) 6.9
TE (ms) Min
Flip angle 55°
Section thickness (mm) 1
FOV (mm) 320 � 320
Bandwidth (Hz) 90
Matrix (mm � mm) 256 � 192

Note:—Min indicates 2.6–12 ms.
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FIG 2. Screenshot of the MR imaging postprocessing software. A and C, Planes perpendicular to modiolus are formed. B, The cochlear view is
shown; in this plane, the basal turn can be fully traced and the bone structure of the round window is viewed as a thin hypointense line parallel
to the purple line. C, The round window niche is not distinguished, and bone and air are shown as hypointense on the FIESTA-C MR imaging
sequence. D, The measurement screen.

FIG 1. Screenshot of the CT postprocessing software used in the study. A and C, Planes perpendicular to the modiolus are formed. B, The coch-
lear view is shown; in this plane, the basal turn can be fully traced and the bone structure of the round window is visualized as a thin line parallel
to the purple line. The purple line also indicates the A-value measured from the niche to the opposite cochlear wall and the diameter of the
cochlear basal turn. C, The round window niche is distinguished as a hypodense area below the measuring point. D, The measurement screen.
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between these 2 observations as 0.08 mm (95% CI, �0.11�0.27
mm). The average cochlear LWLs and ICC results (with 95% con-
fidence intervals) for observer 1 are presented in Table 2.

Observer 2 measured the mean cochlear LWL as 41.74 (SD,
2.69)mm on CT and 42.34 (SD, 2.53)mm on MR imaging, with
a mean difference of �0.59mm (95% CI, �1.00 to �0.20mm)
between these observations for the full-turn cochlear length. The
average measurement and ICC results (with 95% confidence
intervals) for observer 2 are given in Table 3.

Interobserver Reliability Results
An ICC value of 0.90 (95% CI, 0.84�0.94) for CT and 0.69 (95%
CI, 0.46�0.82) for MR imaging was obtained for the interob-
server reliability for the full-turn cochlear LWL. The reliability
between the 2 observers as assessed by ICCs is given in Table 4.

DISCUSSION
This study tested the accuracy and reliability of measuring coch-
lear length using a 3D reconstruction on CT and MR imaging.
High intraobserver and interobserver reliability was observed for
CT-based measurements, whereas good-to-excellent intraob-
server reliability and moderate-to-good interobserver reliability
was observed for MR imaging to measure cochlear LWL.

Accuracy and Reliability of 3D Cochlear Length
Measurements
Intraobserver accuracy of an experienced observer’s CT measure-
ments (observer 1) with MR imaging measurements was the fol-
lowing: There was moderate reliability for the basal turn length,
good reliability for the 2-turn length, and excellent reliability for
the full-turn cochlear length. There have been limited studies
evaluating MR imaging for similar objectives.14,15 One of these
studies measured the intraobserver and interobserver reliability
of the A-value, while the other study used the spiral ganglion as
the measurement target, and only 1 observer performed the

measurements. Multiple studies have been performed with CT,3

and most measured the A-value and rarely dealt with the repro-
ducibility of the method. Schurzig et al16 revealed the superiority
of 3D measurements over spiral formulas. Likewise, Eser et al12

evaluated 3D CT measurements and reported good-to-excellent
intraobserver reliability in their study (ICC¼ 0.87).

Our results show that the cochlear lateral wall length measure-
ments are accurate when done by an experienced observer. The sec-
ond observer had no experience in temporal bone imaging, except
for 3 years of radiology experience and was given only 1 hour of
training before measurements. A short training period was chosen
as per the study hypothesis, which was that even with a short train-
ing period, there would be high accuracy and reliability. This hy-
pothesis was proved for CT-based measurements: Good-to-
excellent reliability was seen between the 2 observers. A probable
reason is that the bony anatomic structures can be visualized easily
with high-resolution CT (Fig 3). On the contrary, the section thick-
ness is higher inMR imaging, making it more difficult to detect ana-
tomic bone landmarks. However, while the interobserver reliability
was moderate-to-good with MR imaging, our results demonstrate
high (good-to-excellent) intraobserver reliability with MR imaging.

Although Observer 1’s mean MR imaging measurements
were similar to the CT measurements, the second observer’s MR
imaging measurements were longer than the CT measurements,
a probable reason being the basic difference between the 2 imag-
ing techniques.12,14 The structure visualized on CT was the
hyperdense bony cortex surrounding the cochlea, while on MR
imaging, it was the hyperintense fluid in the cochlea. These may
cause a partial volume artifact for both imaging modalities.12

Therefore, the cochlea can be observed slightly shorter than its
actual size with CT and is slightly longer than its actual length
with MR imaging. Second, the anatomic landmarks required for
measurement are probably more clearly differentiated on CT.17

For instance, the round window niche is an anatomic landmark
that has been used unanimously in previous studies as the

Table 2: Intraobserver accuracy and reliability of observer 1’s cochlear LWL measurements between CT and MR imaging

CT (mean) (95% CI) MRI (mean) (95% CI) ICC (95% CI) P Value
Cochlea basal turn length (mm) 22.95 (SD, 1.21) (22.65–23.25) 23.37 (SD, 1.12) (23.09–23.65) 0.70 (0.48–0.82) ,.001a

Cochlea 2 turn length (mm) 35.92 (SD, 1.98) (35.43–36.41) 36.27 (SD, 1.77) (35.83–36.71) 0.85 (0.75–0.91) ,.001a

Cochlea lateral wall length (mm) 41.52 (SD, 2.25) (40.96–42.08) 41.44 (SD, 2.18) (40.90–41.98) 0.94 (0.90–0.96) ,.001a

a The P value is statistically significant.

Table 3: Intraobserver accuracy and reliability of observer 2’s cochlear LWL measurements between CT and MR imaging

CT (mean) (95% CI) MRI (mean) (95% CI) ICC (95% CI) P Value
Cochlea basal turn length (mm) 22.57 (SD, 1.21) (22.28–22.88) 22.91 (SD, 1.18) (22.61–23.20) 0.69 (0.52–0.80) ,.001a

Cochlea 2 turn length (mm) 35.51 (SD, 2.17) (34.98–36.05) 36.37 (SD, 2.08) (35.85–36.88) 0.79 (0.66–0.87) ,.001a

Cochlea lateral wall length (mm) 41.74 (SD, 2.69) (41.07–42.40) 42.34 (SD, 2.53) (41.71–42.97) 0.86 (0.73–0.92) ,.001a

a The P value is statistically significant.

Table 4: Interobserver reliability of 2 observers

CT ICC (95% CI) P Value MRI ICC (95% CI) P Value
Cochlea basal turn length 0.86 (0.73–0.92) ,.001a 0.72 (0.45–0.85) ,.001a

Cochlea 2 turn length 0.87 (0.79–0.92) ,.001a 0.77 (0.64–0.85) ,.001a

Cochlea lateral wall length 0.90 (0.84–0.94) ,.001a 0.69 (0.46–0.82) ,.001a

a The P value is statistically significant.

AJNR Am J Neuroradiol 42:2016–22 Nov 2021 www.ajnr.org 2019



starting point for CT measurement and can be easily detected in
the cochlear view.18 In this study, both observers faced difficulty
in finding the round window niche because it is made of a thin
bone structure and was hardly differentiated on MR imaging due
to the hyperintense fluid signal of the inner ear.

The final challenge that reduces interobserver reliability is the
difficulty in deciding the cochlea apical end point. In 2013, Erixon
and Rask-Andersen19 included the hook segment in the measure-
ment and found an approximately 1-mm variation in the cochlear
apical turn between the 2 observers. Moreover, the measurements
were taken with a highly sensitive micrometer made from the plas-
tic casts of cochleae obtained from cadavers. Despite an increase in
the interobserver reliability with this choice, we decided to exclude
the hook segment in the apical turn, contrary to previous studies.

Last, it is important to consider how measurements are affected
by the observer’s experience. As hypothesized, the experienced
observer’s intraobserver reliability reached an ICC value of 0.94,
while the inexperienced observer had an ICC of 0.86, which was still
highly acceptable. Furthermore, the interobserver reliability was bet-
ter for CT-based measurements (ICC ¼ 0.90), while it was moder-
ate (ICC¼ 0.69) for MR imaging due to the aforementioned
reasons. These results suggest that MR imaging measurements are

affected more negatively by the observ-
er’s experience than CTmeasurements.

Is the Difference in Interobserver
Reliability Clinically Significant?
On evaluating paired t test results
across the intraobserver and interob-
server reliability, we observed that the
highest difference achieved in the 2
observers’ MR imaging measure-
ments was for the full-turn cochlear
length (�0.90 [SD, 1.71]mm; 95%
CI, �1.31 to �0.47 mm). This result
shows that there was a negligible dif-
ference (on average, 1mm) between
the 2 observers. Considering that
cochlear implant lengths are cur-
rently produced at 2-mm intervals,
this difference is not clinically essen-
tial in cochlear implant selection.20 In
a recent meta-analysis, Atalay et al3

reported a similar difference (0.61
[SD, 0.54]mm) in the organ of Corti
length between people from the gen-
eral population and patients with
acquired hearing loss and stated that
this difference was not significant
with the same reasoning. However,
Schurzig et al16 compared the accu-
racy of spiral formulas. For the same
A-value, they found the organ of Corti
length varying from 29.2 (SD, 2.30)mm
to 43.4 (SD, 3.40)mm. Considering that
2mm is important in this implant selec-
tion, it is far from an acceptable margin

of error.3,9,16,20 Therefore, CT measurements should preferably be
considered in the selection of cochlear implants, and MR imaging
may be used as a second-line alternative.

How Do the Technical Differences between CT and MR
Imaging Influence the 3D Cochlear Length Measurements?
Imaging technology is improving progressively. The most com-
monly used imaging method for pre-cochlear implant evaluation is
multidetector CT, followed by conebeam CT.3 In a recent study,
0.25-mm isotropic-voxel resolution was achieved with ultra-high-
resolution CT in clinical images.21 However, with MR imaging, the
section thickness cannot go below 0.60-mm isotropic-voxel resolu-
tion, even with 3D sequences. Although this voxel size difference
does not seem very large, 3D CT images have approximately 14
times higher spatial resolution than MRI21; this spatial resolution
difference is probably responsible for the high interobserver reliabil-
ity with CT. Although significant improvements have been made
recently for bone imaging with MR imaging, such as zero TE, to
reduce these technical differences, CT is more useful clinically.22,23

Nevertheless, if MR imaging sequences developed in the future can
show the bone structure in detail, pre-cochlear implant imaging of
patients can be performed with MR imaging only, significantly

FIG 3. CT (A) and MR imaging (B) of the cochlea of the same patient. The red ring seen in these
images shows the lateral wall of the cochlea. The black arrow seen on the CT (A) image and the
red arrow seen on the MR imaging (B) image indicate the outermost point of the lateral cochlear
wall. The lateral cochlear wall, the target point of measurement, and other anatomic structures
are summarized in a schematic view (C). Created with BioRender.com.
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avoiding unnecessary radiation exposure. Extensive and compre-
hensive studies are needed to obtain a higher spatial resolution with
MR imaging that allows detailed imaging of the bone structure.

Last, it is necessary to discuss the MR imaging sequences and
magnets exclusively. Besides the 3D FIESTA-C and CISS sequences
used frequently for imaging the internal auditory canal, cochlea, and
labyrinth, 3D FSE sequences are also used.24-28 The 3D T2 FSE
sequences (Cube, GE Healthcare; sampling perfection with applica-
tion-optimized contrasts by using different flip angle evolutions
[SPACE], Siemens; driven equilibrium radiofrequency reset pulse
[DRIVE]) can eliminate banding artifacts and have fewer flow and
susceptibility artifacts.28 Also, the use of 3T magnets provides a high
signal-to-noise ratio and better spatial resolution than 1.5T, with
shorter acquisition times.24,25 However, more artifacts are encoun-
tered along with these advantages, especially with gradient recalled-
echo sequences (banding and susceptibility artifacts). These artifacts
may obscure fine anatomic detail of the cochlea and labyrinth.

Limitations
Our study has some limitations. Although the CT andMR imaging
devices used in the study are currently the most used device tech-
nologies, ultra-high-resolution CT and 3T-magnet MR imaging
devices are also available. Other researchers may repeat this study
using currently available higher resolution isotropic 3D T2 sequen-
ces (Cube, SPACE, DRIVE) acquired at 3T. Studies with these new
devices are likely to provide a greater interobserver reliability for
MR imaging. If MR imaging scans were obtained in the cochlear
view plane, the distortion-caused artifacts could be reduced,
increasing the interobserver reliability. Another limitation is the
difference in the level of experience between the 2 observers.
However, to avoid this, we tested the effect of experience on meas-
urements; high reliability in CT measurements showed us that the
observer experience has a minimal effect on CT-based evaluations.
Nevertheless, comparing MR imaging measurements of observers
with comparable professional experience will help appreciate the
true potential of MR imaging measurements.

CONCLUSIONS
This study showed that the 3D cochlear length measurements made
with CT had excellent intraobserver and interobserver reliability,
while MR imaging–based measurements also demonstrated good-
to-excellent intraobserver reliability for full-turn cochlear measure-
ment and moderate interobserver reliability. These results corrobo-
rate the importance of CT imaging in 3D cochlear measurements as
a reference method, and MR imaging may be used as an alternative
imaging technique that offers comparably reliable results.
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CLINICAL REPORT
HEAD & NECK

Protuberant Fibro-Osseous Lesion of the Temporal Bone:
“Bullough Bump”—Multimodality Imaging Case Series and

Literature Review
N. Shekhrajka, D.R. Shatzkes, K.E. Dean, M.C. Smithgall, and G. Moonis

ABSTRACT

SUMMARY: A handful of cases of protuberant fibro-osseous lesions of the temporal bones have been described in the literature to
date, with primary focus on the pathologic features. Here we review 3 cases of pathology-proved protuberant fibro-osseous lesions of
the temporal bone and include a literature review with a focus on the imaging features. While rare, these lesions have near-pathogno-
monic imaging features defined by a location at the cortex of the outer table of the temporal bone at the occipitomastoid suture, lack
of involvement of the underlying marrow, variable mineralization, and MR signal characteristics atypical of a chondroid lesion. One case
in this series was FDG-avid and had occasional mitotic features, possibly reflecting an aggressive variant. Neuroradiologists should be fa-
miliar with this benign diagnosis to aid in timely identification and avoid unnecessary additional imaging.

ABBREVIATIONS: FD ¼ fibrous dysplasia; PFOLT ¼ protuberant fibro-osseous lesion of the temporal bone

Protuberant fibro-osseous lesion of the temporal bone
(PFOLT) was originally described by Selesnick et al,1 in

1999. They presented 2 unique-but-identical cases of right-
sided retroauricular exophytic fibro-osseous lesions in young
patients emanating from the outer cortex of the bone near the
occipitomastoid suture line. Almost 11 years later, Sia et al2

reported 2 similar cases in 2010, and they proposed naming
the lesion “Bullough lesion/bump” after Professor Peter
Bullough, who described the pathologic features in the original
case report in 1999. To date, 10 similar cases have been
reported in the literature. These lesions have near-pathogno-
monic imaging features, defined by a location at the outer table
cortex of the temporal bone at the occipitomastoid suture, lack
of involvement of the underlying marrow, variable mineraliza-
tion, and MR signal characteristics atypical of a chondroid
lesion. The goal of this article is to report a multi-institutional
series of this lesion, to discuss the clinical characteristics and
unique imaging features of the lesion, and to review the exist-
ing cases in the literature.

Case Series
Institutional review board approval was waived and not required
for this retrospective case series. Three cases were identified from
3 different institutions in New York City between 2015 and 2020.

Demographic information was obtained from the electronic
medical record, including age, clinical presentation, imaging find-
ings, and histopathologic diagnosis.

Case 1. A 39-year-old previously healthy woman presented with a
painless mass in the right retroauricular region, which had been
slowly growing for the last 5 years. No other contributory history
was noted. On physical examination, a nontender mass was pal-
pated in the right retroauricular region without changes in the
overlying skin. The mass was hard in consistency, and the overly-
ing skin was freely mobile. No other findings were observed on
the clinical examination. Neurologic examination findings were
normal, as were hematologic and audiologic parameters.

On skull radiographs, bony thickening of the right retroauricu-
lar region with a small exophytic sclerotic/mineralized lesion was
noted (Fig 1). Noncontrast CT of the head demonstrated a 3.5 �
1.1 cm, well-defined, broad-based, protuberant calcified mass with
ground-glass density in the retroauricular region emanating from
the outer cortex of the right temporal bone near the occipitomas-
toid suture (Fig 2). There was a stalk-like attachment to the outer
cortex, with some irregularity of the otherwise intact underlying
cortex. No intracranial extension was seen. There was elevation of
the overlying scalp. Given the imaging features, the initial differen-
tial diagnoses of the lesion included osteoma, osteoblastoma, paro-
steal osteosarcoma, and periosteal chondrosarcoma. MR imaging
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of the brain with and without contrast showed a T1- and T2-hypo-
intense (to muscle), mildly enhancing, broad-based, postauricular
lesion emanating from the outer table of the right temporal bone.
There was a more pronounced peripheral rim of enhancement
noted (Fig 3). There were no signal changes in the underlying
bone, nor was there intramedullary or intracranial extension.

The lesion was excised without any postoperative complica-
tions. The temporalis muscle was found to be partially adherent
to the lesion intraoperatively. A calcified peduncular attachment
of the lesion to the outer table was noted, which was resected.
Microscopically, there were numerous rounded ossified bodies

composed of either woven or lamellar bone within a bland fi-
brous stroma. Atypia, mitotic activity, or osteoblastic rimming
were not identified (Fig 4).

The patient has been followed for 4 years without any evi-
dence of tumor recurrence.

Case 2. An 18-year-old man presented with a lump behind the
left ear noted by his father 2 years earlier. His father thought that
the lump was slowly growing. He had no pain, hearing loss, or
history of trauma, and the patient was otherwise healthy. Physical
examination showed a 3 � 2 cm left retroauricular bony protu-
berance over the mastoid area (Fig 5). The remainder of the head
and neck examination had normal findings.

He initially underwent noncontrast head CT, which demon-
strated a well-marginated calcific mass with a sclerotic stalk
within the occipitomastoid suture and a larger exophytic compo-
nent containing punctate areas of osseous and/or calcific density
(Fig 6). The initial differential diagnosis included osteochon-
droma, parosteal osteosarcoma, or chondrosarcoma. MR imaging
of the skull base was then performed, demonstrating immediate
T1 signal intensity, very low T2 signal intensity (to muscle), and
mild heterogeneous contrast enhancement (Fig 7). The low T2
signal intensity was thought incompatible with a chondroid
lesion, and the differential was revised to a Bullough lesion versus
parosteal osteosarcoma.

A 3-cm fibro-osseous mass with a mushroom-like shape was
excised from the outer cortex of the left temporal bone.
Histologic analysis revealed rounded or ovoid areas of calcifica-
tion within a background of bland fibrous stroma, compatible
with a Bullough lesion. The postoperative course was uncompli-
cated, and there has been no recurrence 5 years following
resection.

Case 3. A 25-year-old woman with a history of retinopathy of
prematurity and chronic daily headaches presented with a hard,
palpable mass behind her right ear. The patient reported that she
initially noticed the mass 2months prior, and it was slowly grow-

ing since that time. The patient denied
changes to her existing headaches or
other new symptoms. On examina-
tion, the lesion was nonmobile, firm,
and approximately 2 cm in size.

A head CT at that time identified an
irregularly calcified, protuberant mass
arising from the outer cortex of the
right temporal bone overlying the occi-
pitomastoid suture with no continuity
with the medullary cavity (Fig 8). On
review of existing head CTs from 2007,
2010, and 2011 (all acquired for head-
aches), it was noted that the mass had
substantially increased in size, now
measuring 2.9 � 1.5 � 2.3 cm, com-
pared with 0.6 � 0.3 � 0.5 cm in 2007
(Fig 9). In addition to being smaller, the
lesion previously appeared solidly calci-
fied in 2007, suggestive of a peripheral

FIG 1. Case 1. Plain radiographs of the skull show a small, exophytic
sclerotic/mineralized lesion with bony thickening of the right retro-
auricular cortex (white arrow).

FIG 2. Case 1. Axial (A) and coronal (B) noncontrast CT images through the temporal bone show a
well-defined, exophytic, protuberant calcified mass with ground-glass density (star) in the retro-
auricular region, seen emanating from the outer cortex of the right temporal bone near the occi-
pitomastoid suture causing elevation of the overlying scalp without intramedullary or intracranial
extension. A broad-based stalk-like attachment to the occipitomastoid suture is noted (arrow).
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ivory osteoma. With growth, that initial solidly calcified compo-
nent appeared as a bony stalk with surrounding more irregular cal-
cifications. A subsequent brain MR imaging with and without
contrast demonstrated a predominantly T2-hypointense mass with

an enhancing rim (Fig 10). The leading differential diagnosis was
an osteochondroma. Given the interval growth, the patient was
referred to neurosurgery, and a PET/CT was acquired. The lesion
was found to be FDG-avid (Fig 11).

The patient underwent a right temporal craniectomy with
mesh cranioplasty and an excision of a 3.3 cm, tan-white, rub-
bery, fibro-osseous mass. On histologic analysis, the tumor was
composed of spindle cells with fascicular architecture and
entrapped islands of bone. Findings were most consistent with a
Bullough lesion (Fig 12). Of note, occasional mitotic features
were observed, a finding that differs from those in other reported
cases of Bullough lesions. The patient did well postoperatively
without any clinical or imaging findings or recurrence for
18months.

Literature Review
To date, 10 cases of PFOLT have been reported in the literature.1-7

The cases have varied in age (10–70 years; mean, 37.5 years) and
have been seen predominantly in females (female/male ratio, 7:3)
and on the right side (right/left ratio, 8:2). All patients presented
with a firm retroauricular mass that had been slowly enlarging for
many years (range, 1–15 years), except for case 2 from the original
case reports by Selesnick et al,1 in which the patient discovered the
mass 5days before presentation. On examination, the lesion pre-
sented as a nontender, firm or hard, immobile, exophytic, retroaur-
icular mass with smooth surfaces and without overlying skin or
soft-tissue abnormalities. In only 1 pediatric case reported by Jiang
et al5 was the mass tender to touch. No lymphadenopathy was
noted. The findings of the remainder of the regional and systemic
physical examination were unremarkable. No comorbidities
were reported in any of the cases, except in case 2 by Lee et
al,4 whose patient had a history of hepatitis B, and the pediat-
ric case reported by Jiang et al with a family history of poly-
cystic kidney disease. No history of preceding trauma had
been reported before the appearance of the mass, except in
case 2 by Lee et al, whose patient had a history of a fall in
childhood with the appearance of a bean-sized lesion slowly
growing for years in the same location as the subsequent

FIG 3. Case 1. MR images with and without contrast. Axial T2 (A), coronal and axial T1 (B and C), and postgadolinium axial (D) T1-weighted images
show a T1- and T2-hypointense (to muscle), mildly enhancing broad-based, exophytic postauricular lesion emanating from the outer table of the
right temporal bone (arrow in B). There is no signal change in the underlying bone and no intramedullary or intracranial extension. A thin, periph-
eral rim of enhancement is seen (arrow in D).

FIG 4. Case 1. Histology under low-power (10�) and high-power
(40�) fields. Note numerous rounded ossified bodies composed of
either woven or lamellar bone within a bland fibrous stroma. No
atypia, mitotic activity or osteoblastic rimming are identified.

FIG 5. Case 2. On clinical examination, a 3 � 2 cm left retroauricular
bony protuberance over the mastoid area is noted.
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Bullough lesion. In the case described by Jiang et al, the mass
was first noticed when the patient had a minor trauma.

Two patients underwent plain skull radiographs, which
showed a wide-based retroauricular bony exostosis with a speck-
led appearance in 1 case and spiculated margins and a somewhat
sunburst appearance in the other.2,5 All the reported patients

underwent CT of the head without
contrast. On imaging, the size of the
mass ranged from 1.7 to 5.5 cm.4,6 A
well-defined, heterogeneous, broad-
based, exophytic, retroauricular mass,
emanating from the outer cortex of
the temporal bone and in close rela-
tionship to the occipitomastoid suture
was seen in all cases. The lesion con-
sisted of varying degrees of minerali-
zation, ranging from small punctate
foci of calcification to coarse calcifica-
tion, interposed within a more lucent
ground-glass matrix. The underlying
cortex was intact, without intramedul-
lary or intracranial extension, but ele-
vation of the overlying scalp soft tissue
was reported in all cases. No involve-
ment of the mastoid air cells was
reported. Sia et al2 also noticed an
irregular contour of the underlying cor-
tex in 1 case and some remodeling of
the underlying cortex in another case,
but with an intact bony cortex without
intramedullary or intracranial exten-
sion in both cases. In 2 cases, a pedun-
culated attachment of the lesion to the
underlying bone was reported.6,7 None
of these patients were evaluated by MR
imaging.

In all cases, the lesion was surgically
excised and sent for histologic examina-
tion. On microscopy, the lesion charac-
teristically showed a mixture of ovoid-

to-spherical bone islands of various sizes composed of either woven
or lamellar bone and embedded in a dense fibrocollagenous stroma.
Direct continuity between collagen from bone and the surrounding
fibrous stroma has been identified.2,6 Immunohistochemical stains
for CD34, desmin, S-100 protein, smooth-muscle actin, epithelial
membrane antigen, carcinoembryonic antigen, progesterone recep-
tor, signal transducer and activator of transcription 6, and pancyto-
keratin were negative, with a negligible Ki-67 proliferation index.2,4

b -catenin staining did not show nuclear localization, which would
be suggestive of aberrant Wnt/b -catenin signaling, and only
showed weak cytoplasmic positivity in the peripheral merging areas
of osseous islands in 1 case.4 In addition, mouse double minute 2
homolog was tested in 1 case and was not amplified, which would
be seen in certain low-grade osteosarcomas. Overall, these results
are consistent with a fibro-osseous lesion without muscle, nerve,
vascular, or epithelial differentiation. No mitotic activity or cellular
atypia has been reported. No evidence of guanine nucleotide stimu-
latory protein (GNAS) mutation, which is characteristically present
in fibrous dysplasia, has been found.4

DISCUSSION
This case series describes the clinical, pathologic, and radiologic
features in 3 cases of PFOLT. Most existing publications on this

FIG 6. Case 2. Axial noncontrast CT images through the temporal bones (A and B) show a well-
marginated exophytic mass based along the lateral mastoid cortex with a densely calcified rim
and a central heterogeneously calcified component. Magnified axial CT image (C) shows a densely
calcified stalk (black arrow) that extends into the occipitomastoid suture.

FIG 7. Case 2. MR images with and without contrast. Axial T1 (A), axial T1 postgadolinium fat-satu-
rated (B), and axial T2-weighted (C) images show a thin peripheral signal void (arrow in A) and cen-
tral intermediate signal intensity on noncontrast T1WI with mild heterogeneous enhancement
(arrow in B) and diffusely low T2 signal intensity (arrow in C).

FIG 8. Case 3. Axial and coronal noncontrast CT images (A and B)
demonstrate an irregularly calcified mass (white arrowheads) cen-
tered over the right temporal outer cortex at the level of the occipi-
tomastoid suture (white arrow). Note the solidly calcified bony stalk
(black asterisk). No gross destruction of the outer table cortex is
seen, and there is no intraosseous or intracranial extension. The lesion
uplifts the overlying scalp.
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topic have been in the pathology, otolaryngology, and neurosur-
gery literature. We believe this imaging-focused series is the first
one in the radiology literature with multimodality imaging
appearances, including plain film, CT, MR imaging, and PET.
Given the distinctive imaging features, familiarity of radiologists
with this entity may allow an earlier prospective diagnosis.

On CT, PFOLTs are well-marginated, protuberant, calcified
masses in the retroauricular region, emanating from the outer cor-
tex near or from the occipitomastoid suture. The degree of calcifi-
cation ranges from ground-glass (case 1) to more a heterogeneous

speckled appearance (cases 2 and 3). Stalk-like attachment to the
outer cortex is intermittently identified. The lesion is distinct from
the marrow with no marrow continuity with the parent bone. No
abnormal osseous density in the adjacent medullary cavity is pres-
ent. On MR imaging, the lesions are markedly hypointense on T2-
weighted images with mild heterogeneous enhancement. There is
no extension of this lesion into the overlying scalp or surrounding
soft tissues. In 2 cases, peripheral rimlike enhancement was noted
on MR imaging.

Case 3 demonstrated an interval increase in size and PET
avidity. Also of note, occasional mitotic figures were observed in
this case on histology. Although the lesion is considered benign,
case 3 suggests a more aggressive variant.

The imaging differential diagnosis of PFOLT includes fibrous
dysplasia (FD), ossifying fibroma, osteoma, osteochondroma,
surface osteosarcoma, and periosteal chondrosarcoma.

FD is a fibro-osseous lesion with approximately 110 reported
cases involving the temporal bone.4,8,9 FD, unlike PFOLT, is usu-
ally nonprotuberant and shows growth during childhood but
becomes static after puberty.5,10 Protuberant variants of FD, so-
called “fibrous dysplasia protuberans,” are extremely rare, and only
a few cases of this entity have been reported.11,12 FD is usually asso-
ciated with a mutation in the GNAS1 gene,13,14 whereas this muta-
tion has not been found in PFOLT,4 suggesting a different
molecular pathogenesis of PFOLT. On imaging, FD is a poorly
defined, nonprotuberant, intraosseous- or intramedullary-based
lesion with bone expansion and disruption of the bony architecture
with a ground-glass matrix. Histologically, FD contains curvilinear
trabeculae of woven or occasionally lamellar bone, with inconspic-
uous osteoblastic rimming embedded within bland fibrous stroma.
Ossifying fibroma is also an intramedullary-based, expansile,
ground-glass lesion but is more localized, round or ovoid, with
thin sharply circumscribed borders.15 Only a handful of cases of
ossifying fibroma have been described in the temporal bone.16,17

Osteoma is a benign osteoblastic tumor composed of well-differ-
entiated mature osseous tissue resembling dense cortical bone,
though cancellous bone may be seen.18 The most common sites are
the frontal and ethmoid sinuses; however, in the temporal bone, the
external auditory canal is the most common site of origin, followed
by the mastoid and squamous portion.18 Histologically, it shows an
admixture of lamellar and woven bone with Haversian-like canals,
while a minority are composed of trabecular bone. Only a few cases
of mastoid osteoma have been reported, and these can be peduncu-
lated or sessile well-demarcated hyperdense masses arising from the
lateral mastoid cortex without a predilection for the occipitomastoid
suture.19-24

Osteochondroma is the most common benign tumor of bone
but is uncommon in the head and neck.25 On CT, the lesion is
composed of cortical and medullary bone protruding from and
continuous with the underlying bone with an overlying cartilage
cap. There is pathognomonic cortical and marrow continuity of the
lesion and the parent bone. MR imaging is the best radiologic tech-
nique for visualizing the effect of the lesion on surrounding struc-
tures and evaluating the hyaline cartilage cap.25 Microscopically,
these lesions contain an outer fibrous periosteal layer and a cartilage
cap with underlying ossification, which is continuous with the cor-
tex and marrow space.

FIG 9. Case 3. Axial noncontrast CT images across time demonstrating
the slow, interval growth of the retroauricular mass along the outer
cortex of the right temporal bone. Also note that the lesion was ini-
tially a solidly calcified bony stalk, imaging similar to a peripheral ivory
osteoma (white arrow in A). As the lesion grew, the ossification was
less solid at the periphery and more irregular (white arrowheads in C)
with persistence of the initial bony stalk (arrow in C).

FIG 10. Case 3. MR images with and without contrast. Axial T2-
weighted image (A) demonstrates the homogeneous T2-hypointense
signal of the lesion. The lesion is predominantly T1-hypointense on
the axial and coronal noncontrast T1-weighted images (B and C), par-
ticularly centrally, corresponding to the more densely calcified bony
stalk (white asterisk). A largely peripheral cap of enhancement (white
arrows) is noted on the coronal, postcontrast T1-weighted image.
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Osteosarcoma is a primary malignant bone tumor in which
neoplastic cells produce osteoid. Surface osteosarcomas are rare
variants of osteosarcoma that include parosteal osteosarcoma, peri-
osteal osteosarcoma, and high-grade surface osteosarcoma.26,27 The
parosteal subtype, which was first referred to as “juxtacortical osteo-
sarcoma,” is the most frequently encountered one. These tumors
are rare in the temporal bone and have been identified in the mas-
toid segment and glenoid fossa.28 On CT, they present as aggressive
soft-tissue masses with calcification, cortical thickening, periosteal
new bone formation, and invasion of the surrounding soft

tissue.29,30 On MR imaging, the lesion is hyperintense on
T2-weighted images with enhancement.29 Histologically, these
lesions demonstrate broad, woven bone trabeculae embedded in
fibrous stroma and molecularly demonstrate CDK4a and use
double minute 2 homolog amplification.31

Periosteal chondrosarcoma is a rare malignant cartilaginous
tumor arising from the bony surfaces of the long bone and is
extremely rare in craniofacial bones. On CT, the tumor is juxta-
cortical with thickening or erosion of the underlying cortex and
contains calcific densities characteristic of cartilage tumors.32 On
MR imaging, the lesion is T2-hyperintense with enhancement of
the periphery and septations. Low signal and punctate foci of
mineralization can be seen on both T1- and T2-weighted sequen-
ces.32 Histologically, these are atypical chondroid lesions with
secondary calcification and ossification eroding the outer cortex,
without invading the bone marrow.

As noted above, a PFOLT has distinct radiographic and histo-
logic features that help differentiate it from these other lesions.
This includes a relationship to the occipitomastoid suture, lack of
continuity with the underlying medullary cavity, lack of a carti-
lage cap, lack of a periosteal reaction, and lack of T2-hyperinten-
sity on MR imaging. Morphologically, a PFOLT shows a mixture
of ovoid-to-spherical bone islands of various sizes composed of
either woven or lamellar bone and embedded in a dense fibrocol-
lagenous stroma.

CONCLUSIONS
We have described the multimodality imaging appearance of a
Bullough lesion in 3 cases, with distinct imaging features that can
help suggest the correct diagnosis.
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Pulsatility Attenuation along the Carotid Siphon in
Pseudoxanthoma Elasticum

J.W. Bartstra, R.J. van Tuijl, P.A. de Jong, W.P.T.M. Mali, I.C. van der Schaaf, Y.M. Ruigrok, G.J.E. Rinkel, B.K. Velthuis,
W. Spiering, and J.J.M. Zwanenburg

ABSTRACT

SUMMARY:We compared velocity pulsatility, distensibility, and pulsatility attenuation along the intracranial ICA and MCA between
50 patients with pseudoxanthoma elasticum and 40 controls. Patients with pseudoxanthoma elasticum had higher pulsatility and
lower distensibility at all measured locations, except for a similar distensibility at C4. The pulsatility attenuation over the siphon
was similar between patients with pseudoxanthoma elasticum and controls. This finding suggests that other disease mechanisms
are the main contributors to increased intracranial pulsatility in pseudoxanthoma elasticum.

ABBREVIATIONS: PI ¼ pulsatility index; PXE ¼ pseudoxanthoma elasticum; SVD ¼ small-vessel disease; 2D-PC ¼ 2D phase-contrast

The curved shape combined with distensibility of the carotid
siphon attenuates arterial pulsatility and protects the cerebral

vasculature.1,2 Calcification and stiffening in the siphon may
reduce pulsatility attenuation and cause increased intracranial ar-
terial pulsatility. Arterial calcifications occur in atherosclerotic
plaques in the intimal arterial wall.3 Medial arterial calcifications
in the medial layer and internal elastic lamina contribute to arte-
rial stiffening.4 Extracranial arterial stiffness increases intracranial
pulsatility because it hampers attenuation of the pulse pressure to
the microvascular bed,3 but reduced attenuation along the siphon
has been studied less.

Pseudoxanthoma elasticum (PXE) is a rare disorder with
severe calcifications in the skin, eyes, and internal elastic lamina
of the arteries of the arms, legs, and carotid siphon.5 PXE results
in increased arterial stiffness, peripheral arterial disease, stroke,
and small-vessel disease (SVD).6,7 Carotid siphon calcification is
associated with increased arterial flow pulsatility, and both calcifi-
cation and pulsatility are associated with SVD.

To investigate whether patients with PXE have reduced pulsa-
tility attenuation along the carotid siphon, we compared velocity
pulsatility and distensibility along the ICA and MCA and

pulsatility attenuation over the siphon between patients with PXE
and controls.

MATERIALS AND METHODS
Data Availability
Anonymized data will be shared on reasonable request to the cor-
responding author.

Participants
Fifty patients with PXE and 40 age- and sex-matched controls
were included. Controls were either families or acquaintances of
patients with PXE, excluding first-/second-degree relatives.
Exclusion criteria were younger than 18 years of age, estimated
glomerular filtration rate of ,30mL/min/1.73m2, a cardiac de-
vice, or claustrophobia. The study was approved by University
Medical Center Utrecht institutional review board. All partici-
pants gave written informed consent.

MR Imaging Acquisition
All participants were scanned on a 3T MR imaging unit with a 32-
channel head coil (Philips Healthcare). 2D phase-contrast (2D-PC)
MR imaging with retrospective cardiac gating was acquired sepa-
rately for both sides proximal to the cavernous segment (C4) and
distal to the carotid siphon at the ophthalmic (C6)8 and MCA M1
segment, using the following imaging parameters: FOV ¼ 250 �
250 mm2, reconstructed spatial resolution ¼ 0.25 � 0.25 � 3
mm3, acquired temporal resolution ¼ 64 ms, and unidirectional
through-plane velocity encoding sensitivities of 100 cm/s for C4
and MCA and 150 cm/s for C6 to avoid phase wraps. The flow
acquisitions provided time-resolved measurements of the blood
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flow velocity and volumetric flow rates over the cardiac cycle. Flow
measurements of sufficient quality were included.1

Data Processing
Semiautomated analysis of the 2D-PC acquisitions was performed
with scanner software (software release R5.1.7; Philips Healthcare).1

ROIs were automatically created with a mouse click without any
manual correction. The automated ROI selection was repeated in 5
random subjects to test reproducibility. The velocity curve was
obtained from mean ROI values of each cardiac phase. The mini-
mum, maximum, and mean blood flow velocities from this curve
(Vmin, Vmax, and Vmean) in centimeters/second were used to calcu-
late the pulsatility index (PI) ¼ (Vmax–Vmin)/Vmean). Arterial dis-
tensibility, defined as (Amax–Amin)/Amean)/DP) � 100, was
calculated from each area curve, where A indicates ROI areas and
DP is the systolic-diastolic pressure measured before MR imaging.2

Pulsatility attenuation was calculated by subtracting the PI of the
proximal from the distal segment.

Statistical Analysis
Descriptive data were presented as mean for normal and me-
dian (interquartile range) for non-normally distributed varia-
bles and number (percentage) for categoric variables. Because
PI measurements for the left and right were not significantly
different, no stratification per side was performed. Differences
between the PXE and control groups were tested with the Student
t test, Mann-Whitney U test, or x 2 test when appropriate. Analysis
was performed in R Studio, Version 1.1.456 (http://rstudio.org/

download/desktop). A P value, .05
was regarded as statistically significant.

RESULTS
Baseline
Fifty patients with PXE (57 [SD,
12] years of age, 49% men) and 40
controls (58 [SD, 11] years of age, 50%
men) were enrolled between January
2017 and May 2018 (baseline charac-
teristics are in the Table). One patient
with PXE had an ophthalmic artery
aneurysm and was excluded.

Pulsatility Index, Distensibility,
and Pulsatility Attenuation
Repeat automated ROI selection in 5
subjects demonstrated no changes in
measurements. The PI decreased from
C4 to C6 and from C6 to the MCA in
both patients with PXE and controls
(Table). Patients with PXE had a higher
PI at all locations. Distensibility was sig-
nificantly lower in PXE at C6 (P, .01)
and the MCA (P, .01), but not at C4,
where the ICA passes through the skull
base (Table and Figure). In patients
with PXE, pulsatility attenuation was

less between C4 and C6 than in controls (P¼ .03), but the effective
attenuation between C4 and the MCA was similar (P¼ .48)
(Table).

DISCUSSION
This study shows that the siphon seems to function normally in
PXE. Although patients with PXE have a higher PI and lower dis-
tensibility, pulsatility attenuation between C4 and MCA was sim-
ilar compared with controls.

The current finding is different from that in patients with
PXE with SVD, in whom pulsatility increased over the carotid
siphon compared with a decrease in controls.9 Although both
small studies, these findings suggest that the hemodynamics in
patients with SVD are not a representative model for the PXE
phenotype. This possibility may be because patients with SVD
have combined atherosclerotic intimal disease and medial arterial
calcifications, whereas patients with PXE have relatively isolated
medial arterial calcifications.6

Velocity pulsatility is affected by upstream arterial elasticity
and downstream vascular or microvascular resistance.10 Other
factors include age, sex, and local constraints to arterial distensi-
bility, such as the bony carotid canal and calcified lesions.1,11 The
distensibility proximal to the cavernous segment (C4) is affected
by the skull base; therefore, no conclusion can be drawn regard-
ing the distensibility or stiffness of the artery at this location.
Variation in the configuration of the circle of Willis between C6
and the MCA may also affect pulsatility attenuation and blood
flow.12

Baseline characteristics patients with PXE and controlsa

Characteristic PXE (n= 49) Controls (n= 40) P Value
Age (yr) 57 (SD, 12) 58 (SD, 11) .49
Male sex (No.) (%) 24 (49%) 20 (50%) .92
Systolic BP (mm Hg) 136 (SD, 20) 133 (SD, 15) .59
Diastolic BP (mm Hg) 77 (SD, 12) 79 (SD, 10) .33
Statin use (No.) (%) 25 (51%) 5 (13%) ,.01
LDL cholesterol (mmol/L) 2.8 (SD, 0.91) 3.6 (SD, 0.83) ,.01
Hypercholesterolemia (No.) (%) 42 (86%) 37 (93%) .31
Current smoking (No.) (%) 6 (12%) 4 (11%) .84
Pulsatility measurements
ICA C4 (No.) 93 79
PI 1.12 (0.98–1.22) 0.94 (0.81–1.08) ,.01
Distensibility (mm Hg–1) 0.18 (0.16–0.24) 0.21 (0.17–0.25) .14
Mean velocity (cm/s) 22.8 (17.9–29.5) 18.9 (15.4–23.7) ,.01

ICA C6 (No.) 70 34
PI 0.96 (0.89–1.09) 0.83 (0.75–0.94) ,.01
Distensibility (mm Hg–1) 0.33 (0.27–0.43) 0.57 (0.45–0.63) ,.01
Mean velocity (cm/s) 32.5 (28.2–37.8) 29.7 (24.9–37.7) .08
MCA (No.) 95 77
PI 0.92 (0.82–1.05) 0.79 (0.67–0.87) ,.01
Distensibility (mm Hg–1) 0.30 (0.25–0.40) 0.48 (0.42–0.57) ,.01
Mean velocity (cm/s) 36.6 (32.0–42.2) 38.3 (33.8–48.7) .05

Pulsatility attenuation
C4 to C6 –0.09 (–0.13 to –0.06) –0.11 (–0.16 to –0.08) .03
C6 to MCA –0.06 (–0.09 to –0.02) –0.05 (–0.14–0.00) .59
C4 to MCA –0.16 (–0.21 to –0.11) –0.16 (–0.24 to –0.11) .48

Note:—BP indicates blood pressure; C4, cavernous ICA segment; C6, ophthalmic ICA segment; LDL, low-density
lipoprotein.
a Data are means and median and interquartile range or No. (%).
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A strong point is the relatively high number of patients for
a rare disease such as PXE. A limitation is the high drop-out
rate of measurements in the diverging C6 segments due to
planning difficulties; however, the PI values are in the same
range as described previously.1 The order of the 2D-PC scans
was the same for all patients. Although physiologic variations
may occur during scanning (eg, blood pressure and heart rate
fluctuation), they would be similar for both groups. We
observed a similar pattern along the ICA in a study using 4D-
phase conventional angiography, which does not have this
physiologic variation.

Statin use is associated with increased calcification of athero-
sclerotic plaques in the coronary and carotid arteries.13 Although
the statin effect on medial artery calcifications in patients with
PXE is unknown, we cannot exclude a possible role of statins in
arterial calcification.9

CONCLUSIONS
Despite lower distensibility and higher pulsatility in patients with
PXE, there was no overall difference in pulsatility attenuation
between patients with PXE and controls. This finding suggests
that extracranial calcification and stiffness may contribute more
to increased intracranial arterial pulsatility in PXE than carotid
siphon dysfunction.

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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A Uniform Description of Perioperative Brain MRI Findings in
Infants with Severe Congenital Heart Disease:
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W. Knirsch, R. Kottke, C. Hagmann, B. Latal, J. Simpson, K. Pushparajah, A.F. Bonthrone, C.J. Kelly,
S. Arulkumaran, M.A. Rutherford, S.J. Counsell, and M.J.N.L. Benders, for

the European Association Brain in Congenital Heart Disease Consortium

ABSTRACT

BACKGROUND AND PURPOSE: A uniform description of brain MR imaging findings in infants with severe congenital heart disease
to assess risk factors, predict outcome, and compare centers is lacking. Our objective was to uniformly describe the spectrum of
perioperative brain MR imaging findings in infants with congenital heart disease.

MATERIALS AND METHODS: Prospective observational studies were performed at 3 European centers between 2009 and 2019.
Brain MR imaging was performed preoperatively and/or postoperatively in infants with transposition of the great arteries, single-
ventricle physiology, or left ventricular outflow tract obstruction undergoing cardiac surgery within the first 6 weeks of life. Brain
injury was assessed on T1, T2, DWI, SWI, and MRV. A subsample of images was assessed jointly to reach a consensus.

RESULTS: A total of 348 MR imaging scans (180 preoperatively, 168 postoperatively, 146 pre- and postoperatively) were obtained in
202 infants. Preoperative, new postoperative, and cumulative postoperative white matter injury was identified in 25%, 30%, and
36%; arterial ischemic stroke, in 6%, 10%, and 14%; hypoxic-ischemic watershed injury in 2%, 1%, and 1%; intraparenchymal cerebral
hemorrhage, in 0%, 4%, and 5%; cerebellar hemorrhage, in 6%, 2%, and 6%; intraventricular hemorrhage, in 14%, 6%, and 13%; sub-
dural hemorrhage, in 29%, 17%, and 29%; and cerebral sinovenous thrombosis, in 0%, 10%, and 10%, respectively.

CONCLUSIONS: A broad spectrum of perioperative brain MR imaging findings was found in infants with severe congenital heart
disease. We propose an MR imaging protocol including T1-, T2-, diffusion-, and susceptibility-weighted imaging, and MRV to identify
ischemic, hemorrhagic, and thrombotic lesions observed in this patient group.

ABBREVIATIONS: AIS ¼ arterial ischemic stroke; CHD ¼ severe congenital heart disease; CSVT ¼ cerebral sinovenous thrombosis; IVH ¼ intraventricular hemor-
rhage; KCL ¼ St. Thomas’ Hospital London; LVOTO ¼ left ventricular outflow tract obstruction; SVP ¼ single ventricle physiology; TGA ¼ transposition of the
great arteries; UCZ ¼ University Children’s Hospital Zurich; WKZ ¼ Wilhelmina Children’s Hospital Utrecht; WMI ¼ white matter injury

The incidence of patients with severe congenital heart disease
(CHD), presenting as severely ill and requiring expert cardio-

logic care in the neonatal period or early infancy is around 3/1000

live births.1 Mortality among infants has declined in recent deca-
des, and 90% of children with CHD now survive into adulthood.2,3
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However, neurodevelopmental sequelae are a frequent long-term
complication.4

Consequently, in an endeavor to elucidate the underlying
mechanisms of impaired neurodevelopment, a number of studies
have reported performance of brain MR imaging before and after
open heart surgery in infants with CHD. A combined pattern of
abnormal brain development and acquired brain injury has been
found.5-7 The most frequently reported lesions on perioperative
MR imaging include white matter injury (WMI) and focal
strokes.8-11 In addition, other findings such as hypoxic-ischemic
watershed injury, intraparenchymal hemorrhage, and cerebral
sinovenous thrombosis (CSVT) have also been reported.12-15

The prevalence of brain lesions varies considerably across stud-
ies.11,13,16-26 The large variability in the prevalence of brain lesions
might reflect differences in inclusion criteria and practices among
centers, but also a lack of a standardization in scoring and reporting
of perioperative brain MR imaging findings in infants with CHD.26

A standardized description of perioperative brain MR imag-
ing findings is important to accurately characterize the risks and
patterns of brain lesions in infants with CHD. It facilitates the
combination of data across centers to assess differences in medi-
cal care to determine lesion severity in relation to risk factors
and subsequent neurodevelopmental outcome and enables neu-
roprotective approaches to be evaluated. The aim of this study
was to describe the spectrum and prevalence of perioperative
brain MR imaging findings in infants with CHD in a consistent
manner, in terms of number, location, signal intensity, size, and
volume across 3 European centers.

MATERIALS AND METHODS
Study Design and Population
Three prospective observational cohort studies were combined.
Infants with severe CHD who underwent corrective or palliative
cardiac surgery during the first 6 weeks of life in the respective
centers at Wilhelmina Children’s Hospital Utrecht (WKZ,
2016–2019), University Children’s Hospital Zurich (UCZ,
2009–2019), and St. Thomas’ Hospital London (KCL, 2014–
2019) were eligible for inclusion. We considered cardiac surgery
to include both median and lateral thoracotomies, with or with-
out use of cardiopulmonary bypass. Brain MR imaging was per-
formed pre- and/or postoperatively per clinical (WKZ) or
research study (UCZ, KCL) protocol. Severe CHD types
included transposition of the great arteries, single-ventricle
physiology, or left ventricular outflow tract obstruction (such as
aortic arch coarctation, hypoplasia with/without coarctation,
interruption, valve stenosis, or hypoplastic left-heart complex).
Infants with known or suspected genetic or syndromic disorders
and other types of CHD were excluded. Clinical characteristics
of the infants were collected prospectively at each center and
subsequently combined. The respective institutional ethics
research committees approved the studies (WKZ, No. 16–093;
UCZ, KEK StV-23/619/04; KCL, 07/H0707/105). Parental
informed consent was obtained for the use of clinically obtained
data for research purposes (WKZ) or before study enrollment
(UCZ, KCL). All methods were performed in accordance with
relevant guidelines and regulations. The de-identified data will
be made available upon reasonable request.

Brain MR Imaging Protocols
MR images were acquired on a 3T scanner (Philips Healthcare,
Best, the Netherlands) using a 32-channel head coil in WKZ, a
neonate-specific 32-channel head coil at KCL, and a 3T Signa
HDxt (GE Healthcare) scanner with an 8-channel head coil in
UCZ. Infants were swaddled in a vacuum cushion and received
noise-protecting earplugs, and vital functions were monitored. In
WKZ, infants were scanned in natural sleep or, if necessary,
sedated with oral chloral hydrate (50mg/kg) during MR imaging
or received continuous sedation when mechanically ventilated.26

In UCZ, infants underwent MR imaging in natural sleep when
clinically stable. In KCL, MR imaging was performed in natural
sleep. MR imaging protocols included T1, T2, DWI and SWI,
and MRV.11,24,27 In UCZ, SWI and MRV were acquired when
there was suspicion of hemorrhage on conventional imaging or
sinovenous thrombosis needed to be confirmed. Details of MR
imaging protocols are available in the Online Supplemental Data.

Describing Perioperative Brain MR Imaging Findings
The system of describing perioperative brain MR imaging findings
was determined jointly by the European Association Brain in
Congenital Heart Disease Consortium and was based on the injury
scoring sheet by Beca et al.19 This adapted template was used in
joint European MR imaging reviewing sessions to find a consensus
on terminology, definitions, and scoring of brain MR imaging
findings in infants with CHD. This uniform European description
was then applied to score MR images of each cohort according to
the scoring sheet presented in the Online Supplemental Data. All
MR imaging findings were described irrespective of the potential
pathologic significance and consequences for neurodevelopmental
outcome. Type, number, size, volume, location, and signal inten-
sity of brain MR imaging findings were examined. Postoperative
brain findings were classified as new if preoperative MR imaging
showed no corresponding findings, findings were in a different
location, and/or there was an increase in size or number compared
with the preoperative findings. Cumulative postoperative brain
MR imaging findings included all infants with CHD with a postop-
erative MR imaging irrespective of the availability of a preoperative
MR imaging.

WMI was defined as single or multiple lesions in the white mat-
ter without restriction of maximum lesion size, with high signal in-
tensity on T1 and usually corresponding low signal intensity on
T2.24 Lesion sizes in each subject were measured on the T1 image
in the plane showing the largest diameter, and largest lesion size
was reported. Absolute WMI volume in cubic millimeters was seg-
mented and calculated on 3D T1 images using ITK-SNAP (www.
itksnap.org) (KCL) or 3D Slicer (http://www.slicer.org) (WKZ,
UCZ).28,29 Total brain volumes were automatically calculated on
T2 images using neonatal-specific segmentation pipelines and
were used to report the relative WMI burden (WMI volume/total
brain volume).30,31 Absolute WMI volume was not assessed in 7/
45 (16%) infants with preoperative WMI and in 8/60 (13%) with
postoperative WMI, due to motion corruption on 3D T1 images.
The relative WMI burden could not be assessed in 15/45 (33%)
infants with preoperative WMI and in 15/60 (25%) infants with
postoperative WMI as a result of movement artifacts on either the
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3D T1-weighted images (WMI volume segmentation) or the T2-
weighted images (total brain volume segmentation).

Arterial ischemic stroke (AIS) was defined as a homogeneous
area of altered signal intensity on T1- and T2-weighted images with
a specific arterial distribution involving cortical gray matter and/or
the basal ganglia/thalamus.24,26 AIS was classified on the basis of
the involved arterial territory: anterior, middle, or posterior cerebral
artery or perforator branch (involving the basal ganglia/thalamus).
Middle cerebral artery strokes were subcategorized as main, ante-
rior, middle, posterior, or cortical branch.32 Corticospinal tracts
were involved when the corona radiata, and/or the posterior limb
of the internal capsule, and/or the cerebral peduncle were affected.
Hypoxic-ischemic watershed injury was defined as diffuse ischemia
in intervascular borderzones among arterial territories.26 Restricted
diffusion, indicating recently acquired ischemic lesions, was
assessed by high signal intensity on DWI and/or low signal on
ADC images.

Hemorrhages (intraparenchymal cerebral/cerebellar, intra-
ventricular [IVH], and subdural) were assessed using SWI, if
available. For the intraparenchymal supratentorial hemorrhages,
we included lesions of any size when the lesion was hypointense
on the SWI. Cerebellar hemorrhages are single or multiple hem-
orrhages located within the cerebellum.24 The size of cerebellar
hemorrhages was quantified by measuring the largest diameter in
millimeters on the SWI. IVH grade I was defined as bleeding re-
stricted to the germinal matrix or choroid plexus; grade II, as
extension of blood into the ventricles without enlargement; grade
III, as ventricles enlarged by accumulated blood; and grade IV,
periventricular hemorrhagic infarction, was defined when IVH
was accompanied by periventricular hemorrhagic necrosis.26,33

CSVT was defined as MRV proved with T1 correlation (in
WKZ/KCL) or high suspicion on T1/T2 (UCZ).15

Examples of brain findings on preoperative MR imaging
sequences in infants with severe congenital heart disease are
shown in the Online Supplemental Data.

RESULTS
Study Participants
A total of 202 infants with severe CHD (131 males, 65%) with a
median gestational age of 39.0 weeks (interquartile range, 38.3–
40.0 weeks) and a median birth weight of 3200 g (interquartile
range, 2940–3648 g) (z score interquartile range �0.16, �0.77–
0.48) were enrolled at 3 European centers and met the inclusion
criteria. Details of demographic and clinical characteristics are
presented in the Online Supplemental Data.

Preoperative Brain MR Imaging Findings
Preoperative MR imaging was performed in 180 infants with
CHD at a median age of 6 days (interquartile range, 3–8 days)
and postmenstrual age of 39.7weeks (interquartile range, 38.9–
40.9 weeks). WMI was found in 45 infants (25%); AIS, in 11
(6%); hypoxic-ischemic watershed injury, in 3 (2%); cerebellar
hemorrhage, in 10 (6%); and IVH, in 25 (14%). We also observed
subdural hemorrhage in 53 patients (29%). Details of preopera-
tive brain MR imaging findings are described in the Online
Supplemental Data. Preoperatively, no lesions, 1 type of lesion, or

$2 types of lesions were observed in 110 (61%), 50 (28%), and 20
(11%) infants with CHD, respectively (Figure).

Postoperative Brain MR Imaging Findings (New Lesions)
New postoperative brain MR imaging findings were assessed in 146
infants with CHD and serial pre- and postoperative MR images.
New WMI was found in 43 infants (30%); AIS, in 15 (10%); cere-
bellar hemorrhage, in 3 (2%); IVH, in 8 (6%); and subdural hemor-
rhage, in 25 (17%). Intraparenchymal cerebral hemorrhage (n¼ 6,
4%) and CSVT (n¼ 15, 10%) were exclusively observed postopera-
tively (Online Supplemental Data). Postoperatively, no new lesions,
1 type of new lesion, or $2 types of new lesion were shown in 83
(57%), 42 (29%), and 21 (14%) infants, respectively (Figure).

Postoperative Brain MR Imaging Findings (Also Including
Infants without Preoperative MR Imaging)
Cumulative postoperative brain MR imaging findings were assessed
in 168 infants with CHD at a median age of 22days (interquartile
range, 15–29 days), median postmenstrual age of 42.7weeks (inter-
quartile range, 41.2–43.8 weeks), and a median of 10days (7–15) af-
ter surgery. WMI was observed in 60 infants (36%); AIS, in 24
(14%); hypoxic-ischemic watershed injury, in 2 (1%); intraparen-
chymal cerebral hemorrhage, in 8 (5%); cerebellar hemorrhage, in
10 (6%); IVH, in 22 (13%); subdural hemorrhage, in 48 (29%); and
CSVT, in 17 (10%). Details of postoperative brain MR imaging
findings are described in the Online Supplemental Data.
Postoperatively, no cumulative lesions, 1 type of cumulative lesion,
or $2 types of cumulative lesion were present in 75 (45%), 60
(36%), and 33 (20%) infants, respectively (Figure).

New Postoperative Brain Lesions in Infants with and
without Preoperative Brain Lesions
Forty-eight percent of infants with preoperative brain lesions
showed new lesions on postoperative MR imaging. Thirty-nine
percent of infants without preoperative brain lesions had new
lesions on postoperative MR imaging. In 51 infants (35%), no
brain lesions were observed on either preoperative and postoper-
ative MR imaging (Online Supplemental Data).

DISCUSSION
The aims of this European collaborative study were to standardize
the description and consistently report perioperative brain MR
imaging findings in infants with CHD. We report results from the
largest combined cohort of infants with severe CHD thus far and
found a broad spectrum of ischemic, hemorrhagic, and thrombotic
brain lesions. WMI was the most prevalent lesion type, and WMI
and AIS were common on both pre- and postoperative MR imag-
ing. Cerebellar, intraventricular, and subdural hemorrhages were
mainly observed preoperatively. Intraparenchymal cerebral hemor-
rhages and CSVT were exclusively detected on postoperative MR
imaging.

WMI was the predominant finding on both pre- and postop-
erative MR imaging as reported previously.8,9,11,13,19,24 The distri-
bution of WMI that we observed matched the pattern previously
reported. Kelly et al24 and Guo et al34 found WMI to be wide-
spread throughout the whole brain, including some cases with
involvement of the corona radiata. Total WMI volume on pre-
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and postoperative MR imaging in our European cohorts was in a
similar range as reported recently in a multicenter analysis, sug-
gesting that our findings might reflect the general pattern of
WMI in neonates with CHD.34 The mechanisms underpinning
WMI are not entirely clear, but it is possible that focal ischemic
injury such as a single, large white matter lesion may have a
thromboembolic origin, while multifocal WMI is probably
caused by acute or chronic hypoxia-ischemia in infants with
CHD. In a recent study by Claessens et al,26 focal injury (stroke,
single white matter lesion) was more frequently seen after balloon
atrial septostomy and associated with intraoperative, selective
cerebral perfusion, while multifocal injury (watershed, WMI) was
associated with low cardiac output syndrome. In our cohort, we
recognize that thromboembolic strokes possibly caused single,
large ischemic lesions, often confirmed on DWI or T1 as high sig-
nal, that exclusively affected the white matter.

AIS was identified more frequently on postoperative MR imag-
ing compared with preoperative MR imaging, while hypoxic-ische-
mic watershed injury was rare, as reported previously.10,12,13 A
wide spectrum of AIS was observed with different arterial distribu-
tions, sizes, and ages of lesions as indicated by diffusion restriction,
which was in line with previous results by Chen et al.10 Most inter-
esting, the middle cerebral artery branches were most frequently
affected preoperatively, while the specific subtype of focal perfora-
tor strokes in the basal ganglia/thalamus region, including the pos-
terior and middle cerebral artery branches, were most common on

postoperative MR imaging. Preoperative AIS may be associated
with balloon atrial septostomy, while selective cerebral perfusion
has previously been associated with deep gray matter infarctions
postoperatively.17,26,35 AIS with diffusion restriction and without
clear signal intensity alterations on T1- and T2-weighted images,
indicative of recent injury, was more often observed on pre- com-
pared with postoperative MR imaging, presumably because preop-
erative AIS was still visible on postoperative conventional T1- and
T2-weighted images, while DWI and ADC had pseudonormalized.
These findings show that infants with CHD are vulnerable to AIS
at different time points from birth to the postoperative period.
Thromboembolic events or cerebral hypoperfusion by low cardiac
output might contribute to the observed patterns and timing of
AIS.10,26

Cerebellar hemorrhages, low-grade IVH, and subdural hem-
orrhages were mainly present on preoperative MR imaging, while
intraparenchymal cerebral hemorrhages and CSVT were exclu-
sively observed on postoperative MR imaging, findings possibly
indicating differences in the underlying etiology.13-15,24,36-38

Subdural hemorrhage has been observed at a similar rate in
asymptomatic term-born infants that underwent instrumental
vaginal delivery and in other CHD populations and may be
explained by a tendency toward more frequent use of instrumen-
tal vaginal delivery in labor complicated by CHD as suggested by
CJ Kelly et al.24,37-40 Perioperative disturbances in cerebral autor-
egulation and coagulation could be responsible for postoperative

FIGURE. Proportion of infants with CHD with any kind of brain lesions. Any lesion included white matter injury, arterial ischemic stroke,
hypoxic-ischemic watershed injury, intraparenchymal cerebral hemorrhage, cerebellar hemorrhage, intraventricular hemorrhage, and cerebral
sinovenous thrombosis. Subdural hemorrhage was recorded but was not considered brain injury, being extra-axial and given its frequent occur-
rence in the healthy neonatal population.
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hemorrhages and thromboses such as CSVT.41 Previous studies
have highlighted the importance of SWI to assess intraparenchy-
mal hemosiderin foci because signal abnormalities are not always
identified on conventional T1- or T2-weighted images.13,14 CSVT
was found less often postoperatively compared with the study by
Claessens et al,15 which might be explained by differences in the
proportions of CHD types and differences or interim changes in
anticoagulatory and perioperative approaches.41 In both studies,
the transverse sinus was most affected.15

Variability in brain lesions between our and other cohorts
may be due to differences in the proportions of CHD types stud-
ied, clinical approaches such as age at surgery, and MR imaging
protocols including section thickness, in-plane resolution, and
timing of imaging. A larger interval between birth and the opera-
tion is associated with an increased incidence of preoperative
WMI in infants with transposition of the great arteries, while
hypoxic-ischemic brain injury is more often present on postoper-
ative MR imaging after neonatal compared with postneonatal or
infant heart surgery.8,18,42 Longer times between the operation
and postoperative MR imaging could impair the sensitivity of
DWI and ADC to detect transient ischemic lesions.12,13

This study has some limitations: Infants in UCZ and KCL
were scanned as part of a research study and only after parental
consent was given, with the risk of selection bias in types of
CHD, while infants at WKZ were scanned as part of standard
clinical care. Differences in the timing of pre- and postoperative
MR imaging, the operation, and image resolution may affect the
sensitivity to detect small brain lesions. SWI and MRV were not
performed routinely at UCZ, which might have impaired the sen-
sitivity to detect small parenchymal hemorrhages and CSVT and
led to an underestimation of respective prevalence. It was not
possible to determine which portion of newly detected postopera-
tive brain lesions actually occurred between the day of preopera-
tive MR imaging and the day of the operation. Quantification
methods of WMI volume and total brain volume differed among
sites, though these were only used to determine the burden of
WMI in relation to the total brain volume.

CONCLUSIONS
A broad spectrum of pre- and postoperative brain MR imaging
findings was found in infants with severe CHD. An MR imaging
protocol including T1-, T2-, DWI/ADC, SWI, and MRV is
required to identify ischemic, hemorrhagic, and thrombotic
lesions. Applying this standardized consensus description of
perioperative brain MR imaging findings will enable future
studies to determine lesion type, location, and extent in relation
to outcome, identify risk factors across and among centers, and
evaluate neuroprotective strategies in individuals with severe
CHD.
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DWI in Brains of Fetuses with Congenital Heart Disease: A
Case-Control MR Imaging Study

J.-Y. Ren, H. Ji, M. Zhu, and S.-Z. Dong

ABSTRACT

BACKGROUND AND PURPOSE: Abnormal ADC values are seen in ischemic brain lesions such as acute or chronic hypoxia. We
aimed to assess whether ADC values in the developing brain measured by in utero DWI were different in fetuses with congenital
heart disease compared with healthy controls.

MATERIALS AND METHODS: In utero DWI was performed in 50 fetuses with congenital heart disease and 100 healthy controls at a
similar gestational age. Pair-wise ADC values of the ROIs were manually delineated on each side of the frontal and periatrial WM
and in the basal ganglia, thalamus, and cerebellar hemisphere, as well as a single measurement in the pons.

RESULTS: Fetuses with congenital heart disease had significantly lower ADC values in frontal and periatrial WM and the pons than
controls (all P, .05) in the early stages of pregnancy. However, ADC values in the thalamus were higher for fetuses with congenital
heart disease than for controls (gestational age, $26weeks). For ADC values in the cerebellar hemisphere, there was no obvious
significance between cases and controls (P¼ .07) in the late stages of pregnancy. Basal ganglia ADC values were consistently not
significantly different between the 2 groups during the early and late stages of pregnancy (P¼ .47; .21).

CONCLUSIONS: Abnormal brain diffusivity can be detected using in utero DWI in fetuses with congenital heart disease. Abnormal
ADC values found at a mean gestational age of 26weeks suggest structural changes, which may provide an early indicator of the
impact of congenital heart disease on the developing brain.

ABBREVIATIONS: CHD ¼ congenital heart disease; GA ¼ gestational age; HLHS ¼ hypoplastic left-heart syndrome; TGA ¼ transposition of the great
arteries; TOF ¼ tetralogy of Fallot

Congenital heart disease (CHD) is the most common congenital
disability, affecting up about 0.6%–1.2% of live births and even

more so in fetuses.1 Although most children with CHD can survive,
neurologic impairment has been recognized as the most common
complication of heart deficits after birth.2 Several studies have docu-
mented that certain congenital cardiac defects with altered circula-
tion cause disturbances in brain oxygen and substrate deficiency,

further reducing brain growth and maturation. In addition, these
studies have indicated that fetuses with CHD may have delayed
brain maturation in utero.3,4 Therefore, prenatal evaluation of the
brain structure and function of fetuses with CHD is essential and
may contribute to decision-making in the postnatal management.

DWI is MR imaging that uses the objective measurements of
ADC values to detect water proton motion and diffusivity in cere-
bral tissues. Compared with the conventional MR imaging sequen-
ces, DWI is capable of detecting subtle alterations in brain
diffusion associated with early brain hypoxic damage.5,6 Currently,
fetal brain DWI has been used as a quantitative MR imaging
method to assess the correlations of ADC with gestational age
(GA) in various brain regions of healthy fetuses. However, it is not
clear whether ADC could quantitatively evaluate early changes in
brain development due to certain nonneurologic extra-CNS fetal
pathologic conditions, especially for fetuses with CHD.7

This study aimed to investigate whether there were any differ-
ences in cerebral diffusion between fetuses with CHD and healthy
controls using ADC values of in utero DWI in the early and late
stages of pregnancy.
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MATERIALS AND METHODS
Overall Population
Our study was authorized by the ethics commission of our hospi-
tal. All pregnant mothers involved in the study provided written
informed consent before the examination for use of their clinical
data for research purposes. All MR imaging studies were retrieved
from our fetal MR imaging data base from August 2018 to June
2020. MR imaging was performed between 20 and 36weeks of ges-
tation (median GA, 26weeks). GA was determined from the first
day of the mother’s last menstrual period and was confirmed by
the results of an early second-trimester obstetric sonography. All
fetal brain MR images were assessed by 2 pediatric radiologists
(S.-Z.D. and M.Z.), who had 15 years of experience in fetal brain
MR imaging, and a pediatric neuroradiologist (J.-Y.R.) with 3 years
of experience in fetal brain MR imaging, to confirm a normal
appearance. The fetuses with CHD were compared with a group of
the healthy controls of similar GA. The subjects were subdivided
on the basis of GA, with GA, 26weeks (20� 25.9weeks) in one
group and GA$ 26weeks (26� 36weeks) in a second group.

Healthy Control Population
The brain MR imaging of the fetuses that served as the control
group were included after careful retrospective examination by the
2 experienced radiologists confirmed a normal brain appearance.
Only singleton pregnancies eligible for fetal brain MR imaging in
our hospital were included. Indications for fetal MR imaging con-
sisted of extra-CNS abnormalities detected by sonography.

CHD Study Population
The cases of CHD were retrieved from the same fetal MR imag-
ing data base. The inclusion criteria for retrieval were a single
pregnancy and postnatally confirmed tetralogy of Fallot (TOF),
double-outlet right ventricle, transposition of the great arteries
(TGA), and hypoplastic left-heart syndrome (HLHS).

Exclusion Criteria
Exclusion criteria for the entire population were as follows: multi-
ple pregnancies, fetal malformation or chromosomal abnormal-
ities; associated arrhythmias; perinatal infection; fetal anemia;
maternal conditions that might affect fetal hemodynamics such
as pregestational diabetes, thyroid disease, or preeclampsia; any
brain abnormality detected on conventional sequences; and cases
in which DWI was not successfully performed or was nondiag-
nostic due to motion artifact degradation.

MR Imaging Protocol
All fetal brain MR imaging was performed using an Achieva 1.5T
MR imaging scanner with a 60-mT/m gradient and a 16-channel
SENSE-XL-Torso coil (Philips Healthcare), and imaging included
steady-state free precession, T2WI single-shot turbo spin-echo,
T1WI, and DWI. The following parameters were used for the
steady-state free precession: TR, 3.6ms; TE, 1.8ms; matrix, 216 -
� 218; FOV, 260� 325 mm2; reverse corner, 80°; section thickness,
2–4mm; spacing, �2–0mm. The parameters for the single-shot
turbo spin-echo sequence included TR/TE, 12,000/120ms; matrix,
236� 220; FOV, 260� 355 mm2; reverse angle, 90°; section thick-
ness, 2 mm with 0-mm spacing. The DWI sequence was performed
in the transverse plane using b-values of 0 and 700 mm2s�1. The

maximal b-value of 700 was chosen to increase the SNR of the
immature brain for demonstrating optimal contrast in the fetal
brain. We used the following parameters: TR, 2494ms; TE, 96ms;
section thickness, 4mm; FOV, 280� 320 mm2; matrix, 188� 125;
spacing, 0mm; flip angle, 90°. The scan time of the DWI sequence
was 60 seconds. The total acquisition time was 15–25minutes.

Pregnant women were in the supine or the left-sided posi-
tion. No maternal or fetal sedation was used during the MR
imaging examinations. First, the middle and lower abdomen of
pregnant women was scanned in the coronal plane. This was
followed by a focused multiplanar scan of the fetal brain.
Subsequently, the fetal chest and abdomen were scanned in the
axial, sagittal, and coronal planes. The repeat data acquisition or
breath-holding of pregnant women at the end of expiration or
both were used to reduce fetal motion artifacts to improve the
success of the in utero DWI sequence.

Imaging Analysis
The DWI data were transmitted to a workstation (ADW4.4; GE
Healthcare, USA). The ADC measurements were manually drawn
in 11 circular, different ROIs. Pair-wise ADC measurements were
obtained in the frontal and periatrial WM of each cerebral hemi-
sphere and in the basal ganglia, thalami, and cerebellar hemi-
spheres, as well as a single measurement in the pons. These
measurements are based on ROI locations reported in previous lit-
erature.8 The ROIs were manually traced. They varied in size
depending on the brain region and GA. The sizes of ROIs ranged
from 20 to 60 mm2. The frontal WM ROIs were drawn anterior to
the frontal horns on the inferior section. Both frontal WM and
periatrial WM ROIs extended across the cerebral mantle, spanning
the germinal matrix zone and the cortex, including the intermedi-
ate zone and the subplate. The periatrial WM ROIs were ovoid
and placed midway between the anterior and posterior margins of
the ventricular atrium. The width of the brain was multiplied by a
constant factor, and the resulting products were used as the area of
the periatrial WM ROIs.9 For each ROI, a mean ADC value (SD)
(10�3 mm2/s) was obtained. ADC values from both sides of the
brain were averaged for each anatomic location described above.
Examples of ROI positioning are shown in Fig 1.

Manual ADC measurements of all cases were performed by
the same pediatric neuroradiologist with 3 years of fetal brain MR
imaging experience (observer 1, J.-Y.R.) after a training session.
A subgroup of 30 randomly selected subjects was re-analyzed by
the same operator after a 2-month interval, blinded to the initial
results, to investigate intraobserver reproducibility. A different
subgroup of 30 fetal brains was analyzed by a pediatric radiologist
with 15 years of fetal brain MR imaging experience (observer 2,
S.-Z.D.) to study interobserver reliability.

Statistical Analysis
The first step of our delineation consisted of comparison of ADC
values in the ROIs marked in each hemisphere (right versus left)
using a Student paired t test. The mean ADC value was presented
graphically with quadratic curve fitting. For each ROI, the mean
ADC value was plotted against the GA, and the relationship was
assessed by linear regression between the CHD group and con-
trols. Statistical comparisons between the control population and
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fetuses with CHD adjusted for GA were analyzed using the non-
parametric Mann-WhitneyU test. The intraclass correlation coef-
ficient was calculated to convey the association within and
between observers for ADC measurements. A P value , .05 was
considered statistically significant. All analyses were calculated by
SPSS 22.0 software (IBM).

RESULTS
Study Cohort
For the CHD group, we retrospectively identified 55 singleton preg-
nancies eligible for inclusion in our study, which fulfilled the inclu-
sion criteria for the CHD group. Five of the 55 fetuses in CHD
group were further excluded from this study because the anatomic
structures on the DWI sequence were not clear ventricular system
and clear brain parenchyma; to accurately measure the ADC values.
The subtypes of the cardiac lesions are summarized in Table 1.

In the control group, indications for fetal brain MR imaging
included the following: limitations of fetal sonography: maternal
abdominal wall edema (n¼ 10), uterine myomas (n¼ 10), oligo-
hydramnios (n¼ 20), unfavorable fetal lie (n¼ 15); extra-CNS
abnormalities: bilateral cleft lip (n¼ 12), mild hydronephrosis
(n¼ 20), congenital cystic adenomatoid malformation (n¼ 3),
intestinal duplication (n¼ 3), ovarian cyst (n¼ 5), and hepatic
cyst (n¼ 2).

Finally, data from 50 cases in the CHD group (range,
20� 36weeks; 25 fetuses in each of GA group: 20- to 25.9-week
and 26- to 36-week groups) and 100 cases in the control group
(range, 20� 36weeks; 50 fetuses in each of the corresponding 2
groups) were enrolled in the MR imaging analysis. The mean GA
of the CHD group was 26.1 (SD, 3.5)weeks, similar to that in the
control population (GA, 26.6 [SD, 3.9]weeks). The clinical char-
acteristics of our cohort are shown in Table 1.

ADC Measurements
The intraobserver analysis showed excellent reproducibility of all
intracranial volumes when observer 1 re-analyzed a subgroup of
30 randomly selected subjects after 2months (all intraclass corre-
lation coefficients. 0.90). Interobserver (observer 2) correlation
coefficients were calculated for each mean ADC value of the fron-
tal WM (0.80), periatrial WM (0.81), basal ganglia (0.82), thala-
mus (0.88), cerebellar hemisphere (0.87), and pons (0.86).

By means of a paired t test, the ADC values of the left and
right sides were not significantly different, so the ADC values of
each anatomic position of the hemispheres could be averaged. A
significant negative correlation was observed between advancing
GA and ADCmeasurements obtained in the periatrial WM, basal
ganglia, thalamus, cerebellar hemisphere, and pons (CHD group:
R2 ¼ 0.19, 0.24, 0.37, 0.20, and 0.23; control group: R2 ¼ 0.47,
0.31, 0.65, 0.54, and 0.41, respectively), while in the frontal WM,
the ADC values revealed no statistical correlation with GA in the
2 groups (P¼ .38 and 0.94, respectively) (Fig 2).

T-test analysis indicated that fetuses with CHD had signifi-
cantly lower ADC values in the frontal WM, periatrial WM, and
pons than controls (all P, .05, respectively) in the early stages of
pregnancy (GA, 26weeks), while they were not significantly dif-
ferent in the periatrial WM and pons between the CHD and con-
trol groups in the late stages of pregnancy (GA $26weeks). Only
frontal WM ADC values were significantly lower in cases of both
early (GA, 26weeks) and late CHD (GA$ 26weeks) (all

P, .05). Although the CHD group
with GA, 26weeks had slighter lower
ADC values in the thalamus than con-
trols (P¼ .22), the ADC values in the
thalamus were significantly higher in
fetuses with CHD than in the control
population (P, .05) in the late stages
of pregnancy (GA$26weeks). As for
the cerebellar hemisphere, there was a
strong trend toward not reaching sig-
nificance between cases and controls
(P¼ .07) in late stages of pregnancy
(GA$ 26weeks). Basal ganglia ADC
values (P¼ .47; 0.21) were consistently

FIG 1. ADC map in a fetus at 26weeks’ GA showing ROIs in the differ-
ent regions. A and B, T2WI. C and D, The same GA, DWI. Pair-wise
ADC values of the ROIs are manually delineated on each side of the
frontal WM, periatrial WM, basal ganglia, thalamus, and cerebellar
hemisphere, as well as a single measurement in the pons.

Table 1: Clinical characteristics of our cohorta

Control (n= 100) CHD (n= 50) P Valueb

GA at MR imaging (mean) (wk) 26.6 (SD, 3.9) 26.1 (SD, 3.5) .45
Maternal age (mean) (yr) 31.6 (SD, 5.0) 33.1 (SD, 4.0) .65
Sex (No.) (%)
Male 46 (46.0%) 26 (52.0%)
Female 54 (54.0%) 24 (48.0%)
Cardiac lesion
TOF NA 20 (40.0%)
Double-outlet right ventricle NA 10 (20.0%)
TGA NA 15 (30.0%)
HLHS NA 5 (10.0%)

Note:—NA indicates not applicable.
a Data are presented as number (%) unless otherwise noted.
b By Wilcoxon rank sum test.
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not significantly different between the 2 groups in the early and
late stages of pregnancy (Fig 3 and Table 2).

For the CHD and control groups, the mean ADC values of
the supratentorial WM regions (frontal WM, periatrial WM)
were consistently higher than those of the infratentorial regions
(cerebellar hemisphere, pons), and the mean ADC values of the
deep gray matter (basal ganglia, thalamus) were consistently simi-
lar to each other during the early and late stages of pregnancy, as
shown in Table 2.

DISCUSSION
We used fetal DWI to show abnormal diffusion in different regions
of the brain in fetuses with CHD compared with controls. These
results reinforce the previous studies reporting that some congeni-
tal cardiac lesions can affect the development of the fetal brain in
utero.10,11 We observed regional differences in ADC during gesta-
tion, likely reflecting differences in fetal brain development because
of many factors such as changes in the tissue cellularity and water
content, neuronal maturation, neuronal remodeling and pruning,
axonal sprouting, glial proliferation, and so forth. Our results

suggest that during the early stage of
neurodevelopment in fetuses with
CHD, abnormal diffusivity in different
brain areas may represent a difference
in the structural organization of axons
or glia. Our study also suggested that
ADC values as measured by DWI
could be a feasible method of evaluat-
ing brain injury in fetuses with certain
CHDs.

Although sonography has always
been the preferred imaging method for
prenatal examination, MR imaging has
obvious advantages over sonography in
the display of neurologic maturation
and abnormalities.12 While conven-
tional MR imaging sequences (T1WI
and T2WI) are desirable to assess mor-
phologic anomalies, DWI can detect
microstructural brain changes preced-
ing changes on conventional MR
images and has a potential role in
detecting and characterizing diffuse
injuries of the fetal brain.13 In this
study, none of the CHD fetuses showed
morphologic brain abnormalities, but
the difference in ADC values deviating
from the control group suggests abnor-
mal brain axonal density.

Our results in the group with GA,

26weeks are similar to those in previ-
ously published fetal DWI studies.8,9

Higher ADC values of supratentorial
WM regions (frontal WM, periatrial
WM) can be interpreted because of the
presence of immature migrant cells, an

increase in cellular density, and a loose tissular organization with
larger extracellular spaces within the WM. The lower ADC values
of the cerebellum, pons, and thalamus maybe due to earlier matu-
ration and myelination. In the group with GA$ 26weeks, our
results corroborate previous abnormal ADC values in a smaller
cohort of 3 fetuses with CHD with a mean GA of 34weeks,
reported by Berman et al,14 who found that the ADC values of the
thalamus in the CHD group were significantly higher than those in
the control group; however, the values in the basal ganglia were
not significantly different. Schönberg et al15 also described ADC
values in 8 fetuses affected by CHD with a mean GA of 32.5weeks
and found an increase in ADC values in all regions of the WM as
well as in the basal ganglia, comparable with values found in
healthy fetuses. In fetuses with CHDof,26weeks’ GA, our results
showed a significant reduction in the ADC values of the WM and
pons compared with the control group.

Several reasons could explain the difference among these stud-
ies. First, because of the characteristics of fetal brain development,
most published fetal studies on this topic have been conducted in
the third trimester.16 However, many key steps of brain develop-
ment have been completed by midgestation (GA, 21� 26weeks),

FIG 2. ADC values versus GA for all ROIs. Fetuses with CHD are referenced with red triangles,
and blue circles indicate healthy controls. Periatrial WM (A), basal ganglia (B), thalamus (C), cere-
bellar hemisphere (D), pons (E).
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such as neuronal migration and dendritic formation, synapse for-
mation, and oligodendrocyte maturation.17 Therefore, our cohort
study with an average GA of 26weeks was chosen to determine the
timing of intrauterine brain structural changes associated with
CHD. Some studies have demonstrated that in normal deep WM
areas, ADC values initially tend to increase from 20 gestational
weeks up to a peak around 30weeks.8,9 Due to the decrease in
water content and the beginning of higher-order maturation, this
increase is rapidly followed by a subsequent decrease in ADC

values in most brain areas after 30weeks.18 Therefore, in the early
stages of pregnancy (GA, 26weeks), the reduced mean ADC val-
ues in the WM of the CHD group probably represent delayed
maturation.

Another source of the difference is that the types of CHD
included in the cohort study were diverse. Of note, these previous
findings14,15 in regional tissue development were associated with
a more specific type of complex CHD: HLHS. However, other
CHD types with decreased oxygen delivery to the brain can also
be associated with prenatal neurologic injury. Good examples of
CHD types with decreased oxygenation of the brain are TGA and
TOF. In TGA,19 the aorta arises from the right ventricle and the
fetal brain receives deoxygenated blood returning from the sys-
temic circulation stream. In fetuses with TOF,20 the presence of a
large ventricular septal defect leads to mixing of blood in the left
and right ventricles, which results in consecutively low oxygen
saturation in the cerebral arteries. Moreover, Donofrio et al21

evaluated cerebral blood flow perfusion changes in fetuses with
CHD using head circumference and the cerebral-to-placental re-
sistance ratio and found that fetuses with TGA were less affected
than those with HLHS. These results indicate that diverse cardiac
lesions are likely to have different brain effects. In addition, there
is also a large difference in sample size.

Our results are aligned with Arthurs at al that showed that a
significant decline was found for ADC values in the frontal WM
compared with healthy fetuses, suggesting a high susceptibility to
frontal chronic hypoxic-ischemic insult with pronounced abnor-
malities in frontal WM perfusion in fetuses with CHD.22 We
hypothesized that this phenomenon may represent chronic dam-
age and WM gliosis from a decline in ADC values due to hyper-
cellularity. A previous study23 concluded that the thalamus, in
particular, was more sensitive to hypoxia changes, consistent
with our results that the CHD group had higher ADC values dur-
ing the later stages of pregnancy. In our study, we did not
observe abnormal diffusivity in the basal ganglia. We also found
that although the CHD group with GA, 26weeks had lower
ADC values in the pons than in controls, there was not a signifi-
cant difference between the 2 groups in the later stages of preg-
nancy (GA$ 26weeks). The higher cognitive functions of the

frontal lobes are protected by a com-
pensatory mechanism such as the
“brain-sparing” effect during an ear-
lier pregnancy.24 However, under
chronic circumstances or a later preg-
nancy, perfusion redistribution aims
to protect more elementary brain
regions such as the basal ganglia and
pons supplied by the middle and pos-
terior cerebral arteries. Therefore, our
data indicate that different regions of
the brain differ in the sensitivity to
hypoxic-ischemic injury during the
development process.

There are some limitations to this
study. Our sample size was limited,
resulting in a failure to perform a more
detailed classification analysis according

FIG 3. Box-and-whisker plots representing the distribution of ADC
measurements across the fetal brain anatomic structures and preg-
nancy trimesters. Asterisks indicate significant differences between
the CHD (red) and control (blue) groups for the same structure. BG
indicates basal ganglia; TH, thalamus; CH, cerebellar hemisphere;
FWM, frontal WM; PWM, periatrial WM.

Table 2: ADC values in the CHD and control groups in different brain areasa

Unit Control (n= 100) (mean) CHD (n= 50) (mean) P Value
GA,26wk (No.) 50 25
Frontal WM (10�3 mm2/s) 1.87 (SD, 0.15) 1.77 (SD, 0.14) .01b

Periatrial WM (10�3 mm2/s) 1.88 (SD, 0.10) 1.83 (SD, 0.08) .04b

Basal ganglia (10�3 mm2/s) 1.65 (SD, 0.15) 1.62 (SD, 0.11) .47
Thalamus (10�3 mm2/s) 1.61 (SD, 0.16) 1.55 (SD, 0.15) .22
CH (10�3 mm2/s) 1.79 (SD, 0.15) 1.77 (SD, 0.12) .40
Pons (10�3 mm2/s) 1.53 (SD, 0.13) 1.44 (SD, 0.13) .03b

GA $26wk (No.) 50 25
Frontal WM (10�3 mm2/s) 1.94 (SD, 0.18) 1.82 (SD, 0.15) .006b

Periatrial WM (10�3 mm2/s) 1.80 (SD, 0.16) 1.78 (SD, 0.13) .41
Basal ganglia (10�3 mm2/s) 1.53 (SD, 0.13) 1.50 (SD, 0.10) .21
Thalamus (10�3 mm2/s) 1.39 (SD, 0.11) 1.44 (SD, 0.08) .04b

CH (10�3 mm2/s) 1.58 (SD, 0.13) 1.65 (SD, 0.13) .07
Pons (10�3 mm2/s) 1.37 (SD, 0.13) 1.34 (SD, 0.15) .38

Note:—CH indicates cerebellar hemisphere.
a Data are presented as means.
b P ,.05.
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to the characteristics of the types of CHD. Second, postpartum
imaging follow-up studies and long-term standardized neuropsy-
chological evaluations are required to determine the value of DWI
for the prenatal diagnosis of fetuses with CHD. Because our study
included fetuses with severe CHD, most of whom required correc-
tive surgery during infancy, certain cognitive delays or involved dis-
abilities that are only diagnosed during school age make follow-up
difficult.

CONCLUSIONS
The ADC value of fetuses with CHD was significantly decreased
in different brain areas during the early and late stages of preg-
nancy compared with healthy controls. This study suggests that
abnormal brain diffusivity detected by fetal brain DWI could be a
feasible early marker of axonal development from midgestation,
which may lead to brain growth failure during the third trimester.
This technique could aid in recognizing a possible detrimental
effect of CHD on developing brain tissue. However, the prognos-
tic value of ADC changes in postnatal development requires fur-
ther study.

REFERENCES
1. Hansen T, Henriksen TB, Bach CC, et al. Congenital heart defects

and measures of prenatal brain growth: a systematic review. Pediatr
Neurol 2017;72:7–18 CrossRef Medline

2. Peyvandi S, Latal B, Miller SP, et al. The neonatal brain in critical con-
genital heart disease: Insights and future directions. Neuroimage
2019;185:776–82 CrossRef Medline

3. von Rhein M, Buchmann A, Hagmann C, et al. Severe congenital
heart defects are associated with global reduction of neonatal brain
volumes. J Pediatr 2015;167:1259–63 CrossRef Medline

4. Lie ML, Graham RH, Robson SC, et al. MERIDIAN Collaborative
Group. MRI for fetal developmental brain abnormalities: perspec-
tives from the pregnant patient. Qual Health Res 2018;28:1295–1307
CrossRef Medline

5. Le Bihan D. Apparent diffusion coefficient and beyond: what diffu-
sion MR imaging can tell us about tissue structure. Radiology
2013;268:318–22 CrossRef Medline

6. Sartor A, Arthurs O, Alberti C, et al. Apparent diffusion coefficient
measurements of the fetal brain during the third trimester of preg-
nancy: how reliable are they in clinical practice? Prenat Diagn
2014;34:357–66 CrossRef Medline

7. Cartry C, Viallon V, Hornoy P, et al. Diffusion-weighted MR imag-
ing of the normal fetal brain: marker of fetal brain maturation. J
Radiol 2010;91:561–66 CrossRef Medline

8. Schneider JF, Confort-Gouny S, Le Fur Y, et al. Diffusion-weighted
imaging in normal fetal brain maturation. Eur Radiol 2007;17:2422–
29 CrossRef Medline

9. Schneider MM, Berman JI, Baumer FM, et al. Normative apparent
diffusion coefficient values in the developing fetal brain. AJNR Am
J Neuroradiol 2009;30:1799–1803 CrossRef Medline

10. Claessens NH, Khalili N, Isgum I, et al. Brain and CSF volumes in
fetuses and neonates with antenatal diagnosis of critical congenital
heart disease: a longitudinal MRI study. AJNR Am J Neuroradiol
2019;40:885–91 CrossRef Medline

11. Mebius MJ, Kooi EM, Bilardo CM, et al. Brain injury and neurode-
velopmental outcome in congenital heart disease: a systematic
review. Pediatrics 2017;140:e20164055 CrossRef Medline

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

13. Arthurs OJ, Thayyil S, Pauliah SS, et al.Diagnostic accuracy and lim-
itations of post-mortem MRI for neurological abnormalities in
fetuses and children. Clin Radiol 2015;70:872–80 CrossRef Medline

14. Berman JI, Hamrick SE, McQuillen PS, et al. Diffusion-weighted
imaging in fetuses with severe congenital heart defects. AJNR Am J
Neuroradiol 2011;32:E21–22 CrossRef Medline

15. Schönberg N, Weisstanner C, Wiest R, et al. The influence of vari-
ous cerebral and extracerebral pathologies on apparent diffusion
coefficient values in the fetal brain. J Neuroimaging 2020;30:477–
85 CrossRef Medline

16. Clouchoux C, Du Plessis AJ, Bouyssi-Kobar M, et al. Delayed cortical
development in fetuses with complex congenital heart disease. Cereb
Cortex 2013;23:2932–43 CrossRef Medline

17. Kostović I, Jovanov-MilosevićN.The development of cerebral connec-
tions during the first 20-45 weeks’ gestation. Semin Fetal Neonatal
Med 2006;11:415–22 CrossRef Medline

18. Han R, Huang L, Sun Z, et al. Assessment of apparent diffusion
coefficient of normal fetal brain development from gestational age
week 24 up to term age: a preliminary study. Fetal Diagn Ther
2015;37:102–07 CrossRef Medline

19. Alsaied T, Tseng S, King E, et al. Effect of fetal hemodynamics on
growth in fetuses with single ventricle or transposition of the great
arteries.Ultrasound Obstet Gynecol 2018;52:479–87 CrossRef Medline

20. Schellen C, Ernst S, Gruber GM, et al. Fetal MRI detects early altera-
tions of brain development in Tetralogy of Fallot. Am J Obstet
Gynecol 2015;213:392.e1-7 CrossRef Medline

21. Donofrio MT, Bremer YA, Schieken RM, et al. Autoregulation of cer-
ebral blood flow in fetuses with congenital heart disease: the brain
sparing effect. Pediatr Cardiol 2003;24:436–43 CrossRef Medline

22. Arthurs OJ, Rega A, Guimiot F, et al. Diffusion-weighted magnetic
resonance imaging of the fetal brain in intrauterine growth restric-
tion.Ultrasound Obstet Gynecol 2017;50:79–87 CrossRef Medline

23. Papadopoulou I, Langan D, Sebire NJ, et al. Diffusion-weighted
post-mortem magnetic resonance imaging of the human fetal
brain in situ. Eur J Radiol 2016;85:1167–73 CrossRef Medline

24. Cohen E, Baerts W, van Bel F. Brain-sparing in intrauterine growth
restriction: considerations for the neonatologist. Neonatology
2015;108:269–76 CrossRef Medline

AJNR Am J Neuroradiol 42:2040–45 Nov 2021 www.ajnr.org 2045

http://dx.doi.org/10.1016/j.pediatrneurol.2017.03.014
https://www.ncbi.nlm.nih.gov/pubmed/28549654
http://dx.doi.org/10.1016/j.neuroimage.2018.05.045
https://www.ncbi.nlm.nih.gov/pubmed/29787864
http://dx.doi.org/10.1016/j.jpeds.2015.07.006
https://www.ncbi.nlm.nih.gov/pubmed/26233604
http://dx.doi.org/10.1177/1049732318764390
https://www.ncbi.nlm.nih.gov/pubmed/29580171
http://dx.doi.org/10.1148/radiol.13130420
https://www.ncbi.nlm.nih.gov/pubmed/23882093
http://dx.doi.org/10.1002/pd.4309
https://www.ncbi.nlm.nih.gov/pubmed/24375489
http://dx.doi.org/10.1016/s0221-0363(10)70088-3
https://www.ncbi.nlm.nih.gov/pubmed/20657355
http://dx.doi.org/10.1007/s00330-007-0634-x
https://www.ncbi.nlm.nih.gov/pubmed/17404738
http://dx.doi.org/10.3174/ajnr.A1661
https://www.ncbi.nlm.nih.gov/pubmed/19556350
http://dx.doi.org/10.3174/ajnr.A6021
https://www.ncbi.nlm.nih.gov/pubmed/30923087
http://dx.doi.org/10.1542/peds.2016-4055
https://www.ncbi.nlm.nih.gov/pubmed/28607205
http://dx.doi.org/10.1016/S0140-6736(16)31723-8
https://www.ncbi.nlm.nih.gov/pubmed/27988140
http://dx.doi.org/10.1016/j.crad.2015.04.008
https://www.ncbi.nlm.nih.gov/pubmed/26050535
http://dx.doi.org/10.3174/ajnr.A1975
https://www.ncbi.nlm.nih.gov/pubmed/20075085
http://dx.doi.org/10.1111/jon.12727
https://www.ncbi.nlm.nih.gov/pubmed/32557916
http://dx.doi.org/10.1093/cercor/bhs281
https://www.ncbi.nlm.nih.gov/pubmed/22977063
http://dx.doi.org/10.1016/j.siny.2006.07.001
https://www.ncbi.nlm.nih.gov/pubmed/16962836
http://dx.doi.org/10.1159/000363650
https://www.ncbi.nlm.nih.gov/pubmed/25095737
http://dx.doi.org/10.1002/uog.18936
https://www.ncbi.nlm.nih.gov/pubmed/29057564
http://dx.doi.org/10.1016/j.ajog.2015.05.046
https://www.ncbi.nlm.nih.gov/pubmed/26008177
http://dx.doi.org/10.1007/s00246-002-0404-0
https://www.ncbi.nlm.nih.gov/pubmed/14627309
http://dx.doi.org/10.1002/uog.17318
https://www.ncbi.nlm.nih.gov/pubmed/27706859
http://dx.doi.org/10.1016/j.ejrad.2016.03.024
https://www.ncbi.nlm.nih.gov/pubmed/27161067
http://dx.doi.org/10.1159/000438451
https://www.ncbi.nlm.nih.gov/pubmed/26330337


ORIGINAL RESEARCH
PEDIATRICS

Grading of Pediatric Intracranial Tumors: Are Intravoxel
Incoherent Motion and Diffusional Kurtosis Imaging Superior

to Conventional DWI?
D. She, S. Lin, W. Guo, Y. Zhang, Z. Zhang, and D. Cao

ABSTRACT

BACKGROUND AND PURPOSE: An accurate evaluation of the World Health Organization grade is critical in pediatric intracranial
tumors. Our aim was to explore the correlations between parameters derived from conventional DWI, intravoxel incoherent
motion, and diffusional kurtosis imaging with histopathologic features to evaluate the accuracy of diffusion parameters for grading
of pediatric intracranial tumors.

MATERIALS AND METHODS: Fifty-four pediatric patients with histologically proved intracranial tumors who underwent conven-
tional DWI, intravoxel incoherent motion, and diffusional kurtosis imaging were recruited. The conventional DWI (ADC), intravoxel
incoherent motion (pure diffusion coefficient [D], pseudodiffusion coefficient [D*], perfusion fraction [f], diffusional kurtosis imag-
ing [K], and diffusion coefficient [Dk]) parameters in the solid component of tumors were measured. The cellularity, Ki-67, and
microvessel density were measured. These parameters were compared between the low- and high-grade pediatric intracranial
tumors using the Mann-Whitney U test. Spearman correlations and receiver operating characteristic analysis were performed.

RESULTS: The ADC, D, and Dk values were lower, whereas the K value was higher in high-grade pediatric intracranial tumors than in
low-grade tumors (all, P , .001). The K value showed positive correlations (r ¼ 0.674–0.802; all, P , .05), while ADC, D, and Dk showed
negative correlations with cellularity and Ki-67 (r ¼ �0.548 to �0.740; all, P , .05). The areas under the curve of ADCVOI, DVOI, DkVOI,
and KVOI were 0.901, 0.894, 0.863, and 0.885, respectively, for differentiating high- from low-grade pediatric intracranial tumors. The area
under the curve difference in grading pediatric intracranial tumors was not significant (all, P . .05).

CONCLUSIONS: Intravoxel incoherent motion– and diffusional kurtosis imaging–derived parameters have similar performance com-
pared with conventional DWI in predicting pediatric intracranial tumor grade. The diffusion metrics may potentially reflect tumor
cellularity and Ki-67 in pediatric intracranial tumors.

ABBREVIATIONS: AUC ¼ area under the curve; D ¼ true diffusion coefficient; D* ¼ pseudodiffusion coefficient; Dk ¼ the corrected ADC without
Gaussian bias; DKI ¼ diffusional kurtosis imaging; f ¼ perfusion fraction; IVIM ¼ intravoxel incoherent motion; K ¼ diffusional kurtosis; MVD ¼ microvessel
density; PIT ¼ pediatric intracranial tumor; WHO ¼ World Health Organization

Pediatric intracranial tumors (PITs) are the second most com-
mon cancers with the highest mortality among children.1 In

contrast to adults, the pathologic types of intracranial tumors
are widely heterogeneous in children.2 Preoperative accurate

evaluation of the World Health Organization (WHO) grade is crit-
ical for choosing the appropriate therapeutic treatment and evalu-
ating prognosis in PIT. Conventional MR imaging, such as T2-
weighted and T1-weighted MR imaging without and with contrast,
is usually used to assess the location, morphology, and extension of
PITs.3 However, differentiating high- and low-grade PITs remains
challenging owing to the overlap of conventional MRI manifesta-
tion of these 2 tumors. Conventional DWI based on the monoex-
ponential model could noninvasively provide additional functional
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information within the tumor.4 Conventional DWI with ADC val-
ues has been reported to be useful in characterizing tumor cellular-
ity and predicting the PIT grade.4-7 However, the ADC value
calculated using the monoexponential model may not accurately
reflect the water molecular diffusion behavior due to the influence
of capillary microcirculation and complex cellular microstructural
barriers within the tumor.

Previous researchers have suggested that several advanced
MR diffusion techniques, including intravoxel incoherent motion
(IVIM) and diffusional kurtosis imaging (DKI), might provide a
more accurate illumination of water molecular diffusion behav-
ior.8-10 IVIM with a biexponential model, introduced by Le
Bihan8 and Le Bihan et al,9 can be used to distinguish real water
molecular diffusion from microcirculation with sufficiently low
b-values. On the other hand, DKI with a non-Gaussian model,
proposed by Jensen et al,10 could more accurately characterize
the microstructural complexity of tumors with high b-values.
Several investigations have demonstrated that IVIM and DKI have
a higher accuracy for reflecting tumor biology and predicting tu-
mor grades in glioma,11,12 meningioma,13 and sinonasal malignan-
cies.14 Because conventional DWI, IVIM, and DKI may reflect
different information about tissue properties, investigating their
roles in the grading of PIT should be valuable. However, only a
few studies with small sample sizes have investigated the promising
potential of IVIM in grading of PIT.15,16 So far, no comparison of
the 3 different diffusion models in predicting tumor biology and
grades in PIT has been made. Thus, this study aimed to explore
the correlations of metrics derived from conventional DWI, IVIM,
and DKI with histopathologic features to compare the accuracy of
conventional DWI, IVIM, and DKI for PIT grading.

MATERIALS AND METHODS
Patients
This retrospective study was approved by our institutional review
board, and the informed consent requirement was waived due to
the retrospective nature of this study. Between July 2017 and
August 2020, a total of 56 consecutive pediatric patients with intra-
cranial tumors were enrolled on the basis of the following inclusion
criteria: 1) intracranial tumors histologically proved by surgery/bi-
opsy, 2) preoperative MR imaging performed (without any previous
treatment), and 3) available IVIM and DKI sequences. The exclu-
sion criterion was the solid component of tumor being unavailable
for analysis (,10mm2, n¼ 2). Ultimately, 54 patients (40 boys and
14 girls; mean age, 9.35 [SD, 3.84] years; range, 8 months to
18 years) with 28 high-grade (WHO grades III and IV) and 26 low-
grade (WHO grades I and II) tumors were included in this study.

MR Imaging Techniques
All patients underwent MR imaging examinations with a 3T MR
imaging scanner (Magnetom Skyra; Siemens) using a 20-channel
head/neck coil. Routine MR imaging was performed, including
axial T2WI, SWI, and pre- and postcontrast T1WI.

Multiple b-value DWI was performed using a single-shot echo-
planar imaging sequence in the axial plane. The detailed imaging
parameters were as follows: TR/TE¼ 5000ms/78ms, FOV ¼ 220
�220mm, acquisition matrix ¼ 150� 135, parallel acceleration
factor¼ 2, section thickness¼ 5mm, gap¼ 1mm, and acquisition

time¼ 8minutes 25 seconds. Thirteen different b-values (b ¼ 0,
50, 100, 150, 200, 300, 400, 600, 700, 800, 1000, 1400, and
2000 s/mm2 with 2, 2, 2, 2, 2, 2, 2, 2, 2, 3, 3, 4, 4 signal averages,
respectively) were applied in all 3 orthogonal diffusion directions.

Image Processing and Analysis
In the conventional DWI model, the DWI data-fitting was per-
formed on the basis of the following equation: Sb/S0 ¼
exp (–b·� ADC), Where Sb and S0 are the signal intensities at a
specific b-value and at b ¼ 0 s/mm2, respectively. The ADC map
was calculated from 2 b-values (0 and 1000 s/mm2). For the
IVIMmodel, the corresponding parameters, including D, D*, and
f, were derived from the following equation using the following
11 b-values (b = 0, 50, 100, 150, 200, 300, 400, 600, 700, 800, and
1000 s/mm2): Sb/S0 ¼ (1–f) � exp (–b � D) 1 f � exp [–b �
(D1D*)]. Where Sb and S0 are the signal intensities at a specific
b-value and at b ¼ 0 s/mm2, respectively. D is the true diffusion
coefficient, D* is the pseudodiffusion coefficient, and f is the per-
fusion fraction. For the DKI model, diffusion signal intensities of
4 b-values (b ¼ 0, 700, 1400, and 2000 s/mm2) were fitted with
the following equation: Sb/S0 ¼ exp (–b� Dk1 b2 � Dk2� K/6).
Where Sb and S0 are the signal intensities at a specific b-value and
at b=0 s/mm2, respectively. Dk is the corrected ADC without
Gaussian bias, and K is the diffusional kurtosis. ADC, IVIM, and
DKI processing were performed using a prototype software
(Diffusion Toolbox; Siemens), which generated quantitative para-
metric maps, including the ADC and D, D*, f, Dk, and Kmaps.

The quantitative parametric maps were independently analyzed
by 2 blinded pediatric neuroradiologists (S.L. and W.G., with 3 and
5years of experience in neuroradiology, respectively) unaware of
the clinicopathologic data. For each patient, both reviewers placed 1
polygonal ROI (mean ROI ¼ 643.20 [SD, 526.64]mm2; range,
16.13–2181.77mm2) along the outer margin of the solid component
of the tumors on the section where the lesion was the largest of the
corresponding parametric maps. Consequently, the mean ADCROI,
DROI, D

*
ROI, fROI, DkROI, and KROI values of a single section were

calculated. Moreover, 1 polygonal VOI (mean VOI¼ 41,441.50
[SD, 51,160.96]mm3; range, 756.37–298,406.35mm3) was also
drawn along the outer margin of the solid component of the tumors
on the corresponding parameter maps to calculate the quantitative
parameters for the whole lesion, which were referred as ADCVOI,
DVOI, D

*
VOI, fVOI, DkVOI, and KVOI. Attention was paid to exclude

the areas of necrosis, edema, cyst, hemorrhage, calcification, or
apparent blood vessel. The measurements made by 2 neuroradiolo-
gists were used to evaluate the interreader repeatability. The meas-
urements were made repeatedly by W.G. with a minimum washout
period of 1month to assess the intrareader repeatability.

In addition, the conventional MR imaging characteristics of
each tumor were recorded by 1 blinded pediatric neuroradiologist
(D.C., with 30 years of experience in neuroradiology), including
tumor location, cystic degeneration, hemorrhage, necrosis,
enhancement characteristics of the solid component, peritumoral
edema, and tumor margin.

Histopathologic Evaluation
All PITs were classified according to the 2016 WHO
Classification of Tumors of the Central Nervous System.17
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Thirty-five histopathologic specimens (35/54, 64.8%) were retro-
spectively reviewed by an experienced pathologist (Y.Z.) for this
study. All histologic parameters were calculated from 5 arbitra-
rily selected high-power fields (original magnification �200;
area, 0.583mm2). Tumor cellularity was determined using
the number of tumor cell nuclei from the total tissue area.4

The mean tumor cell counts for 5 high-power fields were cal-
culated. The Ki-67 index was evaluated using a previous
method.15 Briefly, the specimens were immunostained with a
commercial Ki-67 monoclonal antihuman antibody (MIB-1;
Santa Cruz Biotechnology). The Ki-67 was determined using
the percentage of tumor cell nuclei labeled with the Ki-67
monoclonal antibody from all tumor cell nuclei. The highest
value for Ki-67 for 5 high-power fields was recorded.
Microvessel density (MVD) was calculated as previously
described.18 The specimens were immunostained with a com-
mercial anti-CD31 antibody (Abcam). The MVD was deter-
mined using the percentage of anti-CD31 immunostained
vascular area from the total tissue area. The mean MVD value
for 5 high-power fields was calculated.

Statistical Analysis
All data of PITs were presented as
means (SDs), medians, and interquar-
tile range, or number of cases and ra-
tio, as appropriate. The inter- and
intrareader repeatability was evaluated
using the intraclass correlation coeffi-
cient with corresponding 95% CIs.
Intraclass correlation coefficient values
of .0.75 indicated good agreement.
Comparisons of diffusion parameters,
histologic parameters, and age between
high- and low-grade tumor groups
were made with the Mann-Whitney U
test. Comparisons of sex and conven-
tional MR imaging characteristics were
made with the x 2 test. The Spearman
correlations were performed to assess
correlations between diffusion parame-
ters and histologic features (correlation
coefficient r [r] # 0.3, very weak to
negligible; 0.31–0.5, weak; 0.51–0.7,
moderate; 0.71–0.9, strong; 0.91–1.0,
very strong). Receiver operating char-
acteristic curve analyses were per-
formed to assess the diagnostic
performance and determine the opti-
mal cutoff value of each diffusion pa-
rameter for tumor grading. The area
under the curves (AUCs) among 9
parameters were compared using the
DeLong method with a Bonferroni
correction. The corrected P value
was obtained by multiplying uncor-
rected P values by 36 (9 compari-
sons). The AUC, Youden index,
sensitivity, specificity, positive likeli-

hood ratio, and negative likelihood ratio were calculated.
Statistical analyses were performed with commercial software
programs (SPSS Version, 22.0, IBM; MedCalc, Version 15.0,
MedCalc Software). P values , .05 were considered statisti-
cally significant.

RESULTS
The comparative results of demographic characteristics, tumor
location, and conventional MR imaging characteristic between
low- and high-grade PITs are summarized in Table 1. A high-
grade PIT was more likely to demonstrate necrosis than a low-
grade PIT (50% versus 19.2%, P ,.05). No differences in other
conventional MR imaging characteristics, age, and sex were
observed between these 2 groups.

The quantitative MR imaging parameters of each pediatric
brain tumor type are shown in the Online Supplemental Data. As
shown in Table 2, inter- and intrareader agreement was good for
the measurements of conventional DWI, IVIM, and DKI param-
eters (intraclass correlation coefficient ¼ 0.771–0.984). The com-
parative results of histologic and quantitative MR imaging

Table 1: Comparison of demographic and conventional MR imaging characteristics
between low- and high-grade PITs

Characteristics Low-Grade Tumor High-Grade Tumor P Value
Demography
Age (mean) (yr) 9.71 (SD, 3.66) 9.02 (SD, 4.11) .51
Male sex (No.) (%) 17 (65.4%) 23 (82.1%) .16
Location (No.) .13
Cerebral hemisphere 9 5
Cerebellum 12 11
Basal ganglia/brain stem 3 3
Other 2 9
Conventional MR imaging
Cystic degeneration (No.) (%) 16 (61.5%) 13 (46.4%) .27
Hemorrhage (No.) (%) 5 (19.2%) 10 (35.7%) .18
Necrosis (No.) (%) 5 (19.2%) 14 (50.0%) .02
Enhancement (No.) (%) 21 (80.8%) 25 (89.3%) .62
Peritumoral edema (No.) (%) 10 (38.5%) 15 (53.6%) .27
Clear margin (No.) (%) 14 (53.8%) 13 (46.4%) .59

Table 2: The inter- and intrarater repeatability for quantitative MR imaging parameters

Parameters
ICC (95% CI)

Interreader Intrareader
Conventional DWI parameters
ADCROI (�10–3 mm2/s) 0.917 (0.862–0.951) 0.918 (0.863–0.951)
ADCVOI (�10–3 mm2/s) 0.928 (0.879–0.957) 0.927 (0.878–0.957)

IVIM parameters
DROI (�1–3 mm2/s) 0.920 (0.867–0.953) 0.918 (0.862-0.951)
DVOI (�10–3 mm2/s) 0.929 (0.880–0.958) 0.927 (0.876–0.957)
D*ROI (�10–3 mm2/s) 0.771 (0.636–0.860) 0.807 (0.690–0.883)
D*VOI (�10–3 mm2/s) 0.921 (0.869–0.954) 0.905 (0.842–0.944)
fROI (%) 0.886 (0.812–0.932) 0.957 (0.926–0.975)
fVOI (%) 0.934 (0.890–0.961) 0.898 (0.830–0.939)

DKI parameters
DkROI (�10-3 mm2/s) 0.928 (0.879-0.958) 0.926 (0.876-0.957)
DkVOI (�10–3 mm2/s) 0.935 (0.891–0.962) 0.926 (0.876-0.957)
KROI 0.982 (0.967–0.990) 0.984 (0.971–0.991)
KVOI 0.983 (0.972–0.990) 0.984 (0.933–0.977)

Note:—ICC indicates intraclass correlation coefficient.

2048 She Nov 2021 www.ajnr.org



parameters between low- and high-grade PITs are shown in
Table 3. For the diffusion parameters, the ADCROI, ADCVOI,
DROI, DVOI, DkROI, and DkVOI values were significantly lower in

high-grade tumors than in low-grade tumors (all, P, .001),
whereas the KROI and KVOI values of high-grade brain tumors
were significantly higher than those in low-grade tumors

Table 3: Comparison of histopathologic and quantitative MR imaging parameters between low- and high-grade PITsa

Parameters Low-Grade Tumor High-Grade Tumor P Value
Conventional DWI parameters
ADCROI (�10-3mm2/s) 1.563 (1.275–1.732) 0.834 (0.735–1.269) ,.001
ADCVOI (�10-3 mm2/s) 1.498 (1.254–1.692) 0.834 (0.725–1.118) ,.001
IVIM parameters
DROI (�10-3mm2/s) 1.515 (1.233–1.724) 0.788 (0.660–1.246) ,.001
DVOI (�10-3 mm2/s) 1.459 (1.224–1.677) 0.800 (0.668–1.081) ,.001
D*ROI (�10-3 mm2/s) 82.962 (65.868–96.610) 87.105 (72.954–107.516) .36
D*VOI (�10-3mm2/s) 81.562 (71.791–92.899) 81.271 (76.037–92.996) .43
fROI (%) (mean) 5.479 (SD, 2.603) 6.789 (SD, 2.773) .08
fVOI (%) (mean) 5.721 (SD, 2.183) 6.701 (SD, 2.852) .17
DKI parameters
DkROI (�10-3 mm2/s) 1.899 (1.443–2.062) 1.053 (0.916–1.466) ,.001
DkVOI (�10-3mm2/s) 1.719 (1.440–2.004) 1.044 (0.835–1.353) ,.001
KROI (mean) 0.483 (SD, 0.155) 0.887 (SD, 0.329) ,.001
KVOI (mean) 0.500 (SD, 0.157) 0.912 (SD, 0.288) ,.001

Histopathology (19 missing)
Cellularity (mean) (cells/mm2) 2003 (SD, 769) 3175 (SD, 1161) .001
Ki-67 (%) 2.315 (0.945–5.310) 40.680 (21.195–66.310) ,.001
MVD (%) 8.280 (4.340–15.400) 10.140 (8.345–19.995) .12

a Data are expressed as mean (SD) or medians (lower quartile-upper quartile).

FIG 1. A 15-year-old boy with medulloblastoma in the cerebellum (WHO grade IV). The lesion shows hyperintensity on the T2-weighted image
(A), hypointensity on the T1-weighted image (B), and enhancement on the postcontrast T1-weighted image (C). The lesion (VOI) demonstrates
hypointensity on the ADC map (D), D map (E), and Dk map (H) and hyperintensity on the D* map (F), f map (G), and K map (I), with values of
0.647� 10�3mm2/s, 0.594� 10�3mm2/s, 0.778� 10�3mm2/s, 87.228� 10�3mm2/s, 6.312%, and 1.210, respectively. The pathologic diagnosis was
medulloblastoma with a cellularity of 4927 cell/mm2 (J), a Ki-67 index of 80% (K), and an MVD of 1.4% (L) (original magnification� 200).
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(P, .001) (Figs 1 and 2). The high-grade brain tumors tended to
have higher f values, but the difference was not significant
(P. .05). For the histologic parameters, the cellularity and Ki-67
were significantly higher in the high-grade group than in the low-
grade group (all, P, .05) (Figs 1 and 2).

The correlation results between quantitative MR imaging pa-
rameters and histologic parameters are illustrated in Table 4. The

cellularity and Ki-67 were inversely correlated with the ADCROI,
ADCVOI, DROI, DVOI, DkROI, and DkVOI values (r ¼ �0.548 to
�0.740; all, P, .001) and were positively associated with KROI and
KVOI values (r ¼ 0.674�0.802; all, P , .001), respectively. The
KVOI value showed the strongest correlation with the Ki-67 index
(r ¼ 0.802, P , .001). The MVD was not significantly correlated
with any diffusion parameters (r¼ �0.101�0.273; all, P. .05).

FIG 2. A 5-year-old boy with a diffuse astrocytoma in the brain stem (WHO grade II). The lesion shows hyperintensity on the T2-weighted image
(A), hypointensity on the T1-weighted image (B), and enhancement on the postcontrast T1-weighted image (C). The lesion (VOI) demonstrates
hyperintensity on the ADC map (D), D map (E), and Dk map (H) and hypointensity on the D* map (F), f map (G), and K map (I), with values of 1.528
� 10�3mm2/s, 1.530� 10�3mm2/s, 1.681� 10�3mm2/s, 57.310� 10�3mm2/s, 2.394%, and 0.315, respectively. The pathologic diagnosis was diffuse
astrocytoma with a cellularity of 1917 cell/mm2 (J), a Ki-67 index of 1.1% (K), and an MVD of 0.9% (L) (magnification,� 200).

Table 4: Correlation between histologic parameters and quantitative MR imaging parameters for all PITs
Parameters Cellularity (r) (P Value) (Cells/mm2) Ki-67 (%) (r) (P Value) MVD (%) (r) (P Value)

Conventional DWI parameters
ADCROI (�10–3 mm2/s) –0.651 (P , .001) –0.717 (P , .001) 0.044 (P¼ .80)
ADCVOI (�10–3 mm2/s) –0.659 (P , .001) –0.735 (P , .001) –0.031 (P¼ .86)

IVIM parameters
DROI (�10–3 mm2/s) –0.657 (P , .001) –0.714 (P , .001) 0.024 (P¼ .89)
DVOI (�10–3 mm2/s) –0.657 (P , .001) –0.740 (P , .001) –0.021 (P¼ .91)
D*ROI (�10–3 mm2/s) –0.161 (P¼ .36) –0.003 (P¼ .99) 0.082 (P¼ .64)
D*VOI (�10–3 mm2/s) –0.029 (P¼ .87) 0.191 (P¼ .27) 0.273 (P¼ .11)
fROI (%) 0.099 (P¼ .57) 0.140 (P¼ .42) 0.105 (P¼ .55)
fVOI (%) 0.096 (P¼ .58) 0.269 (P¼ .12) 0.163 (P¼ .35)
DKI parameters
DkROI (�10–3mm2/s) –0.548 (P, .001) –0.625 (P , .001) 0.122 (P¼ .49)
DkVOI (�103mm2/s) –0.601 (P, .001) –0.704 (P , .001) 0.061 (P¼ .73)
KROI 0.677 (P, .001) 0.773 (P , .001) –0.101 (P¼ .56)
KVOI 0.674 (P, .001) 0.802 (P , .001) –0.032 (P¼ .86)
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As demonstrated in Table 5 and Fig 3, according to receiver
operating characteristic curve analysis, the ADC, D, Dk, and K
values were useful in grading PITs (AUC ¼ 0.799–0.901). The
diagnostic performance of the quantitative diffusion parameters
in grading PITs was superior to that of the conventional MRI (all,
corrected P,.05). However, the diagnostic performance of quan-
titative diffusion parameters was similar (all, corrected P . .05,
compared with each other).

DISCUSSION
An accurate assessment of the WHO grade and histologic fea-
tures is particularly vital in PIT. In this study, with a relatively
large sample size, the results showed that the DWI, IVIM, and
DKI parameters were correlated with the cellularity or Ki-67 of
PIT and were helpful in differentiating low- from high-grade
PITs. However, IVIM- and DKI-derived parameters had similar
diagnostic performance compared with conventional DWI.

Conventional MR imaging has been shown to be insuffi-
cient for differentiation of PIT, in part because location, cystic

degeneration, necrosis, peritumoral
edema, or enhancement may be seen
with both high- and low-grade
PITs.3 In our study, high- and low-
grade PITs have similar conven-
tional MR imaging characteristics
except necrosis. Even necrosis was
not reliable for differentiating high-
or low-grade PITs, which were not
seen in half of the high-grade PITs
(14/28, 50%) in this study. Con-
sequently, advanced MR imaging
techniques, such as diffusion imag-
ing, that improve diagnostic per-

formance of tumor grading remain valuable.
Our preliminary results showed that ADC, D, and Dk values

were negatively correlated with cellularity and Ki-67. In compari-
son with ADC, D and Dk represent the pure molecular diffusion
coefficient without microcirculation influence8 and the corrected
diffusion coefficient for non-Gaussian bias,10 respectively.
Therefore, it was not unusual that the negative correlation was
found between quantitative diffusion metrics (D and Dk) and his-
tologic features (cellularity and Ki-67) because high Ki-67 or cell
density could reduce tumor stromal space and cause the restriction
of water molecular diffusion (reflected by decreasing ADC, D, and
Dk).4 Our findings also agree with the results of an earlier IVIM
study performed in a small number of pediatric patients, in which
the D value was correlated with Ki-67 and the f value was corre-
lated with MVD.15 Additionally, we also found that the K value
obtained from DKI was positively correlated with cellularity and
Ki-67, a finding consistent with recent studies in adult intracranial
tumors.13,19 K is the deviation of water molecular diffusion from a
Gaussian distribution, which might indicate the tissue heterogene-
ity.10 These correlations may be attributed to a higher degree of
heterogeneous cell membranes (reflected by cellularity and Ki-67)
and complex intracellular microstructure (reflected by Ki-67).
Furthermore, the K value had the strongest Ki-67-related correla-
tion among all parameters, indicating that the K value could serve
as a promising metric for predicting Ki-67 expression in PITs.

D* and f are both perfusion-related IVIM metrics that quan-
tify the microcirculation perfusion of the tissue.8 The f value rep-
resents the flowing blood volume fraction and has no correlation
with cellularity and Ki-67, or even with MVD in this study. This
result is in discordance with those of previous studies,15,20 while
consistent with another study.21 Lima et al20 found a positive cor-
relation between f and MVD in a rat brain model, while Li et al21

reported that the f value had no evident correlation with MVD in
rabbit liver VX2 tumors. The reason for the discordance between
the f value and capillary density is still unclear and may be attrib-
uted to the complex microcirculation environment, such as extra-
vasation due to increased permeability in immature microvessels
and higher vascular pressure, which may decrease the blood vol-
ume.20 The heterogeneity of tumor included in this study might
also account for this discordance. In addition, the D* value in our
study had no correlation with histologic features due to the low
SNR and the relatively weak reproducibility, in line with previous
studies.15

Table 5: Measurement of the quantitative MR imaging parameters and conventional MR
imaging for differentiating high- and low-grade PITs

Parameters
Cutoff
Value

Youden
Index

Sensitivity
(%)

Specificity
(%)

+LR
(%)

–LR
(%) AUC

ADCROI 1.238 0.558 75.0 80.8 3.90 0.31 0.826
ADCVOI 1.163 0.703 85.7 84.6 5.57 0.17 0.901
DROI 1.034 0.563 67.9 88.5 5.88 0.36 0.830
DVOI 1.119 0.668 82.1 84.9 5.34 0.21 0.894
DkROI 1.648 0.585 89.3 69.2 2.90 0.15 0.799
DKVOI 1.366 0.632 78.6 84.6 5.11 0.25 0.863
KROI 0.561 0.593 78.6 80.8 4.09 0.27 0.838
KVOI 0.593 0.665 85.7 80.8 4.46 0.18 0.885
cMRI 0.304 48.3 82.1 2.70 0.63 0.652

Note:—cMRI indicates conventional MRI; LR, likelihood ratio.

FIG 3. Receiver operating characteristic curves for ADCVOI, DVOI,
DkVOI, KVOI, and conventional MR imaging in distinguishing low- from
high-grade pediatric intracranial tumors.
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Furthermore, we found that high-grade PITs had lower ADC,
D, and Dk values but higher K values than low-grade tumors, in
line with the recent studies.11–13,15 In an earlier IVIM study per-
formed in 17 pediatric intracranial tumors, lower ADC and D
values were also seen in high-grade tumors.15 The decrease of dif-
fusion-related parameters (ADC, D, and Dk) in high-grade PITs
reflected a higher cell density and increased mitotic activity
(higher Ki-67), which were also shown in our study. The increase
of the K value in high-grade PITs may be attributed to heteroge-
neous malignancies in childhood and complex microstructure in
the tumors. Additionally, although the high-grade PIT tends to
have higher f values, the difference was not significant, inconsis-
tent with a previous study,15 probably due to the differences in
inclusion types and case sizes between the previous study and
the present study. Specifically, some high-grade pediatric intra-
cranial tumors, such as diffuse midline gliomas, showed a low
microcapillary perfusion (mean fVOI ¼ 4.20%). Most interest-
ing, the diffusion parameters (ADC, D, and Dk) for ROIs were
slightly higher than those for VOIs (the opposite of K) in low-
grade PITs. The ROI method used in this study may be more
prone to imaging noise, which may lead to the overestimation
of diffusion parameters.22

Our preliminary study showed that ADC, D, Dk, and K had
similar diagnostic performance for differentiating high- from low-
grade PITs. We noticed that DROI had the highest specificity. This
means that D removal of the perfusion portion could be conducive
to revealing the cellular density within tumor23-25 and could have a
relatively better performance in diagnosing low-grade PITs.
ADCVOI achieved the highest Youden index, with a maximum
AUC in a nonsignificant manner. Compared with IVIM and DKI,
ADC was easily acquired with a shorter scanning time, had a low
requirement for specific software, and was less prone to motion
artifacts, which may be more applicable in pediatric patients. These
preliminary findings suggest that ADC could serve as a useful and
convenient marker in pediatric brain tumor grading.

This study had several limitations. First, our major limitation
is the heterogeneity of the tumors studied. Larger numbers of
individual tumor types are necessary to validate these preliminary
findings across all tumor types. Second, the histopathologic anal-
yses were available for only 35 (64.8%) cases due to the retrospec-
tive study. However, to our knowledge, the sample size in our
study for histopathologic analyses was relatively large in the study
of pediatric intracranial tumors. Third, conventional DWI, IVIM,
and DKI parameters derived from regions of tumor may not corre-
spond well to the histologic tissue samples for histologic analysis.
Thus, a site-to-site MR imaging–guided biopsy may be needed to
confirm our findings. Fourth, the diffusion encoding was per-
formed using only 3 perpendicular directions in this study. More
direction could be used to realize anisotropic diffusion via the dif-
fusion tensor imaging in brain tissues and to increase spatial reso-
lution. However, DWI averaged over 3 directions is usually applied
during the clinical diagnostic procedure.

CONCLUSIONS
IVIM- and DKI-derived parameters have similar performance
compared with conventional DWI in reflecting histologic features
and predicting the PIT grade.
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ORIGINAL RESEARCH
PEDIATRICS

Selective Motor Control is a Clinical Correlate of Brain
Motor Tract Impairment in Children with Spastic Bilateral

Cerebral Palsy
A. Vuong, E.G. Fowler, J. Matsumoto, L.A. Staudt, H. Yokota, and S.H. Joshi

ABSTRACT

BACKGROUND AND PURPOSE: Selective voluntary motor control is an important factor influencing gross motor function, interjoint
coordination, and the outcome of hamstring-lengthening surgery in spastic cerebral palsy. Using DTI, we investigated whether
selective voluntary motor control would show strong correlations with WM motor tract microstructure and whether selective vol-
untary motor control is more sensitive to global WM impairment than gross motor function.

MATERIALS ANDMETHODS: Children with spastic bilateral cerebral palsy born preterm and typically developing children were recruited.
The Selective Control Assessment of the Lower Extremity (SCALE) and Gross Motor Function Measure (GMFM) were assessed in partici-
pants with cerebral palsy. Participants underwent brain MR imaging to collect DWI data. Tract-Based Spatial Statistics was used to ana-
lyze the WM for between-group differences and correlations with SCALE and GMFM. ROI analyses compared motor regions.

RESULTS: Twelve children with cerebral palsy (mean age, 11.5 years) and 12 typically developing children (mean age, 10.3 years) participated.
Altered DTI outcomes were found throughout the whole brain for the cerebral palsy group. SCALE, developed to evaluate selective vol-
untary motor control in cerebral palsy, showed significant positive correlations with fractional anisotropy in more WM voxels throughout
the whole brain and for motor regions, including the corticospinal tract and corpus callosum, compared with GMFM. A significant nega-
tive correlation between radial diffusivity and SCALE, but not GMFM, was found within the corpus callosum.

CONCLUSIONS: SCALE was a more sensitive clinical correlate of motor and whole-brain WM tract impairment in children with
spastic bilateral cerebral palsy, suggesting greater anisotropy and myelination in these regions for those with higher selective volun-
tary motor control.

ABBREVIATIONS: AD ¼ axial diffusivity; CC ¼ corpus callosum; CerPed ¼ cerebral peduncle; CP ¼ cerebral palsy; CST ¼ corticospinal tract; FA ¼ fractional
anisotropy; GMFCS ¼ Gross Motor Function Classification System; GMFM ¼ Gross Motor Function Measure; MD ¼ mean diffusivity; PLIC ¼ posterior limb of
the internal capsule; RD ¼ radial diffusivity; SCALE ¼ Selective Control Assessment of the Lower Extremity; SCR ¼ superior corona radiata; SVMC ¼ selective
voluntary motor control; TDC ¼ typically developing children

Periventricular leukomalacia is an MR imaging finding associ-
ated with perinatal injury to the cerebral WM. Children born

prematurely are at higher risk of neurologic sequelae, including
spastic bilateral cerebral palsy (CP) associated with periventricular
leukomalacia.1-3 Within spastic bilateral CP, there is a wide range
of clinical outcomes, and lower extremity function varies among

individuals. The microstructural properties of cerebral WM and
the neuronal organization associated with the range of motor
impairments in spastic CP are not well-understood.1,2

Spastic CP is associated with damage to the corticospinal tract
(CST) and other motor pathways that are responsible for selective
voluntary motor control (SVMC). SVMC reflects the ability to
perform isolated, skilled, and precise movements of a joint or limb
with control of force and speed on request.4 Impaired SVMC affects
coordination between the lower extremity joints, resulting in cou-
pling of the hip, knee, and ankle to varying degrees.5 SVMC was
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shown to have a strong influence on the gait and mobility charac-
teristics of children with spastic CP.6,7 In addition, it has been used
as a prognostic factor for hamstring surgery8 and selective posterior
rhizotomy.9 SVMC, as measured by the Selective Control
Assessment of the Lower Extremity (SCALE)4, had a larger causal
effect on gross motor function compared with dynamic motor con-
trol (based on gait electromyography), strength, spasticity, contrac-
tures, and bony deformities.7

DTI is often used to assess microstructural WM differences in
children with spastic bilateral CP.1,2,10,11 This MR imaging tech-
nique provides image contrast based on the translational dis-
placement or diffusion of water molecules in the brain.12,13 DTI
measures of fractional anisotropy (FA), radial diffusivity (RD),
axial diffusivity (AD), and mean diffusivity (MD) provide details
about tissue alterations associated with WM damage in CP.12,13

In clinical populations and relative to normative values, lower FA
has been interpreted as a local marker of the disruption of local
tissue microstructural anisotropy, higher RD has corresponded
with damaged myelination, lower AD has reflected axonal injury,
and higher MD has indicated greater overall diffusivity within a
region.12-14 Together, these DTI outcomes reveal a holistic pic-
ture of microstructural differences in cerebral WM.

WM differences between children with spastic CP and typically
developing children (TDC) have previously been found using
DTI.1,2,10,11 Motor function in children with spastic bilateral CP
involves multiple regions of the brain beyond the CST and motor
regions, including the commissural and association tracts and the
visual, limbic, and sensory regions.1,15 Therefore, methods and
approaches that focus on a set of a priori regions ultimately limit
the scope of analysis and may underestimate the global extent of
WM differences.12 In contrast, Tract-Based Spatial Statistics
(TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS), a whole-brain
voxel-based approach, is a comprehensive method to assess WM.
AlteredWM in spastic bilateral CP relative to TDC has been found
using voxel-based approaches including TBSS.1,2,10 In addition,
correlations between DTI outcomes and a measure of mobility
using the Gross Motor Function Classification System (GMFCS),16

a categoric score, have been reported.2,10 While prior DTI correla-
tion analyses have used this mobility classification system to assess
CP severity, none have used a motor performance measurement
that includes SVMC.

To our knowledge, this is the first study to evaluate the rela-
tionships between a clinical measure of SVMC in spastic CP and
DTI outcomes for motor regions of the brain. SVMC was
assessed using SCALE.4 Our primary hypothesis was the follow-
ing: 1) SCALE would show a significant correlation with DTI
outcomes in the motor tracts, particularly the CST; and 2)
SCALE would be more sensitive to WM impairment than the
Gross Motor Function Measure (GMFM),17 a measure of gross
motor function in spastic CP. Our secondary hypothesis was that
significantly different DTI outcomes would be found for children
with CP compared with a control group of TDC.

MATERIALS AND METHODS
Participants
This study was conducted in an outpatient clinical research center
(Center for CP at UCLA/OIC and Ahmanson-Lovelace Brain

Mapping Center). The institutional review board of the University
of California Los Angeles provided ethics approval. Informed con-
sent and assent for research were obtained from the children and
their parents or guardians.

Inclusion criteria for all participants were the following: 1)
between 5 and 18 years of age, 2) the ability to understand and
follow verbal directions, and 3) the ability to lie still. Additional
inclusion criteria for the CP group were the following: 1) a history
of prematurity, 2) a diagnosis of spastic bilateral CP and periven-
tricular leukomalacia as evidenced by MR imaging or sonogra-
phy, and 3) the ability to walk with or without assistive devices.

Exclusion criteria for all participants were the presence of the
following: 1) metal implants not verified as MR imaging–safe, 2)
programmable implants including ventriculoperitoneal shunts
and intrathecal baclofen pumps, and 3) dental braces. Additional
exclusion criteria for children with CP were the following: 1) seiz-
ures not controlled by medication, 2) orthopedic surgery or neu-
rosurgery within 1 year of starting the study, and 3) botulinum
toxin or casting within 3 months of starting the study. Additional
exclusion criteria for the TDC group were neurodevelopmental,
neuromuscular, or neuropsychiatric diagnoses and visible abnor-
malities as observed on T1-weighted structural scans.

Clinical Assessments
The CP group was evaluated by experienced physical therapists
using standardized protocols. GMFM dimensions D (standing)
and E (walking, running, and jumping) were assessed.17 The
GMFM-66 Gross Motor Ability Estimator program was used to
compute the final scores. SCALE was used to assess SVMC.4

Specific isolated movement patterns at the hip, knee, ankle, subta-
lar, and toe joints were evaluated bilaterally. SCALE scores for
each limb ranged from 0 (absent SVMC) to 10 (normal SVMC).4

Left and right limb scores were summed for a total SCALE score
with a maximum value of 20.

MR Imaging Protocols
Before MR imaging sessions, children viewed a slide presentation
describing MR imaging procedures and practiced lying still for
10minutes while listening to recordings of MR imaging sounds.
Movies were provided during the MR imaging acquisition for chil-
dren to view on request. All T1WI and DWI scans were acquired
using a 32-channel coil on a 3T Magnetom Prisma MR imaging
scanner (Siemens). T1-weighted MPRAGE images were obtained
using TR ¼ 2500ms; TE ¼ 1.8, 3.6, 5.39, and 7.18ms; FOV ¼
256 � 256mm2; and isotropic voxel resolution¼ 0.8 � 0.8 �
0.8mm3. DWI scans were obtained using a single-shot, spin-echo,
echo-planar acquisition with 6 reference images (b ¼ 0 s/mm2), 52
gradient directions (b ¼ 1500 s/mm2), TR¼ 3231ms, TE ¼
89.6ms, FOV ¼ 210 � 210mm2, echo spacing¼ 0.69ms, and iso-
tropic voxel resolution¼ 1.5� 1.5� 1.5mm3.

Statistical Analysis
TBSS, a whole-brain voxel-based approach, was used to assess
differences in DTI outcomes between the CP and TDC
groups and correlations between DTI outcomes and SCALE
and GMFM in the CP group. Whole-brain analyses of DTI
outcomes FA, RD, AD, and MD were performed with TBSS
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using the FMRIB (FSL) Diffusion Toolbox (http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/FDT).18 The mean WM skeleton used in
this analysis was derived from and overlaid on the FMRIB58
standard-space FA template (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FMRIB58_FA). Results were obtained after 5000 per-
mutation-based randomized tests and corrected for multiple
comparisons (P, .05) using the threshold-free cluster
enhancement procedure.19 Voxels with significant differen-
ces and correlations were projected separately onto the mean
WM skeleton.

ROI analyses were performed to quantify voxels with significant
findings within specific regions of the brain. Using the Johns
Hopkins University ICBM-DTI-81 WM atlas labels (http://neuro.
debian.net/pkgs/fsl-jhu-dti-whitematter-atlas.html),20 we trans-
ferred ROIs to all images produced in the TBSS pipeline after non-
linear warping to the standard Montreal Neurological Institute 152
space and skeletonization. ROIs located along the descending path-
ways of the CST were parcellated bilaterally into the following
regions (Fig 1A): 1) area inferior to the cerebral peduncle (sub-
CerPed), 2) cerebral peduncle (CerPed), 3) posterior limb of the

FIG 1. TBSS results show significant differences (P ,.05) in DTI measures between the CP and TDC groups. Coronal slices were selected at the
level of the CST. From left to right, axial slices were selected at the level of the motor cortex, PLIC, and CerPed, respectively. Mid-sagittal slices
were selected at the level of the CC. A, The WM skeleton is shown in green with arrows labeling the CST, somatosensory cortex, parietal lobe,
external capsule, PLIC, anterior limb of the internal capsule (ALIC), and corpus callosum. In the coronal view, ROIs for the SCR (red), PLIC (yellow),
CerPed (blue), and sub-CerPed (orange) are shown. Significant differences between the CP and TDC groups are shown for FA (B), RD (C), AD (D),
and MD (E). The hot colormaps denote whether a DTI measure for the CP group was less than (red-yellow) or greater than (blue-light blue) that
in the TDC group. A indicates anterior; FWE, family-wise error; I, inferior; L, left; P, posterior; R, right; S, superior.
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internal capsule (PLIC), and 4) superior corona radiata (SCR). The
sub-CerPed ROIs are labeled as CST in the Johns Hopkins
University WM atlas labels. ROIs for the corpus callosum (CC)
were the genu, body, and splenium.

To further compare the CP and TDC groups, we calculated
means for FA, RD, AD, and MD in each ROI. Data were tested
for normal distribution using the Shapiro-Wilk test.21 Between-
group differences were analyzed using t tests, assuming unequal
variance (JMP Pro 14; SAS Institute). Corrections for multiple
comparisons were made using the Benjamini-Hochberg false dis-
covery rate.22

Significant correlations between DTI outcomes and clinical
measures (SCALE and GMFM) within each ROI were quantified
for the CP group by performing voxel counts in FSL (http://www.
fmrib.ox.ac.uk/fsl). The percentages of significant voxels in rela-
tion to the total number of voxels within ROIs were calculated.

RESULTS
Twelve children with spastic bilateral CP (2 girls, 10 boys; mean
age, 11.5 [SD, 2.8] years; age range, 7.3–16.6 years) participated.
GMFCS levels were the following: I (n¼ 3), II (n¼ 1), III (n¼ 7),
and IV (n¼ 1). Total SCALE scores ranged from 1 to 18. Twelve
participants were recruited for the TDC group (12 boys; mean
age, 10.3 [SD, 1.5] years; age range, 7.5–12.9 years).

Group Differences
The mean WM skeleton used for statistical comparisons of
whole-brain WM voxels is shown in Fig 1A. The CP group
showed significantly lower FA values throughout the whole brain
compared with the TDC group (Fig 1B). These areas included the
CST, somatosensory cortex, parietal lobe, optic radiation, anterior
limb of the internal capsule, external capsule, and CC. Within the

CST, FA was significantly lower in the CerPed, PLIC, and motor
cortex, but no significant differences were found in the SCR. RD
was higher for the CP group throughout the brain, but fewer dif-
ferences were found anteriorly at the level of the CerPed com-
pared with other regions (Fig 1C). Bidirectional results were seen
for AD (Fig 1D), which was lower for the CP group at the level of
the CerPed and cortex (coronal view) but higher for the CP group
in the posterior end of the PLIC (axial view) and SCR bilaterally
(coronal view). Fewer differences in AD were seen at the level of
the motor cortex (right hemisphere) compared with other
regions. MD was higher for the CP group within the CC, right
CerPed, bilateral PLIC, SCR, and motor cortex (Fig 1E).

ROI analysis revealed significant differences between mean
DTI outcomes of the CP and TDC groups within specific ROIs
located along the CST and CC (Fig 2). Significantly lower FA val-
ues in the right sub-CerPed, CerPed bilaterally, and CC body and
splenium were found for the CP group. In contrast, RD was sig-
nificantly higher for the CP group in the CerPed bilaterally and
CC body and splenium. AD was significantly lower for the CP
group in the left CerPed and higher in the SCR bilaterally. MD
was significantly higher for the CP group in the SCR bilaterally
and CC body and splenium.

Correlation Analyses
In the whole-brain correlation analyses for the CP group, signifi-
cant correlations were found for FA and RD but not for AD and
MD (Fig 3). Significant positive correlations were found between
FA and SCALE for all slices shown in Fig 3A. These correlations
were associated with motor function regions, including the CST
at the level of the CerPed (right. left), PLIC (right. left), motor
cortex (left . right), and CC. Fewer voxels within these motor
regions exhibited significant positive correlations between FA

FIG 2. Mean differences in DTI measures between the CP and TDC groups within ROIs for the CST and CC. The asterisk indicates significant dif-
ferences (P,.05). L indicates left; R, right.
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and GMFM (Fig 3B). In the motor cortex, FA correlated with
both SCALE and GMFM for bilateral lower extremity CST and
left upper extremity CST as seen from the coronal views. More
voxels showed significant correlations with SCALE than with
GMFM in these regions. RD exhibited significant negative corre-
lations with SCALE in the CC (Fig 3C), but significant correla-
tions with GMFMwere not found (Fig 3D).

Voxel counts of significant correlations between DTI out-
comes and clinical measures within the CST and CC ROIs are
shown in the Table. FA correlated positively with SCALE within
the right sub-CerPed, CerPed (right . left), PLIC (right . left),
SCR (right . left), and CC body and splenium. Compared to
SCALE, fewer voxels showed significant positive correlations
between FA and GMFM within the PLIC, SCR, CC body and
splenium, and throughout the whole brain (30.4% versus 14.4%,
respectively). No voxels showed significant correlations between
FA and GMFM within the CerPed and sub-CerPed ROIs. RD
correlated negatively with SCALE for voxels within all CC ROIs
but not CST ROIs. No significant correlations between RD and
GMFMwere found in voxels for the CST and CC ROIs.

DISCUSSION
This was the first study to associate SCALE, a sensitive measure
of SVMC, with DTI outcomes for the CST and other WM tracts
in children with spastic bilateral CP. We demonstrated that FA
correlated with SCALE in key regions of the CST. A previous
DTI study had reported that sensory but not motor tracts corre-
lated with motor function using visual assessment of tract impair-
ment.23 Motor function in that study, however, was measured
using hand-held dynamometry, which is difficult to measure reli-
ably in children with poor motor control.24 Additionally, the
motor skill and ambulatory level were not well-defined. In our
analysis, both SCALE and GMFM, which are valid clinical meas-
ures for spastic CP, were associated with CST impairment.
SCALE emerged as the stronger clinical correlate using TBSS. To
quantify the spatial differences, we performed voxel counts in 3D
motor ROIs. In comparison with GMFM, the number of voxels
with significant correlations between SCALE and FA and the
number of voxels with significant correlations between SCALE
and RD were greater, establishing SCALE as the more sensitive
clinical correlate. Previous studies demonstrating a positive

FIG 3. TBSS results show significant correlations (P ,.05) between DTI measures and clinical measures for the CP group. Coronal slices were
selected at the level of the CST. From left to right, axial slices were selected at the level of the motor cortex, PLIC, and CerPed, respectively.
Mid-sagittal slices were selected at the level of the CC. Significant correlations are shown for FA vs. SCALE (A), FA vs. GMFM (B), RD vs. SCALE
(C), and RD vs. GMFM (D). The hot colormaps denote whether the correlations were positive (red-yellow) or negative (blue-light blue). A indi-
cates anterior; FWE, family-wise error; I, inferior; L, left; P, posterior; R, right; S, superior.
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relationship between CST FA and functional ability were limited
by their use of the GMFCS rating scale, which is a categoric
descriptor of mobility.2,10 In contrast, SCALE and GMFM used
in the present study are numeric measures of motor function.

Correlations of FA and RD with SCALE in the CC showed
similar trends as reported by Arrigoni et al,10 in 2016, who
reported correlations of FA and RD with GMFCS in the body of
the CC. The significant negative correlations between RD and
SCALE in the present study suggest that callosal fibers serving
interhemispheric sensorimotor communication are better my-
elinated for children with greater SVMC.25 These findings may
reflect one component of SCALE scoring procedures, the pres-
ence of mirroring, which lowers the score. Mirroring occurs
when an intentional joint movement on one side of the body is
accompanied by an obligatory synkinetic movement on the con-
tralateral side.4 There are known associations between myelina-
tion of the CC and inhibition of mirroring.26-28 Additionally,
transcallosal motor fibers located in the CC body are believed to
play an important role in motor control and inhibition of
unwanted mirror movements,29 and lower FA in transcallosal
motor fibers has been associated with mirroring in the hands of
children with bilateral spastic CP and periventricular leukomala-
cia. The same mechanism likely occurs in lower extremity mir-
roring but has not been studied, to our knowledge.

Widespread correlations between SCALE and FA beyond the
motor regions were found. In Fig 3, FA correlations with SCALE
but not GMFM were seen in the brain stem, visual association
pathways, and temporal lobes, suggesting that the integrity of
these association pathways was more important for skilled, pre-
cise movements than for gross motor activities. Although a direct
link between these regions and the ability to execute precise lower
extremity movements is difficult to ascertain, such extensive cor-
relations support prior studies demonstrating a relationship
between motor function in spastic CP and long-range network
connectivity disruptions of various nonmotor networks, includ-
ing WM regions comprising the visual, limbic, and sensory sys-
tems.1,15 Additionally, lower SCALE scores may be associated
with the overall severity of CP, including comorbidities of visual
and cognitive impairments.

Consistent with previous studies, children with spastic bilat-
eral CP had lower FA, higher RD, and higher MD in key regions
of the CST, specifically the CerPed, PLIC, and motor cortex,
compared with TDC.2,10 While periventricular leukomalacia is a
hallmark of spastic CP, no significant between-group differences
in FA were found in the periventricular WM. FA values in this
region are affected by an abundance of crossing fibers beyond the
CST, including the corticopontine, corticobulbar, and thalamo-
cortical tracts, causing more variability in FA. This factor leads to
overall reduced measurements of FA in this region and may con-
tribute to the statistically nonsignificant group differences.1 In
spastic CP, WM pathology extends beyond the periventricular
WM.2,10 Accordingly, we found widespread higher RD for the
CP group in the somatosensory cortex, parietal lobe, optic radia-
tion, anterior limb of the internal capsule, external capsule, and
CC. These higher RD values within the CST and throughout the
whole brain are consistent with a lack of mature myelinated fibers
and secondaryWallerian degeneration.3

Little is known about the relevance of AD differences between
the spastic CP and TDC groups. In this analysis, mixed results
were found for AD. Unexpectedly, AD was higher in the periven-
tricular WM including the SCR for the CP cohort (Figs 1D and
2). This finding may be associated with the radial diffusion of
crossing fibers running perpendicular to the ascending/descend-
ing tracts in this region.30 The interpretation of this result is not
straightforward because the utility of AD as a putative marker of
axonal degeneration or a precise descriptor of tissue microstruc-
ture is still under investigation.25,31

Statistically significant group differences observed in TBSS
were not always reflected in ROI analyses (Figs 1 and 2). This
issue can be attributed to the fact that ROI analyses smoothed
data over large areas, reducing noise and the number of multiple
comparisons. Notably, group-difference analyses in TBSS
revealed brain-wide effects in the CP group, suggesting wide-
spread microstructural tissue disruptions. Although motor tracts
are deemed the region of injury in CP, WM pathways implicated
in vision, hearing, sensation, proprioception, and cognition may
be impacted.32 These findings are consistent with common
comorbidities of spastic CP and may also suggest a global

ROI correlation analyses comparing motor and whole-brain WM regions

Regions Voxel Count
Voxels with Significant Correlations

FA vs. SCALE (%) FA vs. GMFM (%) RD vs. SCALE (%) RD vs. GMFM (%)
CST
Sub-CerPed R 375 23 (6.1) 0 (0) 0 (0) 0 (0)
Sub-CerPed L 395 0 (0) 0 (0) 0 (0) 0 (0)
CerPed R 598 266 (44.5) 0 (0) 0 (0) 0 (0)
CerPed L 624 74 (11.9) 0 (0) 0 (0) 0 (0)
PLIC R 845 198 (23.4) 74 (8.8) 0 (0) 0 (0)
PLIC L 858 20 (2.3) 18 (2.1) 0 (0) 0 (0)
SCR R 1294 451 (34.9) 387 (29.9) 0 (0) 0 (0)
SCR L 1279 94 (7.3) 25 (2.0) 0 (0) 0 (0)
CC
Genu 1758 0 (0) 0 (0) 54 (3.1) 0 (0)
Body 3138 1177 (37.5) 692 (22.1) 874 (27.9) 0 (0)
Splenium 2298 904 (39.3) 615 (26.8) 686 (29.9) 0 (0)
Whole brain 126,000 38,251 (30.4) 18,136 (14.4) 2779 (2.2) 0 (0)

Note:—L indicates left; R, right.

AJNR Am J Neuroradiol 42:2054–61 Nov 2021 www.ajnr.org 2059



adaptation and neuroplasticity owing to recruitment of different
brain regions postdamage.

These widespread differences in the CP group can also be
understood in terms of network-connectivity disruptions.
Englander et al,15 in 2013, showed changes to both short- and
long-range brain network connectivity not limited to the sensori-
motor network in severe-versus-moderate CP, though they did
not include a healthy control sample. While we did not have a
sufficient sample size to differentiate between severe and moder-
ate cases of CP, our global voxelwise findings implicated similar
WM regions including the visual, auditory, and cognitive sys-
tems. Ceschin et al,1 in 2015, found widespread voxelwise reduc-
tions of FA in CP and also showed disruption in network
connectivity based on global topologic connectivity measures
throughout the whole brain. Furthermore, they found alterations
in the frontal-striatal and frontolimbic nodes, suggesting com-
pensatory reorganization involving these frontal lobe pathways.1

Jiang et al,33,34 in 2019 and 2021, used DTI to show reduced
global and nodal network efficiency and increased shortest-path
length using the fiber count metrics in infants diagnosed with
periventricular WM injury and spastic CP.33,34 Their study
defined nodes as anatomic regions on the cortical gray matter
and implicated impairment to the frontal, visual, and cingulate
cortices in addition to the supplementary motor area, causing vis-
ual spatial or visual perception deficits.34

While our hypotheses targeted the CST and WM motor tracts
in general, brain-wide WM group differences and brain-wide
SCALE correlations suggest both a network-structure disruption
effect and a network-region recruitment effort by long-range brain
fibers that may serve in a compensatory capacity in response to
periventricular leukomalacia injury. Zhou et al,35 in 2017, sug-
gested the theory of “imperfect compensation,” whereby the red
nucleus and rubrospinal tract, which are normally inhibited in
early life in TDC, further develop to provide compensatory motor
control (flexor and extensor synergy patterns) in cases of motor
tract injury. While higher FA relative to controls has been reported
in the rubrospinal system of adults following stroke,36,37 higher FA
for the CP group in the present study was not found in any WM
region. The development of new network-driven hypotheses tar-
geting brain connectivity and compensatory mechanisms in
response to perinatal brain injury should be explored.

The study was limited by a small sample size because we could
include only participants who could cooperate with MR imaging
without sedation. ROI analyses at the level of the primary motor
cortex could not be performed because this region was not
included in predefined segmentations of the Johns Hopkins
University WM atlas labels.

CONCLUSIONS
This study establishes SCALE as a clinical correlate of multiple
DTI measures. SCALE was sensitive to WM impairment within
the CST and CC and throughout the whole brain. This study sup-
ports FA and RD as strong indicators of WM motor injury. It
confirmed that children with spastic bilateral CP have altered
WM diffusion properties throughout the whole brain, including
the CST. Responsiveness to intervention using DTI measures is
an important area for future research in CP.
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MR Imaging Differences in the Circle of Willis between
Healthy Children and Adults

K.P. Guilliams, N. Gupta, S. Srinivasan, M.M. Binkley, C. Ying, L. Couture, J. Gross, A. Wallace, R.C. McKinstry,
K. Vo, J.-M. Lee, H. An, and M.S. Goyal

ABSTRACT

BACKGROUND AND PURPOSE: Asymmetries in the circle of Willis have been associated with several conditions, including migraines
and stroke, but they may also be age-dependent. This study examined the impact of age and age-dependent changes in cerebral
perfusion on circle of Willis anatomy in healthy children and adults.

MATERIALS AND METHODS: We performed an observational, cross-sectional study of bright and black-blood imaging of the proximal
cerebral vasculature using TOF-MRA and T2 sampling perfection with application-optimized contrasts by using different flip angle evolu-
tion (T2-SPACE) imaging at the level of the circle of Willis in 23 healthy children and 43 healthy adults (4–74 years of age). We compared
arterial diameters measured manually and cerebral perfusion via pseudocontinuous arterial spin-labeling between children and adults.

RESULTS: We found that the summed cross-sectional area of the circle of Willis is larger in children than in adults, though the
effect size was smaller with T2-SPACE-based measurements than with TOF-MRA. The circle of Willis is also more symmetric in chil-
dren, and nonvisualized segments occur more frequently in adults than in children. Moreover, the size and symmetry of the circle
of Willis correlate with cerebral perfusion.

CONCLUSIONS: Our results demonstrate that the circle of Willis is different in size and symmetry in healthy children compared
with adults, likely associated with developmental changes in cerebral perfusion. Further work is needed to understand why asym-
metric vasculature develops in some but not all adults.

ABBREVIATIONS: AcomA ¼ anterior communicating artery; CoW ¼ circle of Willis; CoW-area ¼ overall CoW size; CoW-di ¼ CoW deviation index; ICC ¼
intraclass correlation coefficient; pCASL ¼ pseudocontinuous arterial spin-labeling; PcomA ¼ posterior communicating artery

First described by Thomas Willis in the 1600s,1 the circle of
Willis (CoW) is a vascular ring that functionally lies between

the distal ICAs and basilar arteries, and the proximal anterior,
middle, and posterior cerebral arteries (Fig 1). A complete CoW
is often viewed as a mechanism to provide protective collateral
flow. Asymmetries in the CoW may be associated with increased
stroke risk, particularly in people with carotid stenosis2-4 or
aneurysms.5 Recent studies have noted an increase in asymme-
tries with age,6,7 but these studies have been limited to adults,
with most adults reported older than 40 years of age.

In detailed postmortem studies since 1905, completely absent
segments of the CoW are rare, on the order of �3%–5%.8-10

However, asymmetries of the CoW due to hypoplastic or “func-
tionally absent” segments are much more common, with esti-
mates of approximately 30%–60% in adults.8,9,11-13 Hypoplastic
segments are also common with older age in a heterogeneous
clinical population of older adults.6,7,14 However, despite.3 dec-
ades of MRA use, there are presently scant normative CoW imag-
ing data in children. Studies of the CoW in children are limited
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to a postmortem study15 and to those with neuropathology,
including brain tumors treated with radiation,16 neurofibromato-
sis,17 neonatal stroke,18 and prematurity.19 There remains a need
for evaluation of the CoW in healthy children in comparison
with adults.

The CoW is particularly unique with respect to the possible
vascular effects of cerebral perfusion changes because it repre-
sents a redundancy in proximal cerebral circulation.1 Cerebral
perfusion and CBF peak in the first decade of life and then
decrease substantially both globally and in a regionally specific
manner.20-24 Local CBF is, in part, regulated by arteriolar resist-
ance, though capillaries and large cerebral arteries may also con-
tribute to overall cerebral vascular resistance.25-27 Moreover, high
CBF implies either higher blood velocity, larger arterial cross-sec-
tion area, or both throughout the cerebral vasculature.28,29 Yet
currently, the effects of CBF, particularly higher CBF in child-
hood, on the cerebral vasculature are unknown.

The objective of our study was to evaluate the size and topol-
ogy of the CoW across the life span in healthy children compared
with healthy adults using both TOF-MRA and confirmatory T2
sampling perfection with application-optimized contrasts by
using different flip angle evolution (SPACE sequence; Siemens)
techniques and to investigate possible CBF mechanisms of CoW
changes. We hypothesized that the CoW would be larger and
more symmetric/complete in healthy children than in adults, pri-
marily in association with increased CBF during childhood.

MATERIALS AND METHODS
Subjects
This study was approved by the institutional review board of
Washington University School of Medicine and performed accord-
ing to provisions within the Declaration of Helsinki. Self-described
healthy participants 4–79 years of age were recruited via flyers,
word of mouth, and a volunteer data base maintained by our insti-
tution. Specific exclusion criteria included any known neurologic or

vascular illness or contraindications to MR imaging. In accordance
with Strengthening the Reporting of Observational Studies in
Epidemiology guidelines for observational cross-sectional studies,
we attempted to balance the number of subjects across 3 age groups
(children: 4–18, younger adults: 19–40, and older adults: 41–
80 years of age) by sex and for them to remain representative of the
ethnic composition of the greater St. Louis area to minimize bias.

MR Imaging and Angiography
Recruited participants underwent up to 30minutes of MR imaging
on either a 3T Tim Trio (Siemens) scanner (n¼ 58), or on the
same scanner following an upgrade to a 3T Magnetom PrismaFit
(Siemens) scanner (n¼ 8), both with a 32-channel head coil. MR
imaging protocol specifics are provided in the Online Supplemental
Data. Our goal was to produce a protocol that had short-enough
sequences to minimize motion artifacts, particularly in young chil-
dren, yet that could be equally applied to all age groups in this
cohort to avoid sequence-specific biases. Participants all underwent
the following imaging: 1) isotropic 1-mm3 sagittal T1-MPRAGE; 2)
3D TOF-MRA with a low flip angle (18°, to minimize intraluminal
saturation effects) centered over the CoW with 0.57 � 0.57 �
0.69 cm resolution; 3) 3D T2-SPACE centered over the CoW with
0.53 � 0.53 � 0.50 cm resolution; and 4) a pseudocontinuous arte-
rial spin-labeling (pCASL) sequence (TE/TR ¼ 12/3780ms,
resolution¼ 3.0 � 3.0 � 5.0mm, labeling duration ¼ 2000ms,
postlabeling delay¼ 1500ms, background suppression not per-
formed). An additional fast inversion recovery sequence of the
superior sagittal sinus was obtained to estimate individual blood T1
values for CBF calculations. A subset of participants (n¼ 36) also
underwent a phase-contrast sequence of the ICAs and vertebral
arteries at the level of the C2–C3 disk space to quantify whole-brain
blood flow (TE/TR¼ 4.06/107.2ms, resolution¼ 0.7 � 0.7 �
5.0mm, flip angle¼ 25°, 10 averages, velocity encoding ¼ 120
cm/s). Reader 1 (N.G.) reviewed all imaging for excessive noise,
motion artifacts, or incomplete imaging.

Vessel Segment Nomenclature
Definition and nomenclature of the vessel segments comprising
the CoW and major cerebral arteries follow current clinical con-
vention (Fig 1). On the basis of prior modeling work,30 we
applied a slightly simplified definition of the CoW as compris-
ing 7 segments: bilateral A1, P1, and PcomA segments, and a
single anterior communicating artery (AcomA). The ICA ter-
mini and basilar apex are defined as inflow segments, and the
M1, A2, and P2 segments, as outflow segments, and neither are
included in the simplified CoW definition. The ICA segments
are labeled from C1 proximally in the upper neck through C7 at
the terminus, according to Bouthillier et al,31 in 1996.

Vessel Diameter Measurement
Vessel measurements were performed on both TOF-MRA and
T2-SPACE sequences independently. The source TOF-MRA and
T2-SPACE images were analyzed using RadiAnt DICOM Viewer
software (Version 4 or 5; Medixant). A board-certified neuroradi-
ologist (M.S.G., with .3 years of postfellowship experience)
trained and supervised reader 1 (N.G., an undergraduate student)
to perform vessel-diameter measurements. Measurements were

FIG 1. The circle of Willis. 3D volume-rendering of the CoW from a
TOF-MRA in a young child. This shows the key segments comprising
the vascular ring, including AcomA (blue), the first segment of the ante-
rior cerebral artery (A1, orange), the PcomA (red), and the first segment
of the posterior cerebral artery (P1, green). Other arteries feeding the
CoW (the ICA and the basilar artery [BA]) and supplied by the CoW
(second segment of the anterior cerebral artery [A2], MCA, and second
segment of the posterior cerebral artery [P2]) are also labeled.
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performed using the RadiAnt default window settings to avoid
windowing bias. Measurements on all vessel segments from a
subset of participants (n¼ 15) were repeated by both reader 1
and reader 2 (J.G., a neuroradiology fellow) to assess intra- and
interrater reliability and to confirm the accuracy of measure-
ments by reader 1.

The diameters of C7, distal basilar artery, M1, M2, A1, A2, P1,
and P2 segments, AcomA, PcomA, and superior cerebellar arteries
were measured on both the TOF-MRA and T2-SPACE images.
On the TOF-MRA, the readers made additional measurements of
the ICA segments C1–C5/C6, the proximal and mid-basilar artery,
anterior inferior cerebellar artery, PICA, and vertebral arteries
because the TOF-MRA sequence had a larger craniocaudal FOV.
The procedure for measurement included multiplanar reconstruc-
tion with the double-oblique technique to identify the mid-cross-
section orthogonal to the course of each vessel segment being
measured (Fig 2). Care was taken to define the edge of a vessel con-
sistently due to partial volume effects. Readers measured 2 perpen-
dicular diameters at this cross-section using the ruler tool in
RadiAnt and then averaged the 2 to produce a final diameter.
Nonvisualized segments were assigned a value of zero.

Topologic Analysis of the CoW
We assessed the total summed cross-sectional area of the 7 meas-
ured segments of the CoW to determine its overall size (CoW-
area). To quantify asymmetries and grade differences between
hypoplastic and missing segments while also remaining indifferent
to which segments caused asymmetries, we reduced the CoW

topology a priori to a single variable defined as the CoW deviation
index (CoW-di). We calculated CoW-di as follows: First, we nor-
malized each segment diameter to the mean diameter from all 7
segments within the same CoW. Next, we created a cohort-average
CoW, defined as the set of mean segment ratios derived from all
participants, children and adults. Finally, a CoW-di for each indi-
vidual was calculated as the total Euclidean distance between the 7
segment ratios of the individual CoW and the cohort-averaged
CoW (Fig 3). A low CoW-di indicates that the relative sizes of the
CoW segments are similar to those of the cohort-averaged CoW,
whereas a high CoW-di indicates deviation from the group, either
due to higher degree of anterior-posterior and/or left-right asym-
metry, including that arising from nonvisualized segments (which
were assigned a zero diameter).

Cerebral Perfusion Analysis
The pCASL data were first preprocessed using a uniform pipeline
that included the following: 1) skull stripping with the FSL Brain
Extraction Tool (Version 6.0; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
BET); 2) motion correction using MCFLIRT from FSL (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/MCFLIRT), and 3) spatial smooth-
ing using in-house Matlab code (MathWorks). CBF was then cal-
culated from pCASL using Equation 1.32

1Þf ¼ lDMR1a

2aM0½expð�wR1aÞ � expð�ðt þ wÞR1a� ;

where f is CBF, l (0.9 g/mL) is the blood/tissue water partition
coefficient, R1a (1/blood T1 value) is the longitudinal relaxation

FIG 2. Double-oblique multiplanar reconstruction for vessel-diameter measurement. Two orthogonal planes of reconstruction were aligned
along the long axis of each arterial segment to be measured. These were then used to construct a cross-sectional plane through the midportion
of the vessel segment on which 2 perpendicular diameters were measured and averaged. Note that partial volume effects at the margins of the
artery could result in a slight degree of measurement bias and error. WL indicates window level; WW, window width.
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rate of blood, a is the tagging efficiency,M0 is the equilibriummag-
netization of brain, t is the duration of the labeling pulse, and w is
the postlabeling delay time. We assigned blood T1 values by age
group after measuring them manually from the fast inversion re-
covery sequence in 56 individuals and averaging them by ages (4–
11, 12–20, 21–40, 41–60, 61–80 years of age). The resulting CBF
maps were then summarized to ROIs defined by the Desikan-
Killiany and subcortical atlases following registration to individual
MPRAGE sequences that were processed by FreeSurfer Version 5.3
(http://surfer.nmr.mgh.harvard.edu) as discussed further below.

Whole-Brain Blood Flow Quantitation
We obtained phase-contrast MR imaging sequences to measure
blood velocities and cross-section areas of the distal cervical ICAs
and vertebral arteries in a subset of individuals. These were meas-
ured using the Vitrea software (Version 6.9.2; Vital Images)
semi-automated flow-quantification tool within the cardiac flow
program. Flow within each vessel was summed to compute
whole-brain blood flow.

Brain Structure Volumetric Analysis
Individual MPRAGE image volumes were analyzed with FreeSurfer,
Version 5.3 (default options), to provide estimates of intracranial
volume, whole-brain volume, gray and white matter volumes, ven-
tricular volumes, and regional cortical and subcortical volumes.
Cortical segmentation was performed according to the Desikan-
Killiany atlas.

Statistical Analysis
Statistical analysis was performed using the statistical program-
ming language R statistical and computing software, Version
3.5.2 and above (http://www.r-project.org/) and SAS software

(Version 9.4; SAS Institute). Despite a priori hypotheses that the
CoW would be larger and more symmetric in children, P values
are provided for these comparisons first from the conservative 2-
tailed t test for initial analysis with TOF-MRAmeasurements and
then the 1-tailed t test for confirmatory analysis with the T2-
SPACE measurements because the directionality of difference is
already known. The Mann-Whitney U (Wilcoxon rank sum) test
was also performed when there was significant skew in the distri-
butions. Descriptive statistics, confidence intervals, and addi-
tional specific statistical tests are detailed in the Results section.

Data Availability
Individual numeric measurements and raw imaging data obtained
in this study will be provided on reasonable request.

RESULTS
A total of 66 participants underwent MR imaging in this study,
ranging from 4 to 74 years of age (children: 4–18 years, n¼ 23;
younger adults: 19–40 years, n¼ 23; older adults: 41–74 years,
n¼ 20), including a similar number of males and females (34 males,
32 females). Five participants were excluded due to qualitatively
noisy or incomplete TOF data, leaving data from 61 participants
(19 children, 42 adults) for further analysis. Of these 61 participants,
7 had qualitatively noisy or incomplete T2-SPACE data (4 children,
3 adults) that was not included in subsequent analysis.

Intra- and Interrater Reliability of Manual Vessel
Diameter Measurements
Vessel diameter measurements (68 total measurements across
both sequences) were repeated for a subset comprising 15 partici-
pants (�1000 total measurements) twice by reader 1 and once by

FIG 3. Measurement of the CoW-di. A group average of the ratio of each CoW segment to the mean CoW diameter was calculated. For each
individual CoW, similar ratios were calculated for each of the 7 segments. The CoW-di was then calculated as the Euclidean distance between
the individual CoW ratios and the group-average ratios, thus representing the degree to which an individual CoW deviated in size from the
group average. Examples are shown for two 23 -year-old individuals, one with a very low CoW-di (0.29) and another with a high CoW-di (1.48),
largely due to a nonvisualized left P1 segment.
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reader 2. Across participants, the intrarater reliability was excellent
(intraclass correlation coefficient [ICC]¼ 0.96, range ¼ 0.89–0.98
across individual participants) with low bias and mean absolute
deviation (mean bias¼ 0.02mm, mean absolute deviation ¼
0.216mm). Interrater reliability was also excellent (ICC¼ 0.86,
range ¼ 0.79–0.92), but there was more bias (mean bias¼
0.49mm); after correcting for this bias, the mean absolute deviation
was low (mean absolute deviation ¼ 0.31mm), suggesting a sys-
tematic cause for the bias. After we reviewed the measurement pro-
cedure with each reader, this bias likely occurred due to differences
in how each reader accounted for partial volume effects at the mar-
gins of the vessel lumen. When comparing the mean diameter
measurements of C7, M1, and the distal basilar artery with those
published recently for a large cohort of adults, the measurements of
reader 1 (N.G.) are closer to previously published radii (published:
C7¼ 1.7mm, M1¼ 1.1mm, distal basilar ¼ 1.3 mm33; reader one:
1.7, 1.3, 1.6mm; reader two: 2.0, 1.6, 1.7mm, respectively). Reader
1 also completed measurements in all participants. Primary meas-
urements by reader 1 are, accordingly, used for the remainder of
the analysis.

TOF-MRA versus T2-SPACE Measurements
The intra- and interrater reliabilities across all participant data were
similar when calculated independently for the TOF-MRA and T2-
SPACE measurements (TOF-MRA: intrarater ICC¼ 0.91, inter-
rater ICC¼ 0.89; T2-SPACE: intrarater ICC¼ 0.93, interrater
ICC¼ 0.90). The mean difference between the TOF-MRA and T2-
SPACE measurements was 0.147mm (interquartile range¼ 0.126–
0.168mm) with limits of agreement ranging from �0.582 to
0.876mm. Although the overall difference between TOF-MRA and
T2-SPACE (TOF-MRA measurements were on average larger) was
statistically significant (paired t test, P, .001), vessel diameter did

not influence the difference between TOF-MRA and T2-SPACE
because proportional bias was not significant (slope¼ 0.0003,
P¼ .984). Further analysis of the circle of Willis did, however,
reveal an age effect on the differences between TOF-MRA and T2-
SPACE on the A1 and P1 segments bilaterally (Pearson r ¼ –0.33
to �0.70, all P, .05), but not the PcomA and AcomA segments
(r ¼ �0.25 to �0.08, all P. .05), suggesting that age-related CBF
differences may mediate differences between TOF-MRA and T2-
SPACE.

CoW Size and Topology in Children versus Adults
The total cross-sectional area of the CoW based on TOF-MRA
was, on average, 56% larger in children than in adults (CoW-
area: children mean¼ 27.7 mm2 [95% CI, 24.1–31.2] versus
adults mean¼ 17.8 mm2 [95% CI, 16.5–19.1]; t test, P, .001)
(Fig 4A and Table). With the T2-SPACE data, the CoW was, on
average, 17% larger in children (CoW-area: children mean¼ 16.6
mm2 [14.5–18.7 mm2] versus adults’ mean¼14.2 mm2 [13.0–
15.5 mm2]; t test, P, .05). CoW topology also differed between
children and adults. Children had a lower CoW-di, reflecting
greater symmetry, than adults with both the TOF-MRAmeasure-
ments (CoW-di: children’s mean¼ 0.48 [95% CI, 0.35–0.62] ver-
sus adults’ mean¼ 0.84 [95% CI, 0.69–0.99]; Mann-Whitney U
test, P, .01) (Fig 3B) and T2-SPACE data (CoW-di: children’s
mean= 0.68 [0.53–0.83] versus adults’ mean¼ 0.93 [0.77–1.08];
P, .05, Mann-Whitney U test, P, .05). Among 133 potential
CoW segments in 19 children, 5 were nonvisualized among 5
children (3.8% of vessel segments, 3 PcomAs and 2 AcomAs;
26% of the 19 children), whereas among 294 potential CoW seg-
ments in 42 adults, 31 were nonvisualized among 23 adults
(10.5% of vessel segments, 2 A1s, 18 PcomAs, 4 P1s, and 7
AcomAs; 55% of the 42 adults). The odds of a nonvisualized

FIG 4. Differences in CoW size and symmetry in children versus adults. The total CoW cross-sectional area was measured in healthy children
(n¼ 19) and adults (n¼ 42) on TOF-MRA images as described in the text. The mean total CoW cross-sectional area was larger in children than in
adults (children’s mean CoW-area¼ 27.7 mm2 versus adults’ mean CoW-area¼ 17.8 mm2, P, .0001). Note that T2-SPACE measurements repli-
cated these results, though with a smaller effect size as discussed in the text. CoW topology in children also more closely resembled the aver-
age topology found in the whole group, despite there being more adults in the whole group (children’s mean CoW-di¼ 0.48 versus adults’
mean CoW-di¼ 0.84, P, .001). As described in the text, the difference in CoW topology is, in part, due to a higher prevalence of nonvisualized
CoW segments in adults.
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segment were thus lower in children compared with adults
(Fisher exact test, OR¼ 0.36; 95% CI, 0.11–0.96; P, .05).

Relationship among CoW Segments
In an exploratory analysis of CoW segment-to-segment relation-
ships across all ages, PcomA diameter showed a strong inverse
relationship with the ipsilateral P1 diameter (Pearson r¼ –0.67 &
–0.71, L & R), as expected. Most interesting, whereas there was a
modest inverse correlation between the right A1 and AcomA seg-
ments (r¼ –0.52), there was minimal correlation between the left
A1 and AcomA segment (r ¼ –0.05). Further analysis of other
CoW data sets is needed to determine whether this asymmetry in
A1-AcomA size relationship is generalizable to other cohorts.

CoW Size and Topology in Relation to Cerebral Perfusion
Whole-brain blood flow estimated using pCASL correlated highly
and with minimal bias compared with that measured using
phase-contrast MR imaging (n¼ 37 paired comparisons, Pearson

r¼ 0.84; 95% CI, 0.70–0.91; linear
model slope ¼ 0.96; 95% CI, 0.75–
1.17), suggesting that the methods
used here to quantify CBF with
pCASL are reasonably accurate and
unbiased. All subsequent results are
thus with the pCASL data, which were
available for more of the participants.

Whole-brain CBF decreased signif-
icantly with age (n¼ 53, Pearson r ¼
–0.71; 95% CI, �0.54 to �0.82) and
was, on average, 59% higher in chil-
dren (children’s mean whole-brain
CBF ¼ 1.10 L/min (n¼ 16) versus
adults’ mean ¼ 0.69 L/min [n¼ 38]; t

test, P, .00001). Based on the TOF-MRA data, the size and to-
pology of the CoW correlate with whole-brain CBF (CoW-area
� CBF: Pearson r¼ 0.68; 95% CI, 0.50–0.80; CoW-di� CBF: r¼
�0.41; 95% CI, �0.16 to �0.61). Across the age span, decreases
in TOF-MRA-based measurements of the CoW-area tracked
closely with decreases in CBF (Fig 5), and the proportional differ-
ences between children and adults are similar for CoW-area
(56%) and whole-brain CBF (59%).

To further explore the relationship between CoW topology
and CBF, we compared individual diameter asymmetry in
PcomA and A1 size with asymmetry in the posterior cerebral ar-
tery and anterior cerebral artery territory CBF, respectively, the
latter defined on the basis of anatomic ROIs typically within
those arterial territories (posterior cerebral artery = cuneus, peri-
calcarine, lateral occipital regions; anterior cerebral artery = ros-
tral and caudal anterior cingulate, medial orbitofrontal, and
superior-frontal). PcomA vessel-size asymmetry correlated mod-
estly with posterior cerebral artery territory CBF asymmetry
(Pearson r ¼ 0.39; 95% CI, 0.13–0.59). However, there was no
correlation between A1 vessel size asymmetry and anterior cere-
bral artery territory CBF asymmetry (Pearson r¼ 0.03).

DISCUSSION
Since the anatomic and functional exposition of the CoW by
Thomas Willis in the 1600s,1 numerous studies of the CoW have
been published in a variety of research domains. The CoW is of-
ten viewed in the context of providing protective collateral flow
to the cerebral arteries in case of flow restriction within the inter-
nal carotid or basilar arteries. The importance of this protection
is currently most evident in older patients with atherosclerotic ca-
rotid or vertebrobasilar occlusive disease. The CoW may also
protect against direct compression of the carotid artery in the
neck and thereby reduce the effects of choking or neck trauma—
a role that might have been more evolutionarily pertinent.

Yet, the CoW may also have physiologic roles beyond provid-
ing protective collateral circulation.34 The current study suggests
that the CoW is both larger and more visibly complete in healthy
children than in adults; this feature is associated with develop-
mental differences in CBF. It is possible, then, that the CoW also
provides a developmental function, namely in adjudicating flow
between the anterior and posterior circulations during normal
brain development and maturation. During early infant brain

Summary CoW measurements in healthy children versus adults
Children (0–18 years of

age)
Adults (19–74 years of

age)
No. of participants 23 43
Age (range) (yr) 9.5 (4–18) 40.7 (19–74)
Sex (female, male) 11, 12 21, 22
Excluded data 4 of 23 1 of 43
TOF-MRA CoW-area (mean)
(mm2)

27.7 (SD, 7.9) 17.8 (SD, 4.2)

TOF-MRA CoW-di (mean) 0.48 (SD, 0.30) 0.84 (SD, 0.49)
T2-SPACE CoW-area (mean)
(mm2)

16.6 (SD, 4.1) 14.2 (SD, 4.0)

T2-SPACE CoW-di (mean) 0.68 (SD, 0.29) 0.93 (SD, 0.49)
Nonvisualized segments 5/133 (3.8%) 31/294 (10.5%)
Whole-brain CBF (mean) (L/min) 1.10 (SD, 0.24) 0.69 (SD, 0.21)

FIG 5. CoW size tracks with CBF changes during development. Total
CoW cross-sectional area based on TOF-MRA and whole-brain CBF was
measured in participants ranging from 4 to 74years of age. There is a
gradual decrease in whole-brain CBF from childhood to adulthood that
parallels the decrease in total CoW cross-sectional area. Across partici-
pants, CoW size also correlated with whole-brain CBF (Pearson r¼ 0.68,
P, 10�7). Smoothing lines are for visualization purposes and are based
on LOcally WEighted Scatter-plot Smoother fits with span¼ 1.
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development, metabolism is higher in the occipital lobes and thal-
ami,35 which are predominantly supplied by the posterior cere-
bral arteries and branches arising from the P1 and PcomA
segments. As the brain matures, brain metabolism and blood
flow increase in other parts of the brain—most prominently in
the medial and prefrontal regions.21,23,36 Thus, there is an overall
developmental shift from the posterior-to-anterior circulation–
predominant CBF. Although changes in carotid or basilar artery
size could accommodate such changes, the CoW is well-posi-
tioned to assist in this transition. Indeed, prenatal cerebrovascular
development is associated with additional anastomoses between
the carotid and vertebrobasilar circulation that typically regress
before birth.37,38 The CoW might represent a later stage of cere-
brovascular development, though with limited regression that
occurs only in some adults.

Our finding that whole-brain CBF is associated with CoW
size and topology is consistent with the relationship between flow
and the product of cross-sectional area and blood velocity. The
relationship between cerebral artery size and blood flow is further
well-established in the context of arteriovenous malformation, in
which the feeding arteries are typically much enlarged and then
might normalize following obliteration of the arteriovenous mal-
formation. Our study did not include blood-velocity measure-
ments in the CoW. MR imaging–based velocity measurements in
the A1 segment do identify mildly higher velocities in children
compared with adults, though the difference in 1 study was
small.33 Such newer MR imaging–based flow-quantification
methods as well as the transcranial Doppler method would help
to fill in this gap and determine whether changes in CBF are also
associated with changes in blood velocity within the CoW.39,40

Nonvisualized segments in the CoW were notably rare in chil-
dren (3.8% of all vessel segments) and similar to that reported in
postmortem series (�3%–5%). Nonvisualized segments were
more common in adults (10.5%), likely due to the overall smaller
size of the CoW and decreased CBF that occurs in normal aging.
This finding suggests that studies of functionally absent or hypo-
plastic CoW segments in this context should include measures of
both age and CBF as a potential mediator of their findings. Our
proportion of adults with nonvisualized segments (55%) is com-
parable with other studies in adults, though it was less frequent
than in a recently reported population-based study suggesting
that up to 88% of adults have a nonvisualized segment;7 however,
this study exclusively examined adults 40–90 years of age,
whereas half of our adult population was younger than 40 years
of age, and we did not include any adults older than 80 years. Our
study was also purposefully biased toward healthy individuals.
Further work is needed to understand why the older population
has decreased CBF and increased asymmetries and whether these
might be a result of normal decreasing CBF and metabolic
changes in the brain, pathologic changes in the brain such as
cerebrovascular disease, or some combination of these factors.

An important strength of our study was the replication of key
findings with both a bright-blood, flow-sensitive sequence (TOF-
MRA) and a black-blood, anatomic sequence (T2-SPACE). Both
sequences demonstrated the CoW to be larger and more symmet-
ric in children than in adults. However, the effect size was consid-
erably larger with TOF-MRA-based measurements than with T2-

SPACE (eg, 56% versus 17% difference in CoW-area). Because
differences between TOF-MRA- and T2-SPACE-based arterial
diameters were, in part, related to the participant’s age, we pro-
pose that some of this difference might arise from differences in
cerebral blood flow exaggerating flow-related enhancement and
thereby the apparent vessel diameters in children/adults on the
TOF-MRA images. Our findings, thus, prescribe caution when
using only TOF-MRA or T2-SPACE to determine vessel diame-
ters, particularly if CBF is expected to vary; applying.1 sequence
with different underlying assumptions and artifacts may allow
convergent findings.

There are important limitations to the current study. First,
whereas the diameter measurements showed excellent intrarater
reliability, there was a small systematic interrater bias in these
measurements that was likely due to resolution limitations.
Future improvements in MR imaging technology and sequence
development will likely result in higher resolution methods that
provide higher precision and accuracy. Also, whereas these data
provide initial measures of the CoW in healthy children in com-
parison with adults, use of these measures as a normative control
for other studies should be avoided because data limitations
include reader- and sequence-specific biases, the modest number
of children in this study, and a cohort representative of only a sin-
gle institution and its surrounding community.

CONCLUSIONS
We found that the CoW is larger and more symmetric in chil-
dren, associated with developmental and aging changes in CBF.
Our study suggests that further investigation is warranted into
how and why asymmetries arise in the CoW during typical aging
or in the context of disease.
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Heterotopia in Individuals with 22q11.2 Deletion Syndrome
E. Neuhaus, E. Hattingen, S. Breuer, E. Steidl, N. Polomac, F. Rosenow, T. Rüber, E. Herrmann, C. Ecker,

L. Kushan, A. Lin, A. Vajdi, C.E. Bearden, and A. Jurcoane

ABSTRACT

BACKGROUND AND PURPOSE:MR imaging studies and neuropathologic findings in individuals with 22q11.2 deletion syndrome show
anomalous early brain development. We aimed to retrospectively evaluate cerebral abnormalities, focusing on gray matter hetero-
topia, and to correlate these with subjects’ neuropsychiatric impairments.

MATERIALS AND METHODS: Three raters assessed gray matter heterotopia and other morphologic brain abnormalities on 3D T1WI
and T2*WI in 75 individuals with 22q11.2 deletion syndrome (27 females, 15.5 [SD, 7.4] years of age) and 53 controls (24 females, 12.6
[SD, 4.7] years of age). We examined the association among the groups’ most frequent morphologic findings, general cognitive per-
formance, and comorbid neuropsychiatric conditions.

RESULTS: Heterotopia in the white matter were the most frequent finding in individuals with 22q11.2 deletion syndrome (n ¼ 29;
controls, n ¼ 0; between-group difference, P , .001), followed by cavum septi pellucidi and/or vergae (n ¼ 20; controls, n ¼ 0;
P , .001), periventricular cysts (n ¼ 10; controls, n ¼ 0; P ¼ .007), periventricular nodular heterotopia (n ¼ 10; controls, n ¼ 0;
P ¼ .007), and polymicrogyria (n ¼ 3; controls, n ¼ 0; P ¼ .3). However, individuals with these morphologic brain abnormalities did
not differ significantly from those without them in terms of general cognitive functioning and psychiatric comorbidities.

CONCLUSIONS: Taken together, our findings, periventricular nodular heterotopia or heterotopia in the white matter (possibly
related to interrupted Arc cells migration), persistent cavum septi pellucidi and/or vergae, and formation of periventricular cysts,
give clues to the brain development disorder induced by the 22q11.2 deletion syndrome. There was no evidence that these mor-
phologic findings were associated with differences in psychiatric or cognitive presentation of the 22q11.2 deletion syndrome.

ABBREVIATIONS: ADHD ¼ attention deficit/hyperactivity disorder; ASD ¼ autism spectrum disorder; CSP ¼ cavum septi pellucidi; CV ¼ cavum vergae;
22q11.2DS ¼ 22q11.2 deletion syndrome; IQ ¼ intelligence quotient; PNH ¼ periventricular nodular heterotopia

The 22q11.2 deletion syndrome (22q11.2DS, also known as
velocardiofacial or DiGeorge syndrome) is the most com-

mon microdeletion syndrome, which occurs in �1 in 3000–
6000 live births.1 Phenotypically, individuals with 22q11.2DS
may show a variety of symptoms, including congenital heart
defects, velopharyngeal insufficiency, and immunodeficiency.1

22q11.2DS is also associated with an elevated risk of psychiat-
ric disorders such as attention deficit/hyperactivity disorder
(ADHD), anxiety disorders, autism spectrum disorder (ASD),
schizophrenia during adulthood,2 and epilepsy,3,4 as well as in-
tellectual disability.5 To date, structural neuroimaging studies
have focused mainly on group differences between individuals
with 22q11.2DS and controls in terms of brain volume6,7 and
white matter structural changes.8 Subjects with 22q11.2DS
show widespread volume reductions in multiple gray and
white matter regions, particularly in the midline6,7 and major
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corticocortical white matter connections.8 Neuropathologic
reports9,10 found evidence that the deletion may disrupt neu-
rodevelopment, leading to altered migration of neurons in
early developmental stages, which, in turn, results in impaired
connectivity or organization of the fiber tracts. Morphologic
MR imaging analyses of the brain supported this hypoth-
esis, reporting, among other findings, polymicrogyria11 and
enlarged Sylvian fissures,12 both indicating a migration disor-
der during brain development.

Another common malformation of cortical development is
periventricular nodular heterotopia (PNH). It is formed by ec-
topic aggregates of neurons, caused by interruption of neuronal
migration from the ventricles to their correct location in the cor-
tex.13 To our knowledge, only 2 studies found evidence of PNH
in 22q11.2DS. One had a small sample size,10 and the other had a
clinical focus.4 This gap in knowledge prompted us to evaluate
and report MR imaging morphologic abnormalities of the brain
focused on detection of PNH in a large cohort of 75 individuals
with molecularly confirmed 22q11.2DS and in 53 controls. In
addition, we investigated the impact of the most frequent neuro-
radiologic abnormalities found in this study on general cognitive
performance and neuropsychiatric conditions.

MATERIALS AND METHODS
Subjects
This is a retrospective analysis of a data set from an originally
prospectively acquired DTI and volumetric study at the
University of California, Los Angeles. The local ethics committee
approved the study, and written informed consent or assent for
minors was obtained for all participants. The sample consisted of
80 subjects with molecularly confirmed 22q11.2DS and 57
controls.

Exclusion criteria were neurologic or medical conditions
(unrelated to 22q11.2DS) that might affect the brain structure, a
history of head injury, insufficient fluency in English, and/or
substance or alcohol abuse or dependence within the past 6
months. Controls additionally were excluded if they had intel-
lectual disability or met the criteria for any major mental disor-
der except ADHD or a past episode of depression.14

Nine subjects were excluded from analysis due to motion arti-
facts. Thus, analyzable data consisted of 75 subjects with
22q11.2DS (37 females, 38 males; mean age, 15.5 [SD, 7.4] years)
and 53 controls (24 females, 29 males; mean age, 12.6 [SD,
4.7] years) with a P value of .7 for sex and .05 for age.

Psychiatric, Cognitive, and
Neurologic Assessment
At the time of MR imaging, all subjects
underwent psychiatric and cognitive
testing (Structured Clinical Interview for
the Diagnostic and Statistical Manual of
Mental Disorders and/or Computerized
Diagnostic Interview for Children).
General intellectual functioning was
assessed using theWechsler Abbreviated
Scale of Intelligence or Wechsler Adult
Intelligence Scale, 4th ed. The diagnosis

of ASD was based on the Autism Diagnostic Observation Schedule15

and the Autism Diagnostic Interview-Revised.16 A complete descrip-
tion of the battery is published elsewhere.14 These assessments are
detailed in Table 1. As expected based on prior literature,2,5 indi-
viduals with 22q11.2DS had significantly lower intelligence quo-
tients (IQs) and higher rates of diagnoses of developmental
neuropsychiatric disorders. Seizure history was determined by par-
ent interviews. One individual with 22q11.2DS had an epilepsy his-
tory and was taking an anticonvulsant medication; 2 individuals
had a history of absence seizures in early childhood but no con-
firmed epilepsy diagnosis. All others had no seizure history. Due to
the mere anamnestic survey and the small number of individuals
with epilepsy, we have not performed any analyses regarding
epilepsy.

Image Acquisition and Analyses
MRIs were acquired on 2 identical 3T MR imaging systems (Trio;
Siemens) using a 12-channel head coil. A whole-brain sagittal 3D
MPRAGE sequence was acquired with the following parameters:
TR/TE/TI ¼ 2300/2.9/900ms, flip angle ¼ 9°, matrix size ¼ 240 �
256, in-plane resolution ¼ 1 � 1mm, 160 slices, thickness ¼
1.2mm. A T2* sequence was acquired with the following parame-
ters: TR/TE¼ 5000/33ms, matrix size¼ 128 � 128, in-plane reso-
lution¼ 1.64� 1.64mm, 35 slices, thickness¼ 3mm.

Three experienced board-certified neuroradiologists (S.B.,
E. Hattingen, and E.S.) independently evaluated the MR images,
blinded to the presence of 22q11.2DS and without having any back-
ground information on 22q11.2DS. The first and second raters iden-
tified obvious gray matter heterotopia-like lesions (cortex-
isointense, round, or ovoid) on T1WI. During their analyses, they
also noticed additional morphologic findings: cavum septi pellucidi
(CSP) and/or vergae (CV), periventricular cysts, and polymicrogy-
ria. Then, they confirmed heterotopia and cysts by consensus on
T2*WI: heterotopia as isointense to cortex and cysts as isointense to
CSF. T2*WI was not available for 2 subjects. The third rater inde-
pendently analyzed the data with respect to the additional morpho-
logic findings, and the final evaluation was performed by consensus
by the 3 raters.

The association between the most common morphologic
findings in this study and general cognitive performance or
comorbid neuropsychiatric conditions was investigated.

Statistical Methods
All analyses were performed in the R statistical environment
(Version 3.6; http://www.r-project.org/).17 Differences in demo-
graphics, psychiatric and cognitive assessment, and frequency of

Table 1: Summary of psychiatric and cognitive assessment by group
Characteristic Controls (n= 53) 22q11.2DS (n= 75) P Value

Mean verbal IQ T-score (SD) 59 (13) 36 (9) ,.001a

Mean nonverbal IQ T-score (SD) 54 (11) 35 (11) ,.001a

Mean full-scale IQ (SD) 112 (20) 78 (12) ,.001a

ASD (No.) (%) 0 (0%) 14 (19%) ,.001b

ADHD (No.) (%) 3 (5.7%) 38 (51%) ,.001b

Psychotic disorder (No.) (%) 0 (0%) 4 (5.3%) .14b

Anxiety disorders (No.) (%) 8 (15%) 37 (49%) ,.001b

aWilcoxon rank sum test.
bFisher exact test.
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morphologic anomalies between controls and individuals with
22q11.2DS were tested using the Wilcoxon rank sum test or Fisher
exact test. To assess whether certain morphologic findings are
more likely to occur together in individuals with 22q11.2DS, we
performed the Fisher exact test pair-wise. The conditional maxi-
mum likelihood estimate was used to estimate the odds ratios.
Cognitive test results of individuals with 22q11.2DS with and with-
out morphologic findings were compared using the 2-sample t test
or Wilcoxon rank sum test. The Shapiro-Wilk test was used for
normality testing; and the Fisher F-test, for the equality of varian-
ces. A multivariate logistic regression was performed to test the
associations between morphologic findings and the prevalence of
psychiatric disorders in individuals with 22q11.2DS.

RESULTS
Morphologic Findings
Of the 75 individuals with 22q11.2 DS, 48 (64%) had morphologic
findings versus none of the 53 controls (0%; P , .001) (Table 2).

Specifically, in this sample, we found the following morphologic
abnormalities: heterotopia (periventricular or in the white matter),
periventricular cysts, polymicrogyria, and CSP and/or CV (Fig 1
and Table 2).

The heterotopia-like lesions identified on T1WI were also isoin-
tense to the cortex on the T2*WI in all individuals with 22q11.2DS
and were thus confirmed as heterotopia. The periventricular cyst-
like lesions identified on T1WI were isointense to the CSF in all
except 1 T2*WI (Online Supplemental Data). In 1 subject, a cystlike
lesion proved to be a PNH by additional review of the T2*WI.
T2*WI was not available for 1 individual with PNH and 1 with a
cyst. Heterotopia and cysts occurred mostly in the frontal regions
(10/10 PNH, 28/29 heterotopia in the white matter, 9/10 cysts). In
7/29 individuals with 22q11.2DS, the distribution of heterotopia in
the white matter exceeded that in the frontal region. heterotopia-
like lesions in the white matter were also found in 4 controls on the
T1WI. However, these proved to be isointense to the CSF on
T2*WI, so they are most likely enlarged perivascular spaces and not
heterotopia (Online Supplemental Data).

Heterotopia and cysts frequently appeared together (Online
Supplemental Data; not significant after false discovery rate adjust-
ment). Other findings appeared independently. PNH were in all
except 2 individuals, multiple (n¼ 2–13) and bilateral. The cysts were
bilateral in 7 individuals, and 6 individuals had multiple cysts (n¼ 2–
12). A single cyst or heterotopion was adjacent to the anterior body of

the lateral ventricle. When multiple, they
appeared arranged in arching, chainlike
structures in the sagittal view (Fig 1). In
19/20 individuals with 22q11.2DS, the
CSP occurred in combination with CV;
in 1 individual, CSP occurred alone.
Polymicrogyria was unilateral, right-
sided, and located in the peri-Sylvian
area in all 3 individuals (Fig 1).

Association with Cognition,
Psychiatric Disorders, and
Neurology
There were no significant associations
between morphologic findings and gen-

eral cognitive performance for heterotopia (Fig 2), other single find-
ings, or all findings summed together (Online Supplemental Data).

Multivariate logistic regression (Online Supplemental Data)
showed no significant association between heterotopia and psy-
chiatric diagnoses (Fig 3) or between other morphologic find-
ings and psychiatric diagnoses.

The subject with confirmed epilepsy had no morphologic
abnormalities.

DISCUSSION
We retrospectively examined morphologic abnormalities in a
large, originally prospectively assessed cohort of 75 subjects with
22q11.2DS and 53 typically developing controls. We found a sig-
nificantly higher rate of anomalous morphologic findings in
those with 22q11.2DS (64%) than in controls (0%).

We found a significantly elevated rate of PNH in subjects with
22q11.2DS, with a prevalence of 13% versus 0% in controls. A
few studies have so far estimated the prevalence of PNH in
22q11.2DS: A study in a sample of 195 subjects (referred for a
clinical MR imaging scan) found a 4.1% prevalence,4 and a study
with a sample of 29 subjects (recruited from an epilepsy genetics
clinic) found a 17.2% prevalence.10 Given the originally prospec-
tive assessment of our cohort, our prevalence estimate is not bi-
ased by clinical referral. In our cohort, all PNH are uncommonly
located on top of the dorsal pole of the frontal horn of the lateral
ventricles, which is a pattern also reported by Rezazadeh et al.10

In contrast, “classic” PNH found in other conditions are bilateral,
multiple, nearly contiguous, and aligned along the outline of the
lateral ventricle walls.13 Additionally, we identified heterotopia in
the white matter with a prevalence of 39%. Heterotopic neurons
or nodules in the frontal white matter were described in some
neuropathologic case reports of individuals with 22q11.2DS but
were, in these cases, only microscopically visible.9,10

A DTI study found impaired connectivity, which the authors
attributed, among other causes, to ectopic neurons in the white
matter.8 In a study investigating epileptic seizures in individuals
with 22q11.2DS, 1 subject with unilateral frontal white matter
heterotopion was mentioned,18 suggesting that the heterotopia
visible on MR imaging may be only the tip of the iceberg. The lit-
erature describes an accumulation of nonspecific white matter
lesions19,20 in individuals with 22q11.2DS with the same localiza-
tion and shape as the heterotopia we found in the white matter.

Table 2: Frequency of morphologic anomalies in the 2 groups
Characteristic Controls (n= 53) 22q11.2DS (n= 75) P Valuea (FDR-Adjusted)

Any morphologic finding 0 (0%) 48 (64%) ,.001
Heterotopia
Any localization 0 (0%) 34 (45%) ,.001
PNH 0 (0%) 10 (13%) .007
Heterotopia in the WM 0 (0%) 29 (39%) ,.001
CSP and/or CV 0 (0%) 20 (27%) ,.001
Isolated CSP 0 (0%) 1 (1.3%) ..9
CSP/CV 0 (0%) 19 (25%) ,.001
Cysts 0 (0%) 10 (13%) .007
Polymicrogyria 0 (0%) 3 (4.0%) .30

Note:—FDR indicates false discovery rate.
a Fisher exact test.
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The occurrence in the frontal white matter supports the hy-
pothesis of Rezazadeh et al10 that heterotopia in 22q11.2DS
might result from arrested Arc migrating cells. Arc cells are a
population of late-migrating neurons, identified by Paredes et
al.21 These neurons form a caplike structure surrounding the
anterior body of the lateral ventricle or an arching structure in
sagittal sections in the postnatal infant human brain (Fig 1).
They continue to migrate along radial glial fibers tangentially
to the walls of the lateral ventricles and along blood vessels

into the anterior cingulate gyrus and prefrontal cortex in the
early postnatal period, when they differentiate and contribute
to inhibitory circuits. Paredes et al21 describe Arc cells as histo-
pathologically organized into 4 tiers from the subventricular
zone to the cortex. This distribution of Arc cells led Rezazadeh
et al to the hypothesis that the PNH they observed were Arc
cells arrested in tiers 1 and 2, and the nodules they observed
only microscopically in postmortem examinations were neu-
rons in the Arc tiers 3 and 4. Following this concept, the

FIG 1. Representative examples of morphometric findings in brain MRIs of 6 subjects with 22q11.2DS. Subject 1: Small cysts adjacent to the ante-
rior horns of the lateral ventricles (A). Subject 2: T1WI (B) and T2*WI (C) of bilateral cysts (black arrows, isointense to CSF in both sequences) and
periventricular heterotopia (white arrows, cortex-isointense in both sequences). Subject 3: Multiple, perivascular, and frontal heterotopia in the
white matter (D). Subject 4: Multiple periventricular heterotopia forming an arcuate structure in the sagittal view with a remarkable overlap with
the migratory stream of the Arc cells outlined in G (E, F, and G). The drawing in G is taken from Paredes et al21 (reprinted with permission from
American Association for the Advancement of Science), who were the first to identify Arc cells as a population of late-moving neurons at this
localization. Subjects 5 and 6: Exemplary Mercator brain projections of 2 of the 3 individuals with polymicrogyria in the peri-Sylvian area of the
right hemisphere (H and I).
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heterotopia in the white matter that we found on MR imaging
might represent larger chains of arrested Arc cells in tiers 3
and 4. In addition to the spatial overlap of Arc cells and het-
erotopia in individuals with 22q11.2DS, there are also immu-
nohistochemical features supporting the hypothesis of
Rezazadeh et al.

Our observation of heterotopia in the white matter is limited
because we had only 3D T1WI and low-resolution T2*WI at
our disposal. Notably, in addition to the signal (cortex-isoin-
tense in both T1WI and T2*WI), we also considered the shape
(round or ovoid). Furthermore, despite blinded observation, we
found no heterotopia in the white matter in controls. The distri-
bution pattern of the heterotopia-like lesions in controls was
less concentrated in the frontal lobe than in individuals with
22q11.2DS, and in all 4 of these individuals, the lesions were

isointense to the CSF rather than to
the cortex in T2*WI, suggesting that
these are probably enlarged perivas-
cular spaces. Nevertheless, we cannot
exclude some heterotopia in the white
matter being nonspecific white mat-
ter lesions or enlarged perivascular
spaces.

PNH are frequently associated
with drug-resistant epilepsy.13 They
often have intrinsic epileptogenicity
but may not always be primarily
involved in the generation of seizures.
Both the heterotopic lesion and partic-
ularly the normotopic cortex are
involved in the epileptogenic net-
work.22 Seizures seem to result from
complex interactions between PNH
and the allo- or neocortex.23 Ten per-
cent of individuals with 22q11.2DS
have a diagnosis of epilepsy.3 In the
study of Rezazadeh et al,10 6 of the 7
individuals with 22q11.2DS with PNH
had a history of seizures, which sug-
gests that seizures could be the result
of PNH. Information concerning epi-
lepsy diagnosis of the subjects in our
cohort was unsuitable for use in fur-
ther analyses.

In 13% of the individuals with
22q11.2DS, we found periventricular
cysts, especially adjacent to the anterior
horns. Such cysts have been described
only in single subjects with 22q11.2DS
so far.19,24 The localization of the cysts
is remarkably similar to the localization
of PNH, and both seem to occur more
often in combination. A reason for the
occurrence of cysts could be a vulner-
ability of the microstructure due to the
disturbed Arc cells migration.

We observed another migration
disorder, polymicrogyria, in 4% of individuals with 22q11.2DS
(n=3) and none of the controls. This corresponds to the reported
prevalences between 1%25 and 7%.4 Polymicrogyria in all our
subjects occurred unilaterally right in the peri-Sylvian region,
which is in line with observations by Robin et al.11

Another morphologic finding in individuals with 22q11.2DS
was persistent CSP and/or CV (27%). In only 1 subject the CSP
appeared isolated without CV. CV is normally present in up to
30% of neonates but persists into adulthood in,1% of individu-
als, while CSP can persist in up to 20%.26 The increased rates of
CSP/CV in individuals with 22q11.2DS are known from prior
studies, which reported a prevalence from 19%19 to 84%.27 Often
no precise distinction is made between CSP and CSP/CV. The
mechanisms through which a CSP/CV is maintained are
unclear. Consistent with studies that noted an increased

FIG 2. Association between the occurrence of heterotopia and IQ.

FIG 3. Pattern of distribution of the most frequent morphologic findings by psychiatric diagnosis.
Every column represents 1 individual with 22q11.2DS. Ten individuals at a time are separated by a
black line, and the shadings are coding the presence or absence of a finding, whereby the first
row depicts the presence or absence of ADHD (A), ASD (B), or anxiety disorder (C). Diagnosis of
psychosis is not depicted due to the small number of subjects (n¼ 4).
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incidence of CSP or CV in patients with schizophrenia com-
pared with healthy subjects,28,29 there is evidence that CSP is
associated with psychosis in individuals with 22q11.2DS.19,20

Schmitt et al19 also found a significant association between inci-
dental white matter abnormalities and psychosis. These rela-
tionships to psychosis remain unclear in our study due to the
young age of the individuals with 22q11.2DS (mean age,
15.5 years). However, the mean age of onset for schizophrenia
in individuals with 22q11.2DS is around 20 years.30

We did not find any significant relationships between morpho-
logic findings and psychiatric diagnoses or general cognitive per-
formance, consistent with prior studies.19,20,27 While there was a
significant IQ difference between individuals with 22q11.2DS and
controls, as expected, no differences were observed between indi-
viduals with 22q11.2DS with different morphologic abnormalities.

The functions of the frontal lobe, where most of the morpho-
logic findings were found, are not specifically assessed via IQ tests.

Overall, despite the above-mentioned limitations and the lim-
ited sample size for these subgroup analyses, these findings sug-
gest that morphologic findings do not necessarily reflect poorer
brain function.

CONCLUSIONS
Taken together, our findings, PNH and heterotopia in the white
matter (possibly reflecting interrupted Arc cells migration), per-
sistent CSP/CV, and periventricular cysts, give clues to the brain
development disorder induced by 22q11.2DS.
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MRI Patterns in Pediatric CNS Hemophagocytic
Lymphohistiocytosis

P. Malik, L. Antonini, P. Mannam, F.N. Aboobacker, A. Merve, K. Gilmour, K. Rao, S. Kumar, S.E. Mani,
D. Eleftheriou, A. Rao, C. Hemingway, S.V. Sudhakar, J. Bartram, and K. Mankad

ABSTRACT

BACKGROUND AND PURPOSE: Neuroimaging has an important role in detecting CNS involvement in children with systemic or
CNS isolated hemophagocytic lymphohistiocytosis. We characterized a cohort of pediatric patients with CNS hemophagocytic lym-
phohistiocytosis focusing on neuroradiologic features and assessed whether distinct MR imaging patterns and genotype correlations
can be recognized.

MATERIALS AND METHODS: We retrospectively enrolled consecutive pediatric patients diagnosed with hemophagocytic lympho-
histiocytosis with CNS involvement treated at 2 pediatric neurology centers between 2010 and 2018. Clinical and MR imaging data
were analyzed.

RESULTS: Fifty-seven children (40 primary, 70%) with a median age of 36months (interquartile range, 5.5–80.8 months) were
included. One hundred twenty-three MR imaging studies were assessed, and 2 broad imaging patterns were identified. Pattern 1
(significant parenchymal disease, 32/57, 56%) was seen in older children (P ¼ .004) with worse clinical profiles. It had 3 onset sub-
patterns: multifocal white matter lesions (21/32, 66%), brainstem predominant disease (5, 15%), and cerebellitis (6, 19%). All patients
with the brainstem pattern failed to meet the radiologic criteria for chronic lymphocytic inflammation with pontine perivascular
enhancement responsive to steroids. An attenuated imaging phenotype (pattern 2) was seen in 25 patients (44%, 30 studies) and
was associated with younger age.

CONCLUSIONS: Distinct MR imaging patterns correlating with clinical phenotypes and possible genetic underpinnings were recog-
nized in this cohort of pediatric CNS hemophagocytic lymphohistiocytosis. Disruptive mutations and missense mutations with
absent protein expression correlate with a younger onset age. Children with brainstem and cerebellitis patterns and a negative eti-
ologic work-up require directed assessment for CNS hemophagocytic lymphohistiocytosis.

ABBREVIATIONS: CLIPPERS ¼ chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids; HLH ¼ hemophagocytic
lymphohistiocytosis; HSCT ¼ hematopoietic stem cell transplant

Recent developments in our understanding of the underlying
molecular mechanisms of degranulation defects have revealed

hemophagocytic lymphohistiocytosis (HLH) to be a markedly het-
erogeneous disorder in which there is toxic uncontrolled immune
activation. This is often driven by genetic mutations occurring
along the perforin-dependent granule exocytosis pathway, termed
“primary HLH.”1 Systemic inflammation and immunotherapies

may also cause macrophage activation, frequently in the absence of
these genetic mutations, termed “secondary HLH.”

MR imaging in CNS HLH is a helpful adjunct in diagnosis but
does not form a part of the HLH-2004 diagnostic criteria (https://
onlinelibrary.wiley.com/doi/10.1002/pbc.21039). However, children
with CNS-restricted HLH or in whom CNSHLH precedes systemic
involvement often do not satisfy these criteria and have normal
blood counts and systemic inflammatory markers.2 MR imaging
findings in these children overlap with infections, demyelination,
and other neuroinflammatory disorders, leading to a delayed diag-
nosis, thus affecting outcomes. Reports of potentially distinct
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neuroimaging patterns exist in the literature.2,3 However, their inci-
dence, clinical and genotype correlations, and impact on outcomes
remain unexplored.

We present clinical profiles, MR imaging findings, and out-
comes in a large pediatric cohort of HLH with CNS involve-
ment with the aim to define distinct MR imaging patterns and
correlate these with clinical profiles and explore possible geno-
type correlations.

MATERIALS AND METHODS
This retrospective cohort study recruited children with HLH and
CNS involvement presenting to Christian Medical College,
Vellore, India, and Great Ormond Street Hospital for Children,
London, UK, between 2010 and 2018. Institutional review boards
from both centers approved the study. The diagnosis of HLH was
defined using the HLH-2004 criteria (https://onlinelibrary.wiley.
com/doi/10.1002/pbc.21039),4 and patients with both primary
and secondary HLH were included. The definition of CNS
involvement was based on the presence of CSF abnormalities
(proteinosis and/or pleocytosis) with or without neurologic
symptoms or imaging findings.4 Children who satisfied the above
criteria with available MR images were included for data collec-
tion. Children with systemic HLH without CNS involvement
based on the above definition or no available MR imaging were
excluded from the study.

Demographic, clinical, and outcome data were reviewed.
Imaging data collection and pattern allocation (Online
Supplemental Data), blinded to the clinical data, was performed
by trained neuroradiologists (P.M., S.V.S., with 5–15 years’ expe-
rience) on separate MR imaging data-collection sheets with con-
sensus agreement. Any disagreement was resolved by a consensus
review with a third neuroradiologist (K.M., with 15 years’ experi-
ence). The supratentorial and infratentorial compartments were
further separately assessed for lesion number (single, few, multi-
ple), lesion type (diffuse or focal), level of white matter involve-
ment (subcortical, deep, periventricular), signal characteristics
(T2WI/FLAIR, DWI, and T1 postcontrast enhancement), and
overall imaging pattern (pattern definitions are elaborated under
Results). Flow cytometry data regarding protein expression (NK
cell perforin expression and cytotoxic lymphocyte degranulation
expression) were also collected and analyzed.

MR Imaging Lesion Definitions
MR imaging was performed on a 1.5T (Magnetom Avanto;
Siemens) or a 3T (Intera Achieva; Philips Healthcare) scanner.
Signal characteristics were assessed on spin-echo T2WI or FLAIR
spin-echo, T1WI, T1 postcontrast, and DWI sequences. They
were designated T2 or FLAIR hyperintense when the signal was
more than that of normal gray matter, and as T1- and T2-hypoin-
tense when it followed the signal or was darker than the signal of
gray matter.5,6

Diffuse and focal lesions were defined as any lesion involving
the gray or white matter measuring$2 and,2 cm, respectively.7

Some focal lesions had T2/FLAIR hypointensity and were further
characterized as “target lesions” or “target variants” on the basis
of T2/FLAIR and contrast characteristics. In target lesions, the T2
hypointense component formed a middle rim separating central

and peripheral T2 hyperintense areas, giving target lesions a trila-
minar appearance. In target variants, the hypointense component
was present in the central core of the lesion and was surrounded
by hyperintense signal. Target lesions with enhancing middle
rims formed the ring-enhancing lesions.

Focal patterns of enhancement were termed “nodular” when
the enhancing component measured ,10 mm and “homogene-
ous” when$10 mm.8 The perivascular enhancement pattern was
defined as small continuous or near-continuous punctate (,3
mm) to nodular (,10 mm) foci of enhancement often merging8

or heterogeneous/unclassifiable if they did not satisfy the above
definitions.

Statistical Analysis
Data from the collected variables were assessed for normality
using the Shapiro-Wilk test. Means for normally distributed data
were compared using the Student t test, while the Mann-Whitney
U test was used for comparing non-normally distributed
unpaired groups. The x 2 and Fisher exact tests were used for
analysis of categoric data when necessary. All statistical tests were
2-sided, and statistical significance was assumed at P value of
,.05. SPSS Version 25 software package (IBM) was used for the
analysis.

RESULTS
Fifty-seven patients satisfied the inclusion criteria. The median
age of onset was 36months with no sex predilection. Neurologic
symptoms were reported in 45 patients (79%) (Table 1); seizures
and encephalopathy were most common. Of the patients with
neurologic symptoms, 27/45 (60%) presented with systemic dis-
ease, and 18/45 (40%) following systemic involvement. CSF data
was available for 50/57 patients (88%), and 84% (n¼ 42) showed
abnormalities, with CSF proteinosis (.45mg/dL) being the most
common (64%). In 12 patients (21%), CSF abnormalities, either
pleocytosis or proteinosis, were present with no neurologic symp-
toms or only mild irritability. Thirty-five (61%) patients received
either HLH-1994 (etoposide, dexamethasone, with cyclosporine
at week 9) or the 2004 treatment protocol (early introduction of
cyclosporine along with dexamethasone and etoposide).9,10 Of
the 35 children, 25 went on to receive hematopoietic stem cell
transplant (HSCT). The average follow-up in our cohort was
3.7 years ([SD, 3.9]; range 0–15 years). Nineteen of 57 (32%) chil-
dren died, including 4 from the HSCT group.

Etiology
Seventy percent (n¼ 40) of the patients had primary HLH, with a
pathogenic genetic mutation identified in 31. PRF1 (familial
HLH-2) and UNC13D (familial HLH-3) mutations were the most
common genetic defects, seen in 35% (14) and 20% (8), respec-
tively. Of these 31 patients, data regarding genetic variants were
available for 25 patients (Online Supplemental Data). Within
these 25 patients, 35 genetic variants were identified. Compound
heterozygous (11/25, 44%) and homozygous (11/25, 44%) muta-
tions were nearly equally present, while monoallelic/hemizygous
mutations were rare (n ¼ 3). Missense (12/17, 71%) and frame-
shift (8/12, 67%) mutations were the most common in FHLH2
and FHLH3, respectively. In the secondary HLH cohort (n¼ 17),
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infections (10, 59%) and autoimmune etiologies (6, 35%) were
the most common.

Imaging Pattern Definitions
We reviewed 123 MR imaging studies from the 57 included
patients. On the basis of a pattern-recognition approach, 2 broad
imaging patterns were defined (pattern 1 and pattern 2).

Pattern 1, the significant parenchymal disease group, con-
sisted of patients with parenchymal lesions. 93/123 studies (76%
of studies; 32/57 patients, 56%) were grouped under pattern 1.
The supratentorial and infratentorial compartments were further
separately assessed for lesion number, signal, and enhancement
characteristics.

Pattern 2 had an attenuated imaging phenotype with no
parenchymal lesions at onset and follow-up (if available) and had
nonspecific MR imaging findings, isolated cortical atrophy, or
normal imaging findings.

Thirty of 123 (24% of studies; 25/57 patients, 44%) studies
belonged to pattern 2. These included 10 studies with normal
findings, 15 studies with only cerebral atrophy with or without
cerebellar atrophy, 3 studies with central tegmental tract T2-
hyperintensity as an isolated finding, 2 studies with nonspecific
findings (small pons, underopercularization, germinal matrix

cysts, and periventricular hemosiderin staining attributable to a
remote or perinatal event).

Imaging Findings in Pattern 1
Lesion Type Incidence and Distribution. A near-equal incidence
of cerebral and cerebellar involvement was seen, 77/123 (63%) and
71/123 (58%), respectively (Online Supplemental Data). Deep gray
nuclear and thalamic involvement was seen in 35/123 studies
(28%) and was commonly bilateral and asymmetric (24/35, 68%).
Brainstem involvement with a predilection for the dorsal pons was
seen in 34/123 (28%), variably extending to involve the midbrain
(32/34 studies) and medulla (9/34 studies). Cranial nerve involve-
ment was seen as bilateral nodular enhancement involving multi-
ple nerves in 5 studies. Severe optic nerve swelling, enhancement,
and diffusion restriction (Online Supplemental Data) were noted
in one. Short-segment enhancing cord lesions were seen in 3 stud-
ies, along with cauda equina thickening in one.

Enhancement Characteristics. Enhancement was present in more
than half of the studies with cerebral and cerebellar lesions, 52% and
60%, respectively. Both the diffuse (77%) and focal (80%) cerebellar
lesions showed a higher proportion of enhancement than their cere-
bral counterparts (26%, 60%, respectively). Diffuse lesions showed a
perivascular pattern of enhancement most commonly, while focal
lesions most commonly showed nodular/homogeneous enhance-
ment. Target lesion and target variants were seen in 6 studies with
supratentorial lesions and 4 studies with infratentorial lesions. None
of the target lesions or variants showed diffusion restriction.

Other Findings. Thirty-two of 123 studies had cortical atrophy
along with parenchymal lesions. Eighteen studies showed bloom-
ing on SWI within the white matter lesions, representing either
microhemorrhages or calcifications. Nineteen studies had ventri-
culomegaly, which was obstructive due to cerebellar edema in 3.

Subpatterns in Pattern 1
Three onset subpatterns were identified within pattern 1 using an
algorithmic approach (Online Supplemental Data) and were di-
vided and assigned to 3 subgroups, 1.1, 1.2, and 1.3.

Subgroup 1.1: Multifocal Cerebral/Cerebellar White Matter
Lesions. Patients in subgroup 1.1 showed involvement of cerebral
and cerebellar white matter with variable numbers and signal
characteristics of the lesions. This subpattern was the most com-
mon, identified in 21/32 patients (66%) at onset (Online
Supplemental Data). On follow-up, this was again the largest sub-
pattern (21, 37%), with 2 patients of subpattern 1.2 and 4 of sub-
pattern 1.3 evolving into subpattern 1.1.

Subgroup 1.2: Brainstem Predominant Lesions. Subgroup 1.2 pat-
tern was defined as numerous (.3) punctate to nodular enhanc-
ing lesions involving the pons with variable extension into the
cerebellum, mesencephalon, and deep cerebral white matter and
was reminiscent of the radiologic pattern seen in chronic lym-
phocytic inflammation with pontine perivascular enhancement
responsive to steroids (CLIPPERS).11 These were further assessed
for radiologic criteria proposed for CLIPPERS, including the size
of the largest T1-enhancing nodule, T2 signal extension beyond

Table 1: Clinical, treatment, and outcome profilesa

Profiles
Age
Age at onset (median) (IQR) (mo) 36 (5.5–80.8)
Age at CNS presentation (median) (IQR) (mo) 49.2 (11–96)

Male/female (ratio) 34:23 (1.4:1)
General symptoms
Fever 45/56 (80)
Hepato-/splenomegaly 46/56 (82)
Abdominal distension 14/56 (25)
CNS symptoms 45/57, 79%
Seizures 28 (62)
Decreased sensorium 22 (49)
Meningismus 13 (29)
Gait ataxia 12 (27)
Hypotonia 11 (24)
Minimal symptoms (mild irritability) or clinically
silent patients (no symptoms with CSF
abnormalities)

12 (21)

CSF findings
CSF analyzed at presentation 50/57 (87)
Abnormal CSF 42/50 (84)
CSF pleocytosis (.10 leucocytes/mL) 25/50 (50)
CSF proteinosis (.45 mg/dL) 32/50 (64)

Treatment
HLH 1994/2004 35/57 (61)
IT methotrexate 17 (30)
HSCT 25 (45)
Outcome profiles
Death 19 (32)
Death before 8weeks 7
Death after 8weeks 12

Alive at last follow-up 36 (63)
Lost to follow-up 2

Note:—IQR indicates interquartile range; IT, intrathecal.
a Total (n¼ 57). Data collected are both continuous and categorical, and the anal-
ysis method used has been referred to under statistical analysis heading.
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the T1 enhancing nodule (T2-T1 mismatch), and symmetric or
asymmetric involvement of the pons.12

This subpattern was seen in 5/32 patients (15%) at the onset of
CNS HLH (Online Supplemental Data). In 1 additional patient
(patient 47), this pattern was noted on follow-up with the preced-
ing studies showing multifocal white matter lesions. In 2 of these 6
patients, CNS involvement preceded or was within 2 weeks of sys-
temic HLH onset. The underlying genetic defect was variable.
Clinically, all had signs of brainstem and/or cerebellar dysfunction
along with a variable presence of encephalopathy and seizures. T2
signal abnormality always extended beyond the enhancing nodule
(6/6), and in almost all (5/6), the size of the largest T1-enhancing
nodule was .3 mm. Four of 6 patients showed an asymmetric
involvement of the pons at the middle cerebellar peduncle level
(Fig 1). Four of 6 children died (3 received an HLH therapy proto-
col; one received a steroid-based regimen, and one also received
HSCT). For 4 patients, a follow-up imaging was available, and 3/4
developed multifocal white matter lesions.

Representative cerebellar biopsy (patient 57, Online
Supplemental Data), obtained before a genetic diagnosis, showed
chronic inflammation and nonspecific histologic changes.

Subgroup 1.3: Diffuse Cerebellar Involvement/Cerebellitis.
Subgroup 1.3 pattern was defined as diffuse cerebellar cortical
swelling/edema with diffuse effacement of cerebellar folia, with or
without cerebellar white matter signal change (Fig 2). Mass effect
in the form of tonsillar descent, fourth ventricular outflow
obstruction, and hydrocephalus was assessed additionally.

This subpattern was seen in 6/32 patients at onset (19%, sum-
marized in the Online Supplemental Data). In these patients,
there was diffuse cerebellar edema and effacement of cerebellar
folia and/or cerebellopontine cisterns. This was often severe

enough to be associated with tonsillar descent (5/6) and proximal
hydrocephalus (3/6). In 4/6 children, this was the first manifesta-
tion of HLH and preceded systemic involvement. Cerebellitis was
the only finding in most, barring 2 children in whom additional
white matter lesions were also present. Clinically, all had signs of
cerebellar dysfunction and varying degrees of encephalopathy
and seizures. The cerebellar edema responded to steroids in all
children. Two children had recurrent episodes of cerebellitis.
PRF1 and UNC13D mutations were present in 2 patients each.
On follow-up, cerebellar edema resolved and evolved into multi-
focal white matter lesions in all.

Pattern Analysis for Clinicoradiologic Correlation
Patterns 1 and 2, along with the subpatterns, were assessed for clin-
ical and outcome differences. Children with pattern 1 were signifi-
cantly older (median age, 55.5 versus 16months, P value ¼ .004)
and had a worse symptom profile for most symptoms (Table 2).
Both patterns 1 and 2 had a high incidence of CSF abnormalities
(90% and 75%, respectively); significant pleocytosis was noted in
pattern 1 (P value ¼ .04). Pattern 1 was associated with nearly
twice the incidence of mortality and a lower deficit-free survival,
though this was not statistically significant (P value ¼ .06). These
parameters were not statistically different across the subpatterns.

Genotype Correlations
To analyze possible genotype correlations, we pooled patients
with at least 1 disruptive mutation (nonsense, frameshift, or dele-
tion) and missense mutations with absent protein expression to-
gether (pooled mutation group) and compared them against
children with missense mutations and residual protein expression
(Online Supplemental Data). We also assessed the purely disrup-
tive mutation group separately for the same variables.

FIG 1. Findings of 4 patients with subpattern 1.2 (brainstem–predominant pattern). Axial T2WI (A1–D1) and axial postcontrast T1WI (A2–D2) at the
level of the pons show multiple punctate (dashed white arrow, B2, D2) to nodular (solid white arrow, A2 and C2), enhancing foci and extension
of the T2 signal abnormality (black arrow, A1–D1) beyond the enhancement in all cases.
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The age of onset of disease was significantly younger in the
purely disruptive mutation group (median age, 3 versus 20months
in children without purely disruptive mutations, P value¼ .03) and
in the pooled mutation group (median age, 4.7 versus 74.4 months

in children with missense mutations with residual protein expres-
sion, P value¼ .03). A higher proportion of patients with pattern 2
belonged to the pooled mutation group (13/13) in comparison
with pattern 1 (9/12, 75%), with trends toward significance (P

FIG 2. Findings of subpattern 1.3 (cerebellitis). Axial T2WI at the level of the fourth ventricle (A1–C1), lateral ventricles (A3–C3), and midline sagit-
tal T1WI (A2–C2). Onset MR imaging (December 2016) shows severe cerebellar edema and expansion (white arrow, A1) with mass effect on the
brainstem, effacement of the prepontine cistern (dashed white arrow, A2), and foramen magnum crowding (white arrow, A2). Lateral ventricular
dilation (asterisk, A3) and transependymal CSF seepage (dashed black arrow, A3) are also noted. Mild reduction in cerebellar edema and mass
effect (dashed arrow, B2) with new cerebellar (white arrow, B1), parieto-occipital (dashed arrow, B3), and deep gray nuclei (black arrow, B3)
hyperintensities were found in June 2017. Last MR imaging in November 2017 shows cerebral (white arrow, C3) and cerebellar (white arrows, C1–
2) atrophy, diffuse white matter hyperintensities, and ventriculomegaly (asterisk, C3).
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value ¼ .09, Table 2). After an age-based subpattern analysis
(Online Supplemental Data), we further noted that patients in the
pooled mutation group who presented after 12months had either
posterior fossa patterns 1.2 and 1.3 or pattern 2 (3/6 each). All chil-
dren with missense mutations with residual protein expression pre-
sented after 12months of age with pattern 1.1 (3/3).

All recurrent mutations in our cohort belonged to the pooled
mutation group (Online Supplemental Data) with predominance
of pattern 2 except c.50del(p.Leu17Argfs*34, which also had pat-
terns 1.1 and 1.3.

DISCUSSION
CNS HLH, a genetically heterogeneous entity, is neuroradiologi-
cally characterized by multifocal parenchymal lesions and atro-
phy as its most common manifestations. Anecdotal evidence
suggests that atypical MR imaging patterns exist; however, these
remain unexplored in larger cohort studies. Through our retro-
spective cohort study, we describe 2 broad MR imaging patterns
comprising parenchymal lesions (pattern 1, 32/57 patients, 56%)
and an attenuated phenotype with normal-to-nonspecific find-
ings (pattern 2, 25/57 patients; 44%). The attenuated
phenotype (pattern 2) affected younger children (16months, P
value ¼ .004), had a better symptom profile and a higher deficit-
free survival (52%, P value ¼ .06). Significant parenchymal
disease (pattern 1) was more common in older children
(55.5months) and had 3 distinct imaging subpatterns at onset:
multifocal white matter lesions (21/32, 66%), a brainstem–

predominant pattern (5/32, 15%), and cerebellitis (6/32, 19%).
We summarize their radiologic features, evolution and highlight
possible genotype correlations related to these patterns.

CNS involvement in HLH is an independent, poor prognostic
factor in children and is associated with significant morbidity and
mortality.13,14 A consensus agreement on a standardized defini-
tion of CNS HLH in the literature is lacking, and variable impor-
tance has been attached to clinical and imaging findings.4,15,16

Previous studies have stressed the importance of rigorously evalu-
ating clinical, CSF, and MR imaging findings in assessing CNS
involvement.17 Because MR imaging findings can precede clinical
and CSF abnormalities,17 we used a comprehensive definition,

including CSF, clinical, and imaging findings.4,18 Imaging find-
ings are highly variable, ranging from normal, isolated cortical at-
rophy to parenchymal lesions. Cortical atrophy is common in
CNS HLH16,17,19 but must be viewed with caution when present
in isolation, especially in the background of steroid administra-
tion.17 To address this issue, we used a pattern-recognition
approach and segregated the parenchymal lesion group (pattern
1) from patients with nonspecific findings, normal imaging, and
isolated cortical atrophy (pattern 2).

Consistent with previous studies, multifocal white matter
lesions were the most common finding,5,20 and frequent cerebral
and cerebellar involvement was noted. Multifocal lesions, tume-
factive lesions, optic neuritis, and spinal cord lesions can be seen
in CNS HLH and overlap with pediatric acquired demyelinating
syndromes and infiltrative disorders.21 While distinct clinico-
radiologic syndromes have been described in acquired demyeli-
nating syndromes,21 such phenotypes remain elusive in CNS
HLH. We identified 3 distinct MR imaging subpatterns, 2 of
which were seen in children with an acute-to-subacute brainstem
and/or cerebellar dysfunction. These subpatterns include multifo-
cal white matter lesions, brainstem–predominant disease, and
cerebellitis.

CLIPPERS, a steroid-responsive immune-mediated predomi-
nant T-cell perivascular brainstem infiltrative process, has been
described mainly in the adult population, and its distinct brain-
stem radiologic pattern enables identification in the presence of
typical features.8,11 In 2017, clinical, radiologic and pathologic
diagnostic criteria were proposed to distinguish CLIPPERS from
its mimics,12 which have been validated in few subsequent stud-
ies.8 Systematic studies evaluating CLIPPERS in pediatric cohorts,
however, remain lacking due to differences in disease burden.
There is increasing evidence to suggest that unlike in adults, chil-
dren with a clinicoradiologic phenotype of CLIPPERS have a more
aggressive clinical course and higher disability scores on follow-
up.22,23 Pediatric CNS HLH resembling CLIPPERS has been
described in the literature (Table 3)2,24; however, the radiologic cri-
teria have not been methodically explored. The brainstem–

predominant pattern in our cohort was reminiscent of CLIPPERS,
though there were important differences (Online Supplemental
Data). None of our patients satisfied all the radiologic criteria

Table 2: Pattern characteristics and analysisa

Subpatterns
P Value Pattern 1 Overall Pattern 2 P Value1.1 1.2 1.3

Median age at onset (mo) 45.4 66 80.5 .5 55.5 16 .004
Symptoms
Seizures 11/21 (52%) 4/5 (80%) 4/6 (67%) .5 19/32 (59%) 9/25 (36%) .08
Encephalopathy 11/21 (52%) 1/5 (20%) 4/6 (67%) .3 16/32 (50%) 6/25 (24%) .04
Gait ataxia 5/21 (24%) 3/5 (60%) 3/6 (50%) .08 12/32 (34%) 0 .001
Limb weakness 6/21 (29%) 1/5 (20%) 1/6 (17%) .8 8/32 (25%) 1/25 (4%) .03
Dysarthria 0 2/5 (40%) 1/6 (17%) .01 3/32 (9%) 1/25 (4%) .4
Diplopia 01/21 (5%) 2/5 (40%) 2/6 (33%) .06 5/32 (16%) 0 .03

Abnormal CSF 18/20 (90%) 4/5 (80%) 5/5 (100%) .6 27/30 (90%) 15/20(75%) .2
Proteinosis 13 (65%) 4 (80%) 4 (80%) .5 21 (70%) 11 (55%) .3
Pleocytosis 10 (50%) 4 (80%) 5 (100%) .08 19 (63%) 6 (30%) .04
Pooled mutation group 4/6 (67%) 2/3 (67%) 3/3 (100%) .32 9/12 (75%) 13/13 (100%) .09
Mortality 9/20 (45%) 3/5 (60%) 2/6 (33%) .3 14/31 (45%) 5/24 (21%) .06
Deficit-free at follow-up 8/20 (40%) 1/5 (20%) 1/6 (17%) .1 10/31 (32%) 13/25(52%) .06

a Data collected are both continuous and categorical, and the analysis method used has been referred to under statistical analysis heading.
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for CLIPPERS, and extension of T2 signal change beyond the
enhancing nodule was present in all (6/6). Nodular enhance-
ment (5/6) and asymmetric involvement of the pons (4/6)
were frequently seen as well. Demyelination work-up, includ-
ing myelin oligodendrocyte glycoprotein antibody-associated
disease,25 returned negative results, and poor-to-partial
responsiveness was noted in those who received steroids.
While all cases in literature had CNS-restricted HLH (Table 3),
in most (4/6) of our patients, systemic HLH signs were present.
After a negative etiologic work-up in this brainstem pattern,
CNS HLH evaluation remains imperative in children due to

differences in treatment strategies in comparison with other
neuroinflammatory disorders.

We also describe 6 children in our cohort (Online
Supplemental Data) with cerebellar dysfunction and diffuse cere-
bellar edema on MR imaging (subpattern 1.3). All children,
except 1, presented with this subtype as the first CNS manifesta-
tion, and it preceded systemic HLH involvement in most (4/6).
In all children, the findings of the diagnostic work-up for cerebel-
litis were negative, and cerebellar edema responded to steroids.
Five similar children with imaging showing cerebellar swelling at
the onset of primary HLH have been described previously (Table

Table 3: Relevant literature review of CNS HLH cases with brainstem or cerebellitis patterns with available MR imaging and genetic
data

Literature
Review

Imaging
Pattern Genetic Variants

Age of Onset, Relation to
Systemic HLH Imaging Findings

Benson et al2

3 cases
Brainstem–

predominant
pattern
(CLIPPERS-
like)

1 disruptive, 2 with missense
mutations and absent protein
expression

Pt 1: PRF1 c.452A.T (p.H151L) and
c.666C.A (H222Q), Perforin
expression 0%

Pt 2: PRF1 c.443C.G (p.A148G) and
c.666C.A (H222Q), Perforin
expression 0%

Pt 3: UNC13D c.2346_2349delGGAG
(p.R782fs), c.2588G.A (p.G863D)

5–7 yr, all 3 CNS-restricted HLH CLIPPERS MR imaging
criteria NA

Taieb et al28

4 patients
Brainstem–

predominant
pattern
(CLIPPERS-
like)

4 cases, all with missense mutations
and retained-but-decreased
protein expression

Pt 1: PRF1 c.272C.T(p.A91V)
homozygous, perforin expression
38%

Pt 2: UNC13D c.919C.T (p.Q307*)
and c.2038C.T (p.R680W), not
applicable

Pt 3: PRF1 c.116C.A (p.P39H) and
c.272C.T (p.A91V), perforin
expression 25%

Pt 4: PRF1 c.82C.T (p.R28C) and
c.272C.T (p.A91V), perforin
expression 38%

Adults (42–73 yr), all had CNS-
restricted HLH

Three-fourths had
atypical MR imaging
CLIPPERS features
(confluent contrast-
enhancing lesions)

Bhoopalan et al26

1 patient
Cerebellitis 1 patient with compound

heterozygous PRF1 gene mutations
with at least 1 disruptive mutation
PRF1: c.50delT (p.L17fs) and
c.527G.A(p.C176Y))

8 yr, CNS-restricted HLH Cerebellitis, tonsillar
herniation, no
multifocal lesions

Khan et al27

1 patient
Cerebellitis 1 patient with homozygous missense

mutation c. 173T . C (p.L58P) in
STX11 (syntaxin 11) gene

2 yr 7months, systemic HLH
already present

Cerebellitis, tonsillar
herniation, diffuse-to-
multifocal lesions
already present

Astigarraga et al3

1 patient
Cerebellitis 1 patient with compound

heterozygous missense PRF
mutations PRF1: c.643C.A (p.L215I)
and c.785C.A (p.Ala262Asp)
(perforin expression data NA)

3 yr, preceded systemic HLH Recurrent cerebellitis,
tonsillar herniation,
subsequently multifocal
lesions

Taieb et al28

1 patient
Cerebellitis Patient 3’s (in CLIPPERS series)

brother’s; granddaughter,
monoallelic PRF1 mutation (genetic
variant NA)

Not specified, self-limited
CNS-restricted presentation

NA

Chiapparini et
al29

1 patient

Cerebellitis 1 patient with homozygous missense
PRF1 mutation c.673C.T (p.
Arg225Trp) (perforin expression
data NA)

13 yr, preceded systemic HLH Cerebellitis, tonsillar
herniation followed by
multifocal lesions

Note:—NA indicates not available; Pt, patient.
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3).3,26-29 Cerebellitis preceded systemic involvement or was fol-
lowed by CNS-restricted disease in 4 cases. An unfamiliarity with
this pattern led to diagnostic delays, and these children subse-
quently developed multifocal white matter lesions on follow-up.
Thus, cerebellar edema and cerebellar dysfunction can be the
only finding at the onset of CNS HLH.

Pattern 1 had an older age of onset, worse symptomatology,
and trends toward poorer outcomes. The role of hypomorphic
missense mutations with residual protein expression is being
increasingly recognized in late-onset HLH forms.20,30 To
understand the relationship between onset age and differential
brain involvement, we explored possible genotype correlations
in our cohort. Consistent with prior studies,31 both purely dis-
ruptive and pooled mutation groups (consisting of children
with at least 1 disruptive mutation or missense mutations with
absent protein expression) had a younger age of onset. All
patients with missense mutations with residual protein expres-
sion (hypomorphic mutations) presented after 12months of
age (3/3).

The pooled mutation group also had a higher proportion of
patients with pattern 2 (100% versus 75% with pattern 1, P
value ¼.09), potentially explaining the younger age of onset
with this pattern. This association did not reach statistical sig-
nificance (P value ¼.09), and we attribute this to the fact that
some patients in the pooled mutation group indeed presented
after 12months of age. Interestingly, up to half of the patients
with late-onset and disruptive mutations presented with poste-
rior fossa patterns 1.2 and 1.3 (3/6, Online Supplemental Data).
Similarly, all patients in the hypomorphic mutation group pre-
sented with the more typical pattern. 1.1 (3/3, Online
Supplemental Data). We noted many similarities with cases
reported in literature. All 8 children with reported MR imaging
patterns 1.2 or 1.3 presented after 12months, between 3 and 13
years of age (Table 3).2,3,26,27,29 All patients with pattern 1.2 (3/
3) had at least 1 disruptive mutation or missense mutations
with absent protein expression.2 Most patients with pattern 1.3
had either disruptive or missense mutations (4/5), but the data
regarding protein expression in cases with missense mutations
was not available (Table 3). The small number of genetically
confirmed patients in the subgroups limits our interpretation.
However, the tendency of disruptive mutations and missense
mutations with absent protein expression to present with atypi-
cal brainstem or cerebellitis patterns in young children after 12
months of age requires further exploration. A CLIPPERS-like
pattern has been reported in adult-onset HLH with hypomor-
phic missense mutations with residual protein expression.28

This association, thus, may possibly be limited to young chil-
dren, and there may be other age-related factors, extrinsic trig-
gers, and susceptibility loci influencing MR imaging pattern
presentations.

We acknowledge the inherent limitations of our study due
to its retrospective nature. Standardizing MR imaging proto-
cols during the 8-year period from which the patients’ records
were recruited was difficult, and imaging parameters could
have differed during this period and between institutions.
Interpretation of the genotype correlation analysis remains
limited due to small number of patients in the subgroups.

CONCLUSIONS
We systematically described MR imaging findings in a pediatric
cohort of CNS HLH. Older children more commonly had a sig-
nificant parenchymal disease pattern, which was associated with
a worse clinical profile and 3 distinct subpatterns. We confirm a
genotype correlation between disruptive mutations and a
younger age of presentation and expand the same to an attenu-
ated imaging pattern (pattern 2). Larger studies are needed to
examine a possible age-related tendency of late-onset disruptive
mutations or missense mutations with absent protein expression
to present with atypical MR imaging patterns. Finally, because
CNS manifestations can precede systemic signs and even remain
restricted to the CNS, HLH should be considered in patients with
atypical imaging presentations such as brainstem lesions or cere-
bellar edema and negative findings on work-up for other etiolo-
gies because this may be the only finding heralding the onset
of HLH.

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
PEDIATRICS

Mapping Human Fetal Brain Maturation In Vivo Using
Quantitative MRI

V.U. Schmidbauer, G.O. Dovjak, M.S. Yildirim, G. Mayr-Geisl, M. Weber, M.C. Diogo, G.M. Gruber, F. Prayer,
R.-I. Milos, M. Stuempflen, B. Ulm, J. Binder, D. Bettelheim, H. Kiss, D. Prayer, and G. Kasprian

ABSTRACT

BACKGROUND AND PURPOSE:On the basis of a single multidynamic multiecho sequence acquisition, SyMRI generates a variety of
quantitative image data that can characterize tissue-specific properties. The aim of this retrospective study was to evaluate the
feasibility of SyMRI for the qualitative and quantitative assessment of fetal brain maturation.

MATERIALS AND METHODS: In 52 fetuses, multidynamic multiecho sequence acquisitions were available. SyMRI was used to perform
multidynamic multiecho–based postprocessing. Fetal brain maturity was scored qualitatively on the basis of SyMRI-generated MR imaging
data. The results were compared with conventionally acquired T1-weighted/T2-weighted contrasts as a standard of reference. Myelin-
related changes in T1-/T2-relaxation time/relaxation rate, proton density, and MR imaging signal intensity of the developing fetal brain
stem were measured. A Pearson correlation analysis was used to detect correlations between the following: 1) the gestational age at MR
imaging and the fetal brain maturity score, and 2) the gestational age at MR imaging and the quantitative measurements.

RESULTS: SyMRI provided images of sufficient quality in 12/52 (23.08%) (range, 231 6–341 0) fetal multidynamic multiecho
sequence acquisitions. The fetal brain maturity score positively correlated with gestational age at MR imaging (SyMRI: r¼ 0.915,
P, .001/standard of reference: r¼ 0.966, P, .001). Myelination-related changes in the T2 relaxation time/T2 relaxation rate of the
medulla oblongata significantly correlated with gestational age at MR imaging (T2-relaxation time: r ¼ –0.739, P¼ .006/T2-relaxation
rate: r¼ 0.790, P¼ .002).

CONCLUSIONS: Fetal motion limits the applicability of multidynamic multiecho–based postprocessing. However, SyMRI-generated
image data of sufficient quality enable the qualitative assessment of maturity-related changes of the fetal brain. In addition, quanti-
tative T2 relaxation time/T2 relaxation rate mapping characterizes myelin-related changes of the brain stem prenatally. This
approach, if successful, opens novel possibilities for the evaluation of structural and biochemical aspects of fetal brain maturation.

ABBREVIATIONS: GA ¼ gestational age; MDME ¼ multidynamic multiecho; PD ¼ proton density; R1 ¼ T1-relaxation rate; R2 ¼ T2-relaxation rate; SI ¼ sig-
nal intensity; T1R ¼ T1-relaxation time; T2R ¼ T2-relaxation time

U ltrasonography is considered the mainstay of antenatal
imaging and serves as the technique of choice for the struc-

tural examination of the human fetus in utero.1-5 However, the
sonography-based assessment of prenatal brain development has
some specific limitations.6-9 Foremost among these is that current

sonography imaging systems do not allow a tissue-specific quan-
titative characterization of fetal brain maturity.10

Physical MR imaging properties have been proved to provide
noninvasive biomarkers for the assessment of brain maturation11

and may offer new possibilities in the prenatal detection of neuro-
developmental anomalies. Until now, the acquisition of quantita-
tive parameters, underlying visually perceptible MR imaging signal
intensity (SI) values, was considered a highly time-consuming pro-
cess, which limited its applicability in a clinical setting.12-16 Recent
developments in quantitative MR imaging enable the generation of
various MR imaging contrasts and quantitative maps based on a
single multidynamic multiecho (MDME) sequence acquisition
and, therefore, in a clinically acceptable imaging time.17-19 The
MDME data-postprocessing software SyMRI (Synthetic MR;
Version 11.1.5) provides information about tissue-specific MR
imaging properties such as proton density (PD) and relaxation
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parameters (T1-relaxation time [T1R]/T1-relaxation rate [R1]; T2-
relaxation time [T2R]/T2-relaxation rate [R2]).17 Furthermore, this
method allows the adjustment of TR, TE, and TI in retrospect,
which enables an individual modulation of the MR imaging con-
trasts after data acquisition.19 MDME-based imaging proved bene-
ficial in a neonatal neuroimaging setting because this technique
allows a reduction in examination time, while providing a variety
of imaging data beyond the standard neonatal MR imaging proto-
col.11,15,16 However, currently, the full potential of this technology
for the investigation of brain maturation at early developmental
stages is widely unexplored.

The aim of this study was to evaluate the feasibility of quanti-
tative MDME-based postprocessing for human fetal brain imag-
ing. For this purpose, qualitative neuroradiologic assessments of
brain maturation based on SyMRI-generated and conventionally
acquired MR imaging data were compared. The visual evaluation
of fetal brain maturity was complemented by a self-assessment of
confidence by the investigating radiologists. In addition, tissue-
specific properties of the fetal brain stem were quantified, to
investigate whether the described approach is sensitive to the
detection of myelin-related changes.

MATERIALS AND METHODS
Ethics Approval
The Ethics Commission of the Medical University of Vienna
approved the protocol of this study. All women provided written
informed consent for fetal MR imaging before scanning and
agreed to the scientific use of the acquired data.

Study Cohort
Between December 2019 and October 2020, a total of 52 fetal MR
images, including MDME sequence acquisitions of the fetal brain,
were collected at the Neuroradiology Department of a tertiary care

hospital. All fetuses included in this
study were referred for MR imaging by
the Department of Obstetrics and
Gynecology after a detailed sonographic
examination by a fetal medicine special-
ist, according to European standards.
Congenital abnormalities of the central
nervous system were the most common
indications for fetal MR imaging
(Online Supplemental Data). A detailed
overview of demographic and clinical
characteristics of included fetuses is
given in the Table. Fetal gestational age
(GA) (weeks) was determined at the first
trimester ultrasonographic screening.

Fetal MR Imaging Data
Acquisition and SyMRI-Based
MDME Postprocessing
Imaging was performed in accordance
with the fetal MR imaging guidelines of
the International Society of Sonography
in Obstetrics and Gynecology.20 All
fetuses were examined using a standar-

dized fetal MR imaging protocol of the brain (Online Supplemental
Data) on the same Ingenia 1.5T MR imaging system (Philips
Healthcare) equipped with a body coil. An MDME sequence
(Online Supplemental Data) (acquisition time: 3 minutes and 20
seconds) was acquired (axial plane) by applying 2 repeat acquisition
phases: phase a: saturation of 1 section by a section-selective satura-
tion pulse (flip angle ¼ 120°); and phase b: section-selective excita-
tion pulses (flip angle¼ 90°) and section-selective refocusing pulses
(flip angle ¼ 180°) to generate a train of spin-echoes for another
section.17,21,22 Via the mismatch between the saturated section and
the image section, a matrix with a variety of effects of R1/R2 was
acquired.21,22 Echo-trains, characterized by different saturation
delays, were used to estimate T1-/T2-relaxation parameters.17,21,22

The T1-relaxation constants allowed the local radiofrequency field
(B1) to be calculated.21 On the basis of the acquired relaxation pa-
rameters and B1, the PD can be computed.17 SyMRI-based MDME
postprocessing (postprocessing time: ,1 minute) was applied to
generate conventional MR imaging contrasts (Fig 1) and quantita-
tive MR imaging maps (Fig 2) for qualitative and quantitative anal-
ysis. Color-coded voxels, according to the physical MR imaging
properties, were used to generate quantitative maps.21

Fetal Brain Maturity Assessment
Before the evaluation of the MR imaging data, a visual review was
performed. On the basis of the subjective judgment made by 1 fe-
tal imaging specialist with 15 years of experience, fetuses were
excluded from this study if qualitative and quantitative analyses
were not possible due to severely degraded images by fetal
motion. To assess fetal brain maturity, we used a qualitative scor-
ing system based on existing brain-maturation scores.15,23

Developmental aspects were evaluated on both conventionally
acquired MR imaging contrasts (T1-weighted/snapshot inversion
recovery, T2-weighted) (axial plane) and SyMRI-generated image

Demographics and clinical characteristics
Fetal MDME
Sequence

Acquisitions (n= 12)
GA at MR
Imaging Sex Position

Brain MR Imaging
Findings

1 231 6 $ Breech Dolichocephaly
2 241 6 # Cephalic Asymmetry of lateral

ventricles
3 251 4 # Cephalic No pathologic findings
4 251 4 # Cephalic No pathologic findings
5 251 5 $ Cephalic No pathologic findings
6 251 5 # Breech Altered signal of

periventricular
crossroads

7 261 6 $ Cephalic No pathologic findings
8 271 4 # Breech No pathologic findings
9 291 6 # Cephalic No pathologic findings
10 301 1 # Breech No pathologic findings
11 321 4 $ Cephalic Agenesis of septum

pellucidum
12 341 0 $ Cephalic Agenesis of corpus

callosum,
ventriculomegaly,
hemorrhage (left cella
media)
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data (T1-weighted/T1-weighted inversion recovery, T2-weighted/
T2-weighted STIR, quantitative MR imaging maps) (axial plane)
by 2 independent neuroradiologists (rater 1, with 15 years of expe-
rience, and rater 2, with 30 years of experience with fetal MR imag-
ing), who were blinded to GA at MR imaging. The criteria used to
determine brain maturity were the following: morphologic presen-
tation of the frontal, occipital, and insular cortices according to
Vossough et al;23 the presence of the germinal matrix; identifiabil-
ity of the primary sulci;24 and fetal brain myelination (medulla
oblongata, midbrain and inferior colliculus, thalamus, posterior
limb of the internal capsule, and central region).15

SyMRI-generated quantitative MR imaging maps based on
T1R/R1 and T2R/R2 were available for the assessment of brain
myelination. The observers had the opportunity to adjust the
windowing (conventionally acquired and SyMRI-generated
MR imaging contrasts); TR, TE, and TI (SyMRI-generated MR
imaging contrasts); and the color-coding scale (SyMRI-gener-
ated quantitative MR imaging maps) at their discretion during
fetal brain maturity assessment. The scoring system is
explained in the Online Supplemental Data. The points allo-
cated for each evaluated developmental aspect were totaled,
resulting in a fetal brain maturity total score for each included
subject. Furthermore, both raters performed a Likert scale–
based self-assessment of confidence with regard to the evalua-
tion of fetal brain maturity. For this purpose, both raters allo-
cated a minimum of 1 (not very confident) and a maximum of
4 (highly confident) points when assessing the 10 components
of the score. The allocated points were totaled, resulting in a
total score for confidence (minimum: 10 [lowest level of confi-
dence]; maximum: 40 [highest level of confidence]) for each
included subject.

Determination of Physical
Properties of the Brain Stem
T1R (ms), R1 (s�1), T2R (ms), R2
(s�1), PD (%), and MR imaging SI
values were determined by manual
delineation of the medulla oblongata
and the midbrain on SyMRI-generated
image data (T1R/R1, T2R/R2, PD) and
conventionally acquired T2-weighted
contrasts (MR imaging SI values) (axial
plane). The provided average values of
the physical properties were calculated
on the basis of the voxels within the
drawn ROI. The ROI placement
(Online Supplemental Data) was per-
formed separately from fetal brain
maturity assessment by 2 different
investigators (investigator 1, with 2
years of experience and investigator 2,
with 1 year of experience with fetal MR
imaging), who were blinded to GA at
MR imaging.

Statistical Analyses
Statistical analyses were performed
using SPSS Statistics for Macintosh,

Version 25.0 (2017; IBM) at a significance level of a ¼ 5%
(P, .05).

To detect concordances of the fetal brain maturity assessment
of both raters and the quantitative measurements of both investi-
gators, we calculated an intraclass correlation coefficient. The
intraclass correlation coefficient values of $0.75 were considered
a strong correlation.25 In case of high concordances, the results of
1 rater were reported.

Pearson correlation analyses were performed to assess correla-
tions between the GA at MR imaging and the fetal brain maturity
total score, and the quantitative measurements of the fetal brain
stem.

RESULTS
Feasibility of SyMRI for Human Fetal Brain Imaging
Image data perceived to be of sufficient quality for qualitative and
quantitative analysis were provided in 12/52 (23.08%) (mean GA at
fetal MR imaging: 271 5 [SD, 31 1] weeks; range, 231 6–341 0
weeks) fetal MDME sequence acquisitions (Table and Online
Supplemental Data). In 40/52 (76.92%) cases, the image quality of
SyMRI-generated image data was highly degraded by fetal motion
(Online Supplemental Data).

Interrater Reliability
There was a strong correlation between the fetal brain maturity
total score assessed by both raters on SyMRI-generated MR imag-
ing data, 0.798 (95% CI, 0.279–0.943). There was no strong corre-
lation between the fetal brain maturity total score assessed by
both raters on conventionally acquired MR imaging data, 0.587
(95% CI, �0.055–0.898). There were strong correlations between
the quantitative measurements determined by both investigators,

FIG 1. Conventionally acquired (A and B) and SyMRI-generated (C and D) fetal MR image data of
comparable SIs: T2-weighted (A); snapshot inversion recovery (B); T2-weighted STIR (TR ¼
15,000ms, TE¼ 100ms, TI¼ 300ms) (C); and T1-weighted inversion recovery (TR ¼ 2500ms, TE¼
10ms, TI ¼ 1050ms) (D). Presentation of SyMRI-generated MR imaging contrasts based on the
default software settings for TR, TE, and TI.
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ranging from 0.879 (95% CI, 0.643–0.963) to 0.989 (95% CI,
0.962–0.997) (Online Supplemental Data).

Assessment of Fetal Brain Maturity
The fetal brain maturity total score based on the assessment of
SyMRI-generated MR imaging data showed a positive correlation
with the GA at fetal MR imaging (r¼ 0.915, P, .001). The fetal
brain maturity total score based on the assessment of convention-
ally acquired MR imaging data showed a positive correlation with
the GA at fetal MR imaging (rater 1: r¼ 0.966, P, .001; rater 2:
r¼ 0.915, P, .001) (Fig 3 and Online Supplemental Data).

The self-assessment of confidence by the investigating radiol-
ogists revealed a higher level of confidence for the assessment of
fetal brain maturity on the basis of conventionally acquired MR

imaging data (rater 1: median, 34; range, 33–34; and rater 2: me-
dian, 34.5; range, 31–40) compared with SyMRI-generated MR
imaging data (rater 1: median, 32.5; range, 19–38, and rater 2:
median, 33; range, 16–34) (Online Supplemental Data).

Physical Tissue Properties of the Brain Stem
Significant correlations were observed between the GA at fetal MR
imaging and the T2R (r ¼ –0.739, P¼ .006) and R2 (r¼ 0.790,
P¼ .002) determined in the medulla oblongata. No significant cor-
relations were observed between the GA at fetal MR imaging and
the T1R (r ¼ –0.340, P= .280), R1 (r¼ 0.467, P¼ .126), PD (r ¼
–0.071, P= .826), or MR imaging SI (r ¼ –0.264, P¼ .408) deter-
mined in the medulla oblongata. No significant correlations were
observed between the GA at fetal MR imaging and the T1R (r ¼

FIG 2. Presentation of conventionally acquired T2-weighted MR imaging contrasts (A, F, K, P) and quantitative MR imaging maps based on T1R (B,
G, L, Q), T2R (C, H,M, R), R1 (D, I, N, S), and R2 (E, J, O, T). The color-coding, according to the T1-/T2-relaxation parameters, is indicated by the col-
ored bars. The first (A, B, C, D, E) and the third columns (K, L,M, N, O) show MR imaging data from a fetus imaged at 321 4weeks’ GA. The sec-
ond (F, G, H, I, J) and the fourth columns (P, Q, R, S, T) show MR imaging data from a fetus imaged at 251 4weeks’ GA. Brain myelination is
indicated by a shortening of T1R/T2R (blue color-coding) and a prolongation of R1/R2 (yellow/orange color-coding). The color-coding of T1-
relaxation parameters shows a distinct myelination of the medulla oblongata (L, N) and the midbrain tegmentum/tectum (B, D) at 321 4weeks’
GA. At 251 4weeks’ GA, only the medulla oblongata shows remarkable myelination (Q, S). The color-coding of T2-relaxation parameters indi-
cates myelination of the medulla oblongata (M, O) at 321 4weeks’ GA. Beginning T2R-shortening and R2-prolongation are visible in the medulla
oblongata (R, T) at 251 4weeks’ GA and in the midbrain tegmentum/tectum (C, E) at 321 4weeks’ GA.
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–0.349, P¼ .266), R1 (r¼ 0.363, P¼ .247), T2R (r ¼ –0.461,
P¼ .131), R2 (r¼ 0.567, P¼ .054), PD (r ¼ –0.187, P¼ .561), or
MR imaging SI (r ¼ –0.376, P¼ .229) determined in the midbrain
(Fig 4 and Online Supplemental Data).

DISCUSSION
In this study, a novel quantitative MR imaging technique was used
in prenatal neuroimaging. Due to the time-consuming acquisition
of MDME sequences, the investigated approach was commonly
limited by fetal motion. However, in a certain fraction of successful
acquisitions, this technique provides multiple MR imaging data
based on a single scan. The results presented here suggest that pro-
vided that an MDME sequence acquisition of sufficient quality is
feasible, SyMRI-based image data supply additional multiparamet-
ric information to the assessment of fetal brain maturation.

The prenatal radiologic assessment of brain maturity is based
on morphologic features and changes in physical tissue properties
that lead to MR signal alterations.23,26 Cortical development begins
in the first trimester of pregnancy by cell proliferation in the gangli-
onic eminence, followed by neuronal migration through the hemi-
spheres to the surface of the brain.9,23,27 With time, postmigrational
maturation becomes evident by opercularization, gyration, and sul-
cation.28,29 In fetuses, primarily myelination processes alter the
appearance of white matter.30,31 Myelin is first seen in the spinal
cord and proceeds rapidly cephalad in its dorsal portions.26 In the
sixth month of pregnancy, myelination is already detectable in the
brain stem.26 At 32weeks of gestation, myelin-induced MR signal
changes appear supratentorially.26,32 Thus, cerebral development
progresses through a predictable pattern, underlying the scoring
system used in this study.15,23

FIG 3. Pearson correlation between GA at MR imaging (x-axis) and the fetal brain maturity total score (y-axis) on the basis of SyMRI-generated
(A and B) and conventionally acquired MR imaging data (C and D). Rater 1: A and C; rater 2: B and D.
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The assessment of fetal brain maturity based on SyMRI-gener-
ated and conventionally acquired MR imaging data revealed com-
parable results. However, overall, both investigating radiologists

reported a higher level of confidence when structural aspects of
brain maturation were evaluated on the basis of standard-of-care
images, because this technique achieves higher spatial resolution.

FIG 4. Pearson correlation between GA at MR imaging (x-axis) and quantitative MR imaging metrics (y-axis) determined by rater 1 (medulla
oblongata [A, B, E, F, I, J]; midbrain [C, D, G, H, K, L]).
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Most interesting, relatively high levels of confidence were observed
when SyMRI-generated maps were available for the evaluation of
brain myelination. Quantitative MR imaging mapping has already
been proved beneficial for the qualitative assessment of neonatal
brain myelination because the color-coding visualizes myelin-
induced changes more clearly.15 The availability of various MR
imaging maps for the evaluation of myelination might allow a
more consistent neuroradiologic assessment of fetal brain maturity.
In the present study, good/excellent concordances were observed
between the raters when SyMRI-generated data were used for the
evaluation of brain maturation.25,33 In contrast, on the basis of the
assessment of conventionally acquiredMR imaging contrasts, there
was only moderate/fair agreement.25,33

However, future development in sequence acceleration and k-
space sampling are needed to improve the applicability of this tech-
nique in a clinical, fetal imaging setting.34,35 Nonetheless, the prin-
ciple of MDME-based postprocessing would be of great benefit in
prenatal imaging. Moreover, this technique provides information
about tissue-specific properties, which enables the characterization
of brain myelination by a quantitative approach.11,17

In fetuses, the maximum quantities of myelin deposition are
detectable in the brain stem.26,32 Thus, this region best reflects
myelin-induced changes in tissue-specific properties. These phys-
ical characteristics are linked to visually perceptible MR imaging
SI values, which serve as the basis for the qualitative evaluation of
brain myelination.26 However, there was only a nonsignificant
decrease of the T2 SI values of the brain stem. This finding high-
lights the limitations of a visual evaluation of myelination based
on conventional MR imaging contrasts.15 Most interesting, sig-
nificant changes in T2-relaxation parameters of the medulla
oblongata were found within the developing brain stem. There is
evidence that the tightening of fully developed myelin sheaths
induces T2R-shortening/R2-prolongation.36-38 The medulla
oblongata shows beginning myelination at 24weeks’ GA.26

Hence, in contrast to other substructures of the brain stem, this
section already contains a relatively huge amount of fully devel-
oped fibers at the end of the third trimester.26,32 This fact could
also explain that T2R-shortening and R2-prolongation were less
pronounced in the midbrain. However, even though T1 MR
imaging metrics proved sufficient to quantify brain myelination
in neonates, T1R/R1 did not reveal significant changes prena-
tally.11 Generally, similar to T1R/T2R, the PD decreases as myelin
development proceeds.30 In this study, there were no significant
correlations between GA and spin density, confirming that PD
does not allow a reliable quantitative characterization of brain
myelination at early developmental stages.11,30

Delayed brain maturation is associated with neuropsychiatric
disorders.39,40 Quantitative MR imaging techniques generate val-
uable image data for the qualitative assessment of fetal brain ma-
turity. Furthermore, these MR imaging data provide novel
imaging biomarkers that allow a more differentiated assessment
of prenatal brain development. The evaluation of fetal brain ma-
turity is considered challenging in clinical neuroradiology, and
current qualitative assessment strategies are limited by the low
sensitivity of conventional MR imaging to small myelin quanti-
ties.26 Thus, imaging modalities that enable a more reliable char-
acterization of early developmental stages are greatly needed

because these may help clinicians predict future neurodevelop-
mental disabilities. Quantitative MR imaging metrics could pro-
vide the opportunity to track prenatal brain maturation and
detect developmental anomalies at an early stage, even though
these subtle signal alterations may not be detected qualitatively.26

However, this topic was outside the scope of this study but should
be addressed in the future.

This study has several limitations. By default, the fetal MR
imaging protocol did not include axial T1-weighted/snapshot
inversion recovery MR image acquisitions, limiting a direct com-
parison of both imaging modalities to a certain extent. The investi-
gated cohort was small and included pathologic brain scans.
Furthermore, the limited sample impeded a reliable between-group
comparison (fetuses with normal versus pathologic brains).
Although only MDME-based image data of superior quality were
included in this study, movement-related artifacts were still present
in most cases. These limitations might have had an impact on both
qualitative and quantitative analyses. Although strong correlations
were observed, there is still an impact of movement-related arti-
facts on qualitative and quantitative analysis that needs to be
clearly stated. Nonetheless, the results presented in this work are in
line with findings of previous studies that investigated the charac-
teristics of tissue-specific MR imaging properties at the early stages
of cerebral development.11,30

CONCLUSIONS
The results of this study indicate that given ideal imaging condi-
tions, MDME-based image data allow a qualitative assessment of
maturity-related changes of the fetal brain in utero. In addition,
this method makes tissue-specific quantitative information avail-
able and, therefore, provides quantitative imaging biomarkers for
fetal neuroimaging. Future technical advances in accelerating
multiecho sequence acquisitions will help to address current fetal
motion-related limitations of this approach. Together with other
recent advances in multicontrast, multiparametric estimation
techniques such as STrategically Acquired Gradient Echo
(STAGE),41 our data indicate that this line of research is promis-
ing and is likely to evolve as a new radiologic strategy to provide
complementary MR imaging information to the continuously
improving quality of fetal sonography.
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Prenatal Diagnosis of Third and Fourth Branchial Apparatus
Anomalies: Case Series and Comparison with Lymphatic

Malformation
Y. Li, A. Mashhood, M.D. Mamlouk, C.E. Lindan, V.A. Feldstein, and O.A. Glenn

ABSTRACT

BACKGROUND AND PURPOSE: Third and fourth branchial apparatus anomalies are rare congenital anomalies. The purpose of this
study was to investigate imaging features of these lesions on fetal MR imaging in comparison with lymphatic malformations, the
major competing differential diagnosis in these cases.

MATERIALS AND METHODS: A retrospective review of our institutional fetal MR imaging database between 1997 and 2019 resulted in 4
patients with confirmed third and fourth branchial apparatus anomalies and 14 patients with confirmed lymphatic malformations. The
imaging features were reviewed by consensus, and the Fisher exact test was used to evaluate statistically significant differences between
these 2 populations.

RESULTS: Four cases of third and fourth branchial apparatus anomalies were imaged at 29 weeks 1 day (range, 23 weeks 1 day to 33 weeks
4 days). All 4 cases demonstrated unilateral, unilocular cysts without reduced diffusion or hemorrhage and a medially directed beaked con-
tour that tapered between the spine and airway at the level of the piriform sinus. Compared with 14 cases of fetal lymphatic malforma-
tions imaged at 27 weeks 6 days (range, 21 weeks 3 days to 34 weeks 6 days), third and fourth branchial apparatus cysts were significantly
more likely to be unilocular (P, .005) and to have a medially beaked contour (P, .005). The combination of features of unilateral, uniloc-
ular, and medially beaked contour was observed only in the fetuses with third and fourth branchial apparatus cysts (P, .001).

CONCLUSIONS: The presence of a left-sided unilocular cyst with a medially beaked contour tapering at the level of the piriform
sinus suggests the diagnosis of third and fourth branchial apparatus anomaly. Accurate diagnosis in the prenatal period allows
proper counseling, genetic work-up, and treatment, potentially sparing patients from recurrent infections and associated morbidity.

ABBREVIATION: SS ¼ single-shot

Anomalies of the branchial apparatus are among the most
common congenital abnormalities of the head and neck,

second only to thyroglossal duct cysts, and are thought to repre-
sent failure of obliteration of the branchial clefts or cervical sinus
of His.1 Third and fourth branchial apparatus anomalies are rare,
comprising only 1%–10% of all branchial apparatus anomalies.2-4

These anomalies arise from the piriform sinus and course
through the deep spaces of the neck, often descending into the
mediastinum along the tracheoesophageal groove. Although
third and fourth branchial apparatus anomalies are relatively
less common, they are clinically important to recognize because
they can present acutely with abscess, suppurative thyroiditis,5,6

and even life-threatening airway compromise and need to be
appropriately treated.7,8 These anomalies typically manifest
postnatally as fistulas or sinuses but can sometimes manifest in
utero. There are few published reports on the prenatal imaging
appearance of these lesions.

We present 4 cases of third or fourth branchial apparatus
anomalies diagnosed prenatally with MR imaging and describe
the prenatal MR imaging features suggestive of this diagnosis.
We compare these imaging features with those seen in lymphatic
malformations, the most common cystic lesion in the posterior
cervical space, to investigate distinguishing features of these enti-
ties. Last, we correlate our prenatal findings with postnatal imag-
ing, surgery, pathology, and clinical follow-up.
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MATERIALS AND METHODS
In this institutional review board–approved, Health Insurance
Portability and Accountability Act–compliant study, we searched
the University of California San Francisco fetal MR imaging data-
base for all reports of fetal neck MR imaging with cystic neck masses
performed between 1997 and 2019. After correlation with available
postnatal surgical reports and/or pathology, we identified 4 patients
with surgically and/or pathologically confirmed third and fourth
branchial apparatus anomalies and 14 patients with confirmed lym-
phatic malformations. Of the 4 patients with third and fourth bran-
chial apparatus anomalies, 1 patient was scanned with 1.5T MR
imaging (GE Healthcare Signa, Waukesha, WI) and the 3 others
were scanned with 3T MR imaging (GE Healthcare Discovery 750,
Waukesha, WI). One of the 4 patients underwent 2 fetal MRIs, both
at 3T. Of the 14 cases of lymphatic malformation, 7/14 (50%) cases
were imaged at 1.5T (GE Healthcare Signa, Waukesha, WI) and
7/14 (50%) were imaged at 3T (GE Healthcare Discovery 750,
Waukesha, WI). The fetal neck MR imaging protocol at our institu-
tion includes a sagittal maternal large FOV single-shot (SS) FSE for
localization, and then 2 or 3 acquisitions in each of the 3 planes of
T2-weighted real-time SS FSE centered over the fetal neck (TR ¼
4000 ms, TE¼ 100 ms, 3-mm section thickness/0-mm section spac-
ing, FOV ¼ 24.0, matrix ¼ 224 � 256). Additional sequences

include axial and coronal diffusion-weighted imaging
(b¼ 800, TR¼ 4000 ms, TE¼minimum, 3-mm section thickness/
0-mm section spacing, FOV ¼ 32.0, matrix ¼ 64 � 128) and axial
echo-planar imaging (TR ¼ 4000 ms, TE ¼ 90 ms, 3-mm section
thickness/0-mm section spacing, FOV¼ 25.0, matrix¼ 100� 100).

Two radiologists with expertise in pediatric neuroradiology
(Y.L., O.A.G.) and 1 radiologist with expertise in obstetric sonogra-
phy (V.A.F.) reviewed the imaging by consensus and rated the
location, size, locularity, laterality, vascular displacement, the pres-
ence of a medial beak, airway displacement, thyroid and mediasti-
nal involvement, as well as T1, T2, DWI, and EPI characteristics of
the masses. The Fisher exact test was used to evaluate statistically
significant differences in these characteristics between third and
fourth branchial apparatus anomalies and lymphatic malforma-
tions. Postnatal surgical and pathology reports were also reviewed,
and clinical follow-up was obtained when available.

RESULTS
Fetal MR Imaging of Third and Fourth Branchial
Apparatus Anomalies
We identified 4 cases of prenatally diagnosed third and fourth bran-
chial apparatus anomalies. In all 4 cases, the patients were referred

FIG 1. Patient 1 was initially identified as having a cystic neck mass on prenatal sonography. A, Sonography at 23weeks demonstrates a left-sided
cystic neck mass and communication (arrow) between the airway (a) and cyst (c). Doppler imaging (B) confirms the absence of intralesional vas-
cular flow. Cine sonography imaging (Online Supplemental Video) shows fluctuation in the size of the cystic lesion with fetal breathing motion.
Fetal MR imaging at 23weeks’ gestation with axial T2 SS FSE demonstrates (C) a left-sided unilocular cystic lesion that approaches but does not
displace the airway on the axial image. The carotid sheath (arrow) is posterior to the cyst (arrow). Coronal image (D) from the same scan high-
lights the tubular shape of the lesion with a medial beak (arrowhead). Postnatal axial T2 image (E) shows interval growth of the lesion, with bet-
ter visualization of the posteriorly displaced carotid sheath (arrow) relative to the cyst (c). The airway is displaced to the right (a). Coronal T2
image (F) from the same postnatal scan demonstrates the medial beak (arrowhead) and tubular shape of the lesion.
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for fetal MR imaging for evaluation of a unilateral, unilocular, cystic
neck mass detected on routine prenatal sonography (Figs 1–4) at a
mean gestational age of 20 weeks 3 days (range, 18 weeks 6 days to
21 weeks 0 days). Fetal MRIs were performed following the

ultrasounds at a mean gestational age of
29 weeks 1 day (range, 23 weeks 1 day to
33 weeks 4 days). In the case in which a
second fetal MR imaging was performed
to assist with delivery planning, the sec-
ond MR imaging occurred 9 weeks after
the first, at 37 weeks gestational age.

In all 4 cases, on sonography, the
cysts were unilocular and anechoic with-
out internal debris. Features of the cysts
by fetal MR imaging are listed in the
Table. On fetal MR imaging, the cysts
were homogeneously T2-hyperintense
and T1-hypointense. In the 2 cases in
which DWI was performed, the lesions
demonstrated increased diffusivity. No
hemorrhage was seen on EPI in any of
the 4 cases. All cysts were unilateral, left-
sided, and involved the deep spaces of
the neck and displaced the ipsilateral ca-
rotid space in a posterior-medial direc-
tion and the sternocleidomastoid muscle
laterally. All 4 cases demonstrated a
medially directed beaked contour that
tapered between the spine and the air-
way at the level of the piriform sinus.

There were varying degrees of mass effect on the airway in 3 cases,
and the lesions crossed the midline posterior to the airway in 2 cases.
In all 4 cases, the lesion extended inferiorly to contact the thyroid
gland, and in 3 cases, the lesion extended into the mediastinum.

FIG 2. Prenatal sonography in patient 2 (A) demonstrates a left-sided cystic lesion in the neck. The lesion (c) lies lateral to the airway (a) and courses
posterior to the airway as it extends medially (white arrow). Coronal (B) and axial (C) T2 SS FSE fetal MR images at 31weeks’ gestation show a tubular
cystic neck lesion with a beak (arrowhead) that extends medially and posterior to the airway. Axial EPI diffusion-weighted imaging (D) and an ADC
map (E) demonstrate no abnormal susceptibility or reduced diffusion. Postnatal T2 imaging (F) in the same patient shows a nondependent hypoin-
tensity (white arrow) within the lesion after birth, compatible with air. Postcontrast T1 image (G) shows a communication with the airway (white
arrowhead), confirmed intraoperatively following the postnatal scan. Coronal T2 image (H) demonstrates the tubular shape of the sinus.

FIG 3. Fetal MR imaging for patient 3 at 20weeks demonstrates a unilocular left-sided cystic neck
lesion extending into the mediastinum in the sagittal (A) and axial (B) planes. The lesion tapers toward
the midline with a medial beak (arrowhead) and extends into the mediastinum. Postnatal imaging
demonstrates a similar craniocaudal extent of the cystic lesion (C) compared with the prenatal image
(A). T2 fat-saturated postnatal imaging (D) demonstrates a focus of air (white arrow) within the
lesion, with posterior displacement of the carotid artery (white arrowhead). Positioning the patient
in the left lateral decubitus position (E) shows movement of the air bubble (dashed arrow) with
repositioning. Postoperative photograph (F) of the cystic lesion in the neck before excision.
Operative findings confirmed a sinus tract communicating with the piriform sinus.
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In the case with a follow-up fetal MR imaging 9weeks later,
the cyst demonstrated interval growth, but there was no change
in its morphology or signal characteristics.

In one case on prenatal sonography, the lesion was noted to
fluctuate in size with swallowing, suggesting communication with
the airway (Online Supplemental Video).

Comparison with Fetal Lymphatic Malformation
Fourteen cases of fetal lymphatic malformations were imaged by
fetal MR imaging at a mean gestational age of 27 weeks 6 days
(range, 21 weeks 3 days to 34 weeks 6 days).

In comparison with the cases of fe-
tal lymphatic malformations, the third
and fourth branchial apparatus cysts
demonstrated several distinguishing
features (Table). Third/fourth bran-
chial apparatus cysts were significantly
more likely to be unilocular (P, .005)
and to have a medially beaked contour
(P, .005). Cystic lateral neck masses
that demonstrated all 3 features in
combination (unilateral, unilocular,
with a medially beaked contour) were
all subsequently confirmed to be third
and fourth branchial apparatus cysts
(P, .001). Two of the 14 lymphatic
malformations were unilocular, but
neither were in the expected location
of the third and fourth branchial appa-

ratus anomalies. One was in the left suboccipital region extending
into the posterior neck, and the other involved the scalp near the
vertex. Additionally, of the unilateral cystic lymphatic malforma-
tions that involved the deep spaces of the neck that were in rea-
sonable locations for third or fourth branchial apparatus
anomalies, none were unilocular or demonstrated the medially
beaked appearance (Fig 5).

Postnatal Follow-up
In all 4 cases of third and fourth branchial apparatus anomalies, the
diagnosis was suggested prenatally on the basis of these imaging

FIG 4. Fetal MR imaging of patient 4 in the axial (A) and coronal (B) planes at 28weeks demonstrates a left-sided unilocular cystic lesion, with
medial beaking (arrowhead), extending medially posterior to the airway, without mass effect on the airway. Axial (C) and coronal (D) T2 SS FSE
fetal MR imaging at 37weeks demonstrates interval growth of the cystic lesion, now displacing the airway (white arrow) to the right. Postnatal
axial T2 fat-saturated image (E) demonstrates a nondependent hypointensity (white arrowhead), compatible with air within the cyst, which
appears to have continued to enlarge on the coronal image (F) compared with the fetal MR imaging at 37weeks’ gestation (D). A contralateral
right-sided fistula in the same patient presented at 5 years of age, superiorly involving the piriform sinus (dashed arrow) on the axial T1 fat-satu-
rated postcontrast image (G) and extending to the skin on the T2 fat-saturated image (H) more inferiorly. Bilateral third and fourth branchial
anomalies are rare, but occur in 2%–3% of cases and are often familial.26 The right-sided fistula was also hypothesized to represent a pseudofis-
tula acquired through multiple repeat infections of the branchial apparatus anomaly.

Imaging characteristics of postnatally confirmed fetal third or fourth branchial appara-
tus anomalies compared with consecutive cases of fetal lymphatic malformation

Third or Fourth
Branchial Apparatus
Anomalies (n= 4)

Lymphatic
Malformation

(n= 14) P Value
Unilateral 4/4 (100%) 5/14 (36%) P ¼ .08
Unilocular 4/4 (100%) 2/14 (14%) P ¼ .005
Medial beak 4/4 (100%) 2/14 (14%) P ¼ .005
Combination of findings:
unilateral, unilocular, with
medial beaking

4/4 (100%) 0/14 (0%) P ,.001

Vascular displacement 4/4 (100%) 7/14 (50%) P ¼ .12
Mediastinal involvement 3/4 (75%) 5/14 (36%) P ¼ .28
Displaces airway 3/4 (75%) 11/14 (79%) P ¼ 1.00
Extends posterior to airway 4/4 (100%) 7/14 (50%) P ¼ .07
Contacts thyroid 4/4 (100%) 9/14 (64%) P ¼ .12
Areas of susceptibility on EPI 0/4 (0%) 4/11 (36%) P ¼ .41
Areas of T1 hyperintensity 0/3 (0%) 3/12 (25%) P ¼ 1.00
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characteristics. All subjects underwent postnatal MR imaging after
delivery to confirm the prenatally described findings and for surgi-
cal planning. In all subjects, the cyst had grown by postnatal MR
imaging, and in 1 patient, the cyst demonstrated new extension
across the midline. One of the 4 patients received contrast, which
revealed thin peripheral enhancement typical of a cyst. Most inter-
esting, postnatal imaging demonstrated air in the cyst in 3 of the 4
cases, indicating communication with the airway.

Operative reports, surgical pathology, and clinical follow-up
were available for review in all patients. In patient 1 (Fig 1), the
left neck cyst was noted to approximate the left piriform sinus,
but no discrete tract was noted to ascend to the sinus, and no epi-
thelialized tract was found by pathology. Pathology in this case
initially diagnosed a thyroglossal duct cyst on the basis of the
presence of thyroid tissue within the cyst. After we compared the
pathologic findings with imaging findings, however, the cyst was
thought more likely to represent a piriform sinus fistula. The thy-
roid tissue within the specimen was thought to be ectopic, likely
due to a common embryologic origin. In patient 2 (Fig 2), micro-
direct laryngoscopy revealed a fistulous tract in the left piriform
sinus that tracked directly to the cystic left neck mass. The mass
was initially decompressed of air and fluid via the fistulous tract,
and the tract was cauterized and oversewn. Several days later, the
cyst recurred as an abscess, which was drained percutaneously
and subsequently re-excised. In patient 3 (Fig 3), an operation
confirmed the presence of a fistula to the piriform sinus in associ-
ation with a cystic neck mass, establishing the diagnosis of third
or fourth branchial apparatus anomaly. Patient 4 (Fig 4) under-
went surgical repair of a left-sided third or fourth branchial cleft
cyst in infancy, which was confirmed to communicate with the
piriform sinus. This patient presented later in childhood with an
abscess in the contralateral right side of the neck, and imaging
demonstrated a fistulous tract extending from the surface of the
skin to the airway. This fistula had not been detected prenatally
or in infancy. On resection, this anomaly was also diagnosed as a
branchial cleft remnant, and the fistula tract was thought most
likely to represent a pseudofistula acquired through multiple
infections.9

DISCUSSION
Third and fourth branchial apparatus anomalies are rare develop-
mental anomalies that often present as cystic lateral neck masses,
sinus tracts, or fistulas, most frequently on the left side.6 We pres-
ent a series of 4 cases in which the diagnosis of third and fourth
branchial apparatus anomaly was suggested prenatally on the ba-
sis of the appearance by fetal MR imaging. All lesions presented
as homogeneously T2 hyperintense, unilateral, left-sided, uniloc-
ular cystic masses, extending posterior to the airway, with a medi-
ally beaked contour that tapered toward the piriform sinus. These
cysts were typically located deep to the sternocleidomastoid mus-
cle, anterior to the carotid sheath, and lateral to the visceral space
of the neck. One cyst was noted to fluctuate in size on prenatal
sonography, suggesting communication with the airway. In our
cohort, the combination of a unilocular, unilateral cyst with a
medial beak directed toward the region of the piriform sinus was
seen only in patients with confirmed third or fourth branchial ap-
paratus anomalies and not in any of the lymphatic malforma-
tions. This finding is consistent with previously published
literature that stated that lymphatic malformations are only rarely
unilocular.10

The differential diagnosis of congenital cystic lesions of the
neck can be quite broad and includes thyroglossal duct cysts,
branchial sinus anomalies, lymphatic malformations, dermoid/
epidermoid cysts, ranulas, cervical thymic cysts, and cervical
bronchogenic cysts.11 It is important to differentiate third and
fourth branchial cleft cysts from these entities because treatment
options may vary, and third and fourth branchial apparatus cysts
are associated with specific genetic disorders.

Branchial apparatus cysts may become infected, leading to ab-
scess formation and airway compromise; therefore, they are com-
monly surgically excised when they come to medical attention.11

Because branchial apparatus anomalies do not spontaneously
regress with time, surgical excision is considered the definitive
therapy.12 Although sclerosis has been shown to be safe13 and has
been used in those with contraindications to an operation, sclero-
sis is not considered a definitive treatment because multiple ses-
sions may be necessary and the fistulous connection to the
piriform sinus must be definitively sclerosed to prevent recurrent
infection.

Lymphatic malformations, though a more common cause of a
lateral neck cyst,10,11 are not commonly superinfected, and at
some institutions, they may be observed or sclerosed as opposed
to resected, if they are otherwise not leading to immediate com-
plications such as respiratory distress, because some rare cases
may spontaneously regress in size with time.14

Furthermore, branchial apparatus anomalies can be associated
with Treacher Collins syndrome, DiGeorge syndrome, Pierre
Robin sequence, Goldenhar syndrome, and branchio-oto-renal
syndrome.15 Lymphatic malformations involving the dorsal neck,
commonly referred to as “cystic hygromas,” are often associated
with underlying genetic abnormalities such as Turner syndrome,
Noonan syndrome, or Trisomy 21. Macrocystic lymphatic mal-
formations in the lateral neck, on the other hand, are not associ-
ated with these genetic abnormalities.14

Cervical thymic cysts, another entity on the differential diag-
nosis of cervical cystic lesions, account for 0.3% of all congenital

FIG 5. Axial (A) and coronal (B) T2 SS FSE fetal MR imaging from a rep-
resentative patient with a postnatally confirmed lymphatic malforma-
tion, imaged at 34 weeks 6 days. Although the left-sided cystic neck
lesion is in a location in which third and fourth branchial apparatus
anomalies occur, the lesion is multiloculated with internal septations
(arrowheads) and does not demonstrate a medially beaked contour,
thus differentiating this case from the cases of third and fourth bran-
chial apparatus anomalies.
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neck masses16 and occur in the same location as third and fourth
branchial apparatus anomalies because they arise from the thymo-
pharyngeal duct but embryologically derive from the third bran-
chial apparatus.17 Prior reports of thymic cysts have shown that
they can be unilocular or multiloculated, are also more commonly
left-sided, and can extend into the mediastinum and retropharyng-
eal space.18 Some authors have also described communication with
the piriform sinus.17 Prenatally diagnosed cases have included pre-
natal sonography reports of mediastinal cysts,19 but to the best of
our knowledge, there have been no published cases of prenatally
diagnosed cervical thymic cysts or cases diagnosed with fetal MR
imaging. Patients often present in childhood with swelling or mass
effect on the airway.20 On the basis of imaging characteristics, cer-
vical thymic cysts may be indistinguishable from third or fourth
branchial apparatus anomalies but are exceedingly rare and are
managed similarly with surgical excision. Thus, precise distinction
of this entity from third and fourth branchial apparatus anomalies
may not be possible or necessary.

Additionally, tracheoesophageal fistulas can present as a cystic
midline neck mass anterior to the fetal spine. The cyst represents
the dilated upper blind end of an atretic esophagus and is typi-
cally midline as opposed to the lateral neck and, thus, can be dis-
tinguished from third and fourth branchial apparatus anomalies
on the basis of location.21 Tracheoesophageal fistulas are most
commonly prenatally diagnosed on the basis of secondary find-
ings of polyhydramnios and a small gastric bubble.22

The branchial apparatus is an embryologic structure that
appears during the fourth week of gestation in the walls of the
embryologic pharyngeal digestive tract, forming 5 paired arches
(Fig 6). The arches are separated by clefts and pouches, which
reflect indentations of the ectoderm and endoderm, respectively.
The arches are composed of embryonic mesoderm and neural
crest cells and contain a neurovascular bundle. Thus, these struc-
tures serve as the embryonic origin of many different osseous,
cartilaginous, muscular, vascular, neural, endocrine, mucosal,

and cutaneous structures in the head and neck. By the seventh
week of development, the second arch has overgrown the lower
arches and, thus, creates the cervical sinus of His, an ectoderm-
lined space that is obliterated during the course of normal devel-
opment. The third branchial arch eventually gives rise to the sty-
lopharyngeus muscle, internal and common carotid arteries,
glossopharyngeal nerve, hyoid bone, inferior thyroid gland, and
thymus.15 The fourth branchial cleft eventually forms the laryn-
geal cartilages, laryngeal and pharyngeal constrictor muscles,
superior laryngeal nerve, calcitonin-secreting cells of the thyroid
gland, superior parathyroid glands, left thoracic aorta, and the
right proximal subclavian artery.23

Prior publications of third or fourth branchial cleft anomalies
report they are approximately 80% left-sided, the reason being
not fully understood but possibly due to asymmetric vascular de-
velopment of the branchial arches.24 Bilateral anomalies, such as
in one of our patients, are rare and occur in 2%–3% of cases, and,
when present, are often familial.25,26 Imaging remains an impor-
tant component of diagnosis of third and fourth branchial appa-
ratus anomalies. As the case of the pathologically misdiagnosed
thyroglossal duct cyst demonstrates, pathology can be misleading
in the isolation of imaging findings. In one prior study, 88% of
surgically excised third or fourth branchial anomalies contained
ectopic thyroid tissue.9 In the absence of imaging, these cysts may
be easily mistaken for thyroglossal duct cysts.

While both third and fourth branchial arch anomalies com-
municate with the piriform sinus, third branchial arch anomalies
originate from the base of the piriform fossa and fourth branchial
arch anomalies originate from the apex.27 Additionally, third
branchial cleft anomalies originate cranial to the superior laryn-
geal nerve, whereas fourth branchial cleft anomalies originate
caudal to the superior laryngeal nerve.11 While theoretically these
features help to distinguish between third and fourth branchial
apparatus anomalies, the size of the abnormality relative to the fe-
tal or infant neck often results in difficulty resolving these ana-
tomic differences.15 In practice, therefore, these entities are
typically discussed together.

CONCLUSIONS
Our review of this series of surgically and pathologically proved
cases of prenatal presentations of third and fourth branchial ap-
paratus anomalies identified several features on fetal MR imaging
that are highly suggestive of this entity. Namely, the presence of a
medially beaked contour that tapers between the spine and air-
way at the level of the piriform sinus in a left-sided, unilocular
cyst suggests the diagnosis of third and fourth branchial appara-
tus anomaly. Fetal MR imaging allows the prenatal diagnosis of
these congenital anomalies, and accurate prenatal diagnosis
allows proper counseling, genetic work-up, and earlier definitive
management. Because these lesions do not spontaneously regress
and carry the risk of superinfection, surgical excision is consid-
ered the definite therapy, and earlier treatment may potentially
spare these patients from associated morbidity.

Disclosures: Yi Li—UNRELATED: Grants/Grants Pending: Radiological Society of
North America, Comments: I am a recipient of the Radiological Society of
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FIG 6. Frontal and sagittal schematic representations of a 5-mm
human embryo at the fifth week of gestation. The branchial appara-
tus with clefts and internal pouches is depicted, as well as the deriva-
tions of the major head and neck structures. Reprinted with
permission fromWaldhausen.12
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Filtered Diffusion-Weighted MRI of the Human Cervical
Spinal Cord: Feasibility and Application to Traumatic Spinal

Cord Injury
S.A. Murphy, R. Furger, S.N. Kurpad, V.E. Arpinar, A. Nencka, K. Koch, and M.D. Budde

ABSTRACT

BACKGROUND AND PURPOSE: In traumatic spinal cord injury, DTI is sensitive to injury but is unable to differentiate multiple path-
ologies. Axonal damage is a central feature of the underlying cord injury, but prominent edema confounds its detection. The pur-
pose of this study was to examine a filtered DWI technique in patients with acute spinal cord injury.

MATERIALS AND METHODS: The MR imaging protocol was first evaluated in a cohort of healthy subjects at 3T (n¼ 3).
Subsequently, patients with acute cervical spinal cord injury (n¼ 8) underwent filtered DWI concurrent with their acute clinical MR
imaging examination ,24 hours postinjury at 1.5T. DTI was obtained with 25 directions at a b-value of 800 s/mm2. Filtered DWI
used spinal cord–optimized diffusion-weighting along 26 directions with a “filter” b-value of 2000 s/mm2 and a “probe” maximum
b-value of 1000 s/mm2. Parallel diffusivity metrics obtained from DTI and filtered DWI were compared.

RESULTS: The high-strength diffusion-weighting perpendicular to the cord suppressed signals from tissues outside of the spinal
cord, including muscle and CSF. The parallel ADC acquired from filtered DWI at the level of injury relative to the most cranial
region showed a greater decrease (38.71%) compared with the decrease in axial diffusivity acquired by DTI (17.68%).

CONCLUSIONS: The results demonstrated that filtered DWI is feasible in the acute setting of spinal cord injury and reveals spinal
cord diffusion characteristics not evident with conventional DTI.

ABBREVIATIONS: AD ¼ axial diffusion; DDE ¼ double diffusion encoding; fADC|| ¼ filtered parallel ADC; fDWI ¼ filtered DWI; NODDI ¼ neurite orienta-
tion dispersion and density imaging; PRESS ¼ point-resolved spectroscopy sequence; SCI ¼ spinal cord injury

Reliable biomarkers of spinal cord injury (SCI) severity could aid
long-term functional prognosis and facilitate therapeutic deci-

sion-making. DWI has shown promise as a noninvasive tool to
detect injury severity. DTI, the most widely used DWI model, has
revealed important changes to the tissue microstructure that
provide insight to function post-SCI in experimental mod-
els;1-6 however, technical challenges and difficulties in inter-
preting the data are central reasons for the lack of DTI
application within clinical settings and for investigations af-
ter human SCI.7-10 To address these challenges, a recent

filtered DWI (fDWI) technique, originally developed on the
basis of principles of double diffusion encoding (DDE), has
shown promise in animal models3,11 and simulations,12 pro-
viding information about axonal injury after a spinal cord
trauma. The purpose of this study was to examine the feasi-
bility and efficacy of an fDWI scheme in the healthy human
spinal cord with initial applications in the acutely injured cer-
vical spinal cord.

DTI is uniquely sensitive to the microstructure of the spinal
cord with an ability to reveal changes caused by injury that remain
undetectable by other MR imaging schemes and contrasts. Axial
diffusivity (AD), a directionally specific DTI metric quantifying
diffusion parallel to the spinal cord, typically decreases after SCI
and is specifically attributed to axonal damage.2 In the acute SCI
setting, decreased AD is likely caused by the formation of axonal
beading that restricts water mobility,2,12-14 though end-bulbs and
other microscopic features of acutely injured axons may also con-
tribute (Fig 1). Unfortunately, additional tissue responses to the
injury, particularly edema and hemorrhage, confound AD meas-
urements by DTI.15 Edema is an evolving pathology in the early
acute stage, and the logistics of patient transport and monitoring
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after SCI complicate measures of edema.16,17 Thus, a prominent li-
mitation for the efficacy of DTI in the clinic is differentiating true
axonal injury from the inflammatory response.

The goal of this study was to disambiguate healthy and injured
axons using DWI. While DTI is confounded by extracellular
edema,5 through prior simulations and preclinical studies we have
shown that the fDWI approach diminishes the effects of edema on
the DWI metrics and is more sensitive to diffusion within axons
(Fig 1). We compared ADmeasured by DTI with the filtered paral-
lel ADC (fADC||) measured by fDWI within healthy and injured
cords. Additionally, we used another DDE variant, a point-
resolved spectroscopy sequence (DDE-PRESS) readout for single
voxel, whole-cord measurements. The results demonstrated that
both fDWI and DDE-PRESS are feasible MR imaging schemes
with sensitivity to white matter diffusivity.

MATERIALS AND METHODS
Participants
All procedures were approved by the institutional review board at
the Medical College of Wisconsin, and written consent was
obtained from all participants. To first establish the protocol and
demonstrate the feasibility on human systems, we tested the
sequence on 3 healthy individuals with an intact spinal cord on a
3T scanner (mean age, 43.0 [SD, 16.4] years). Subsequently, the
protocol was ported to a 1.5T clinical MR imaging system and
evaluated in 8 patients with acute SCI (mean, 4.66 [SD, 3.23] hours
from hospital admittance to scan time) (mean age, 51.9 6 [SD,

12.1] years). The Online Supplemental Data include participant
characteristics.

MR Imaging
For healthy subjects, cervical spine imaging was performed on a
research-dedicated 3T Premier scanner with a 45-channel Head
Neck Spine array (GE Healthcare). For subjects with acute SCI,
imaging was performed on a clinical 1.5T Signa Optima MR450w
GEM scanner with a 24-channel Head Neck Spine array (GE
Healthcare). Participants were in the supine position with cush-
ions/padding to limit head tilting and lordosis in the cervical
(imaging) region. The participant was instructed to limit motion,
such as swallowing, to breaks in the acquisition series.

To first characterize signal attenuation and illustrate the
effects of diffusion filtering in the spinal cord, experiments in
healthy subjects used diffusion-weighting perpendicular to the
cord at b-values of 0, 200, 500, 1000, and 2000 s/mm2, using a
pulsed gradient spin-echo acquisition with a diffusion separation
(D) of 32.5ms and duration (d ) of 25.4ms. An EPI readout
(TR¼ 2500ms; TE¼ 64ms) was used with an FOV of 200mm2

and 11 slices at a thickness of 5mm and 0.2-mm gap.
For all participants, a DTI and fDWI protocol was used for an

EPI readout. The DTI acquisition used 25 directions distributed
along a sphere all at a b-value of 800 s/mm2. The diffusion-
encoding for fDWI consisted of a diffusion-weighting “filter” gra-
dient perpendicular to the spinal cord axis with a b-value of 2000
s/mm2. A separate diffusion-weighting “probe” gradient was
applied parallel to the main axis of the spinal cord from 0 to 1000
s/mm2. A total of 26 directions was acquired that accounts for
both a positive and negative combination of the filter and probe
gradient directions. Scan times were similar for DTI and fDWI at
5 minutes 27 seconds and 5 minutes 35 seconds, respectively. For
the healthy spinal cord, slices were centered at C4, while in the
SCI group, slices were centered at the level of the lesion.

Because the diffusion filter pulse suppresses signals outside the
spinal cord, the fDWI acquisition was additionally coupled with a
single-voxel DDE-PRESS as a separate acquisition (TR¼ 2000ms;
TE¼ 145ms). For individuals with SCI, this voxel (20 � 20 � 10
mm3) was placed at the epicenter of the lesion for 1 acquisition
and above the lesion for a second acquisition, both maintaining
alignment with the main axis of the spinal cord. The diffusion pa-
rameters for the DDE-PRESS sequence were identical to those in
DWI-EPI to the extent possible. A b-value of 2000 s/mm2 was
used for the diffusion filter pair, and 9 different b-values from 0 to
2000 s/mm2 in increments of 250 s/mm2 were used for the diffu-
sion probe (in addition to 1 non-diffusion-weighted spectrum).
The full DDE-PRESS acquisition was repeated 4 times with a single
average for each b-value and was acquired in 2 minutes 56 seconds.
DDE-PRESS was performed on 6 of the 8 participants with SCI.

As part of the clinical MR imaging protocol, T2-weighted sag-
ittal images were acquired and used for quantification of ana-
tomic lesion features.

Image Processing and Data Analysis
The Spinal Cord Toolbox (SCT; https://spinalcordtoolbox.com/)
was used for the following postacquisition processing of the
DWI-EPI data: 1) section-wise motion correction to correct for

FIG 1. Schematic representation of the fDWI/DDE MR imaging tech-
nique for spinal cord injury. Traumatic injury to the spinal cord (A)
results in microscopic damage to axons, illustrated here as beading
and end-bulbs that reflect the underlying acute pathology (B). A
prominent edema response (light blue) is typical surrounding the
injury site. Traditional DWI/DTI derives measures reflecting the bulk
sum of all features. With fDWI/DDE, a high-strength diffusion-
weighting perpendicular to the spinal cord suppresses extracellular
edema (and CSF) to estimate tissue-specific diffusivity metrics less
confounded by edema.
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translations in the axial plane; 2) DTI parameter maps of the
whole FOV using linear least-squares fitting; 3) spinal cord seg-
mentation; 4) spinal cord registration to the PAM50 template to
automate ROIs for the CSF, gray matter, and white matter.
Segmentation and registration were performed using the non-dif-
fusion-weighted (b ¼ 0 s/mm2) image for DTI and the filtered,
non-diffusion-weighted image (b¼ 2000 s/mm2, b|| ¼ 0 s/mm2) for
the fDWI acquisition. A pipeline was established to fully automate
the tasks performed by the SCT, and the outputs were visually
inspected to ensure its effectiveness and reliability. Mean cord values
were obtained from the combined white and gray matter (ie, whole
cord) because they could not be reliably discerned within the spinal
cord injury setting, likely due to injury responses and the lower reso-
lution on the 1.5T system. The noise and muscle ROIs were man-
ually selected for healthy individuals and patients with SCI.

Maps of the diffusivity measured parallel to the cord in the pres-
ence of the perpendicular diffusion filter (fADC||) were estimated in
Matlab (MathWorks) using a least-squares fit to the equation:

Si ¼ So � expð�b� DÞ;

where So is the signal measured without diffusion-weighting and
reflects the signal in the presence of the diffusion filter with no
parallel diffusion weighting (b ¼ 2000 s/mm2, b|| ¼ 0 s/mm2), Si
reflects the measured signal at each of the b||-values with
b ¼ q2 D� d

3

� �
. DTI and fDWI parameter maps were evaluated

using an ROI analysis. Quantification of fADC|| and AD con-
sisted of averages from each section and an average of all 11 slices
for the specified ROI. Linear regression was used to relate fADC||

and AD across all slices for both the intact spinal cord group and
the acute SCI group, with whole-cord values used for both groups
for similar comparisons.

The average SNR of all slices within the ROIs was also meas-
ured and obtained from the non-diffusion-weighted images for
DTI and fDWI by dividing images by the SD measured from a
region of pure noise:

SNR ¼ Si
SDðnoiseÞ :

Analysis of DDE-PRESS data used custom Matlab scripts for

derivation of diffusion parameters. The complex signals were

Fourier-transformed, and the water peak within the single non-

diffusion-weighted spectra (So) was set as the frequency reference

point for the subsequent integration of the other diffusion spec-

tra. Integration of the absolute valued signal was performed

between 62 ppm of the water peak to exclude the lipid contribu-

tion at approximately 13.5 ppm from the water peak. The inte-

grated and normalized signal (Si/So) was fit to a biexponential

model:3

Si ¼ S0 � fR � expð�b� DRÞ þ S0ð1� fRÞ � expð�b� DfastÞ;

where DR and Dfast capture the slow or restricted diffusion com-
ponent (DR) and the fast or more freely diffusing component
(Dfast). The fR reflects the fraction of the restricted signal. SNR
was computed and defined as the mean signal divided by the SD
from a region of pure noise.

The lesion length and hemorrhage extent were also measured
from the cranial-to-caudal extents of the spinal cord hyperinten-
sity and hypointensity, respectively, evaluated on sagittal T2-
weighted images. consistent with the National Institutes of
Health Common Data Elements.18

Statistics
Statistical tests were performed using SPSS Statistics 27 (IBM).
Data are reported as mean (SD). In the healthy subjects, a linear
regression analysis was performed to compare fADC|| and AD
across all slices from the same ROIs. A Wald–Wolfowitz runs test
for randomness was used to determine whether linear regression
was an appropriate fit to the data, with significance indicating the
presence of a nonrandom distribution of residuals. For the sub-
jects with acute injury, paired t tests were performed to compare
each section with the most cranial section for each of the diffusiv-
ity metrics separately. The linear regression and runs test were
also performed to directly relate fADC|| and AD. No direct com-
parisons between fADC|| and AD were performed because while
they reflect similar features of parallel diffusivity, they are
obtained from a different set of b-values and directions and are
estimated differently using single-axis or tensor estimation.

RESULTS
Single-Axis Diffusion-Weighted Behavior in the Intact
Spinal Cord
A pulsed gradient spin-echo applied perpendicular to the cord axis
in the intact spinal cord exhibited a characteristic exponential
decay within each of the tissue types captured by the ROIs (Online
Supplemental Data). With increasing b-values, WM signal was less
attenuated compared with that of the GM signal. There was nearly
complete signal attenuation to the noise floor for the CSF and
muscle at b ¼ 2000 s/mm2. At the b-value 2000 s/mm2, the mean
SNR values from the WM (24.0 [SD, 3.4]) were greater compared
with GM (14.0 [SD, 4.2]). The mean SNR for both CSF (6.77 [SD,
6.01]) and muscle (3.97 [SD, 4.10]) were indistinguishable from
the noise floor (3.77 [SD, 2.11]). Collectively, these results demon-
strate a diffusion gradient applied perpendicular to the cord (2000
s/mm2) that resulted in a signal consisting primarily of spinal cord
white matter without a contribution from non-neural tissues.

Filter-Probe Diffusion-Encoding in the Intact Spinal Cord
In the intact cervical spinal cord, fDWI was compared with DTI
(Fig 2). Mean fADC|| measured in the white matter (1.16 [SD,
0.38]mm2/s) was lower compared with the mean AD (1.45 [SD,
0.40]mm2/s) (Fig 2C), which equates to a reduction of 20.00%.

Filter-Probe Diffusion-Encoding in the Injured Cervical
Spinal Cord
fDWI, DTI, and DDE-PRESS were obtained in subjects with acute
spinal cord injury. In a sample image of a single subject (Fig 3),
fADC|| decreased at the injury site compared with AD. Averaged
across all acquired slices, mean fADC|| values were lower (0.81
[SD, 0.42]mm2/s) than mean AD values (1.36 [SD, 0.42]mm2/s)
(see examples for all participants in the Online Supplemental
Data). A paired t test comparing each section with the most cranial
section revealed a significant decrease at the injury epicenter
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compared with above the injury for both fADC||, t(7) ¼ 3.115,
P¼ .017, and AD, t(7) ¼ 2.881, P¼ .024. The most caudal section
showed no significant differences compared with the most cranial
section for fADC||, t(7) ¼ 1.117, P¼ .301, or AD, t(7) ¼ –0.045,
P¼ .965. AD also decreased, though to a lesser extent, at the injury
site compared with above and below the injury (Fig 4). When nor-
malized to the first section above the injury, fADC|| values
decreased an average of 38.71% at the injury epicenter, while AD
decreased by 17.68% at the same section. However, AD also exhib-
ited localized increases above and below the injury (Fig 5).
Together, these results showed an overall decrease in diffusion
measured parallel to the cord using 2 different DWI methods at the
injury site, with a greater decrease in fADC|| compared with AD.

The relationship between fADC|| and AD was also evaluated
to examine their differential effects. In the intact spinal cord,
fADC|| and AD have a linear relationship with one another (r2 ¼
0.659, P, .001) (Fig 5A), with a runs test confirming that the

FIG 3. fADC|| and AD maps for an individual (subject 3) with an acute
spinal cord injury. A T2-weighted image for an individual with an
acute spinal cord injury on a 1.5T system. Single slices above, at, and
below the injury site (as labeled in the T2 image) for fADC|| and AD
maps. Ax GRE indicates axial gradient recalled-echo.

FIG 2. fADC|| and AD maps for the healthy spinal cord. Single-subject
fADC|| (A) and AD maps (B) at C4 for a healthy individual on a 3T sys-
tem. Comparison of the mean white matter fADC|| or AD values (C)
and SNR (D).

FIG 4. fADC|| and AD compared at each individual section for acute
spinal cord injury (n¼ 8). There is a large, unidirectional decrease in
fADC|| at the injury site compared with a lesser, multidirectional
decrease in AD values. The asterisk indicates significance compared
with the first section (P, .05).

FIG 5. Correlations of fADC|| and AD at each individual section for
the intact spinal cord and acute spinal cord injury. Correlations are
significant for the intact spinal cord; however, a lower correlation and
nonrandom residuals for the acute SCI setting indicate that fADC||
and AD do not have a simple linear relationship, suggesting that they
provide differing information.
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residuals exhibit a random distribution (P¼ .344, Fig 5A). In
acute injury, fADC|| and AD do not exhibit a similar relationship
(Fig 5B) because the linear regression reveals a lower slope (r2 ¼
0.393, P, .001), and the runs test indicates that the residuals are
nonrandom (P, .001). Together, these data showed that in the
healthy, intact spinal cord, fADC|| and AD provide similar infor-
mation, but after acute SCI, they exhibit differing information.

The same metric of fADC|| was also obtained from DDE-
PRESS, though with differences in spatial positioning and cover-
age. In a patient with acute SCI (Online Supplemental Data), the
EPI readout was complicated by artifacts and low image quality.
However, the spectra exhibited a clear water peak and a lipid
peak at both the injury site and above the injury site. fADC||

measured from DDE-PRESS demonstrated significantly lower
mean values at the injury site (0.61 [SD, 33]mm2/ms) compared
with the more remote location above the injury (1.10 [SD,
0.34]mm2/ms), t(5)¼ 2.89, P¼ .034, showing trends similar to
that of fADC|| obtained from EPI. These data together show that
the estimated fADC|| from the DDE-PRESS for participants with
low image quality was similar to that of fDWI.

DISCUSSION
The results of this feasibility study demonstrated the efficacy and
applicability of the filtered diffusion encoding scheme in the acute
human spinal cord injury setting. The pathologic ambiguity of
DTI hinders its utility to specifically evaluate axonal integrity in
acute SCI.5,19 The filtered diffusion approach exploits the spinal
cord anatomy and known diffusion properties to suppress or filter
predominantly extracellular signals as shown in prior animal and
simulation studies.3,11,12 In this study, we directly compared
fADC|| measured by fDWI with AD measured by DTI in the same
healthy subjects and a cohort of subjects with acute spinal cord
traumatic injury. First, the results demonstrate that a b-value of
2000 s/mm2 sufficiently suppressed signals outside the cord while
retaining white matter signal (Fig 2). Second, decreases in fADC||

at the injury site of acute injury were more pronounced than those
of AD. Similarly, while AD showed inconsistent fluctuations across
the injured cord, fADC|| showed a unidirectional change compared
with above and below the injury (Fig 5). Last, DDE-PRESS was
able to capture similar measures of fADC|| indicative of axonal in-
tegrity for acute SCI (Online Supplemental Data), particularly use-
ful in cases in which EPI quality was unusable.

In acute spinal cord injury, axonal integrity is believed to be the
best indicator of functional outcome after a spinal cord injury,20

and parallel or axial diffusivity is the diffusion metric most closely
associated with the underlying cytotoxic edema consistent with
swollen and beaded axons.2,12,21 Indeed, in prior DTI studies of
acute SCI, AD was the strongest correlate of long-term outcome.22

The diffusion protocol in this study used multiple b-values along a
single direction parallel to the spinal cord, enabling a more direct
approach but with certain limitations. After traumatic SCI, axonal
injury is also accompanied by a prominent edema response evident
on T2-weighted images,23 including both vasogenic or cytotoxic
edema. Vasogenic edema is presumed to be extracellular, and as a
consequence, it confounds DTI, resulting in counterintuitive
increases in AD.2,12-14,24 In the proposed fDWI approach, fADC||

has a minimal contribution from vasogenic edema and is more

specific to cytotoxic edema. These differential effects explain the
greater sensitivity of fADC|| to the acutely injured cord (Fig 4).

Other approaches to resolving these diffusion properties have
used multicompartment modeling of the diffusion signal. Notably,
neurite orientation dispersion and density imaging (NODDI) is 1
example that estimates compartment volume fractions25 but is
based on the assumption of a single diffusion coefficient of
1.7mm2/ms for the intra-axonal parallel diffusivity. This is likely to
misattribute a prominent decrease in diffusivity to other estimated
parameters. Furthermore, NODDI and other models require con-
siderably more images for reliable estimates. Prior studies applying
NODDI to the cervical spinal cord of patients with MS used
approximately 18 minutes of imaging and nearly 100 images,26

generally infeasible in a trauma setting. The primary advantage of
fDWI in this context is that the filtering is achieved during data ac-
quisition, improving feasibility. Moreover, fDWI has other favor-
able features including suppression of noncord tissue, most
notably CSF and muscle. The suppression of CSF reduces artifacts
attributable to motion such as CSF pulsation and reduces Gibbs
ringing and partial volume effects in the spinal cord. Although
fDWI inextricably has decreased SNR compared with similar DTI,
it is countered by improvements in contrast and specificity.

The fDWI approach is also compatible with a straightforward
single-voxel spectroscopic readout, and because noncord signals
are suppressed, voxel dimensions can be larger than the cord axial
cross-section. Previously, fADC|| derived from DDE-PRESS was
shown to have a high degree of tolerance to magnetic field inho-
mogeneity artifacts that render EPI unusable.27 In this study, sim-
ilar results were evident in a subset of patients with poor EPI
quality in which DDE-PRESS achieved decreased fADC|| values
in the voxel at the injury site relative to one above the injury. As
expected, DDE-PRESS sacrificed spatial information for greater
SNR compared with EPI.

The primary limitation of this study is the small sample size.
Further studies are needed in a larger cohort of patients and with
long-term follow-up to appreciate the added value of fDWI in
predicting neurologic outcome, because this is an important con-
cern for both the patient and for improving stratification for clin-
ical trials. This study was also limited in that healthy controls and
patients with acute SCI were not scanned on the same magnet
due to logistical limitations in equipment availability for the
healthy population. Additionally, demonstrating the utility of
these techniques within other clinical populations is needed. In
particular, it may be suited to other conditions that impact the
spinal cord such as multiple sclerosis and myelopathy, which
have complex and evolving pathologies and in which diffusion
metrics have been shown to be beneficial.28,29

CONCLUSIONS
The results demonstrate that a diffusion acquisition tailored to
the acutely injured spinal cord using filtered diffusion encoding
improves sensitivity to white matter damage. The filtered diffu-
sion metric fADC|| has a reduced dependence on vasogenic
edema, and the results of this study show a greater decrease at the
site of acute spinal cord injury compared with DTI metrics.
Furthermore, a single-voxel method using the same diffusion fil-
tering allowed estimates of fADC|| in cases in which more
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conventional EPI had diminished quality. Future studies on a
larger cohort of patients with acute and chronic SCI are needed
to relate the improved sensitivity to functional outcomes. The
fDWI scheme demonstrated in this study improved specificity to
axonal damage, and it is believed that these advances will help in
more accurately predicting long-term functional outcomes after
spinal cord injury.
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LETTERS

From Dysembryoplastic Neuroepithelial Tumors to Myxoid
Glioneuronal Tumors, a New Entity

Dysembryoplastic neuroepithelial tumors (DNETs) in the sep-
tum pellucidum are now considered a distinct type of lesion:

myxoid glioneuronal tumors (MGTs). On the basis of DNA-
methylation profile differences between these 2 entities, the
c-IMPACT-NOW1 update 6 decided to call this new entity,
MGT. Initially described in 2018, MGTs are slow-growing lesions
that involve the anterior septum pellucidum.2 MGTs have a
mutation in the PDGFRA gene that is unique to them. Included
in the family of “neuronal and mixed neuronal-glial tumors,”
they are considered grade I by the World Health Organization
and thus are cured by complete surgical excision.

The differential diagnosis includes subependymoma, central
neurocytoma, and colloid cyst. Based on the scant literature avail-
able, MGTs are adult lesions and distinguishable from subependy-
moma because the latter tends to arise mostly in the fourth
ventricle in this age group. Central neurocytoma is a solid cystic
mass that shows variable contrast enhancement, but the latter is not
present in MGT. While colloid cysts are midline lesions, MGTs are
eccentric. Nevertheless, MGTs have a cystlike appearance and may
be confused with colloid and simple ependymal cysts.

In fact, in 3 recent cases seen at our institution, the initial
impression on MR imaging studies was intraventricular cyst. Re-
appraisal of the studies showed that MGTs are solid masses if find-
ings in all sequences are correctly interpreted. Although MGTs
show low T1 and high T2 in a cystlike fashion, they show high
FLAIR signal (especially in the periphery, similar to that in DNET)
and are solid on high-resolution heavily T2-weighted sequences
such as CISS and FIESTA (Figure).3 In accordance with the find-
ings in a small published series, none of our cases showed contrast
enhancement.4 In that publication, contrast-enhanced was normal,

but arterial spin-labeling showed mildly elevated perfusion.4

Susceptibility images showed no blood or calcium, a finding simi-
lar to that in our cases. In 1 case, MR spectroscopy showed low
NAA but normal choline and creatine levels.4 FLAIR images may
show artifacts in a location similar to that of MGT, and although
artifacts are commonly bilateral, they can also be unilateral.
These artifacts show a mixed FLAIR signal, while MGTs show
high signal probably due to mucinous contents.

In conclusion, neuroradiologists need to be aware of MGT, a
newly recognized neoplasia. This new entity is important to keep
in mind when lesions in the frontal horns of the ventricles have a
cystlike appearance. Their features on FLAIR and heavily
weighted T2 images suggest the diagnosis, alert the neuropatholo-
gist, and may influence treatment.
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FIGURE. A 15-year-old boy presenting with migraines (A–C). Axial T2- and postcontrast T1-weighted images (A and B) show a cystic-appearing
mass in the right lateral ventricle (arrows) without contrast enhancement. The mass appears solid on the CISS sequence (C). There is obstructive
ventriculomegaly. Axial T2-weighted (D), FLAIR (E), and CISS (F) sequences in a 24-year-old asymptomatic woman. Images show a similar mass in
the right lateral ventricle with a bright rim on FLAIR (E, arrowhead) and a solid texture on CISS (F).
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