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Celebrating 60 Years
1962-2022

The American Society of Neuroradiology was formed 
on April 18, 1962, in New York City. The following 
purposes of the organization were unanimously 
adopted by the fourteen founding members:

1. To develop and support standards for the training                           
 in  the practice of Neuroradiology.
2. To foster independent research in Neuroradiology.
3. To promote a closer fellowship and exchange of ideas among 
 Neuroradiologists.

Visit www.asnr.org for more photos, videos and historical facts and be 
sure to follow #ASNR60th on social media so you don’t miss a single 
thing. We have lots planned for 2022!



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



I am a trained neuroradiologist.
I am a teacher.
I am compassionate.
I am a researcher.
I am a leader.
I am part of a talented community.
I am curious.
I am a collaborative team player.
I am a volunteer.

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

The FRED™ X Flow Diverter features the same precise placement and 

immediate opening of the FRED™ Device, now with X Technology. 

X Technology is a covalently bonded, nanoscale surface treatment, 

designed to:

Reduce material thrombogenicity1

Maintain natural vessel healing response2,3,4

Improve device deliverability and resheathing1

The only FDA PMA approved portfolio with a 0.021” delivery system for 

smaller device sizes, and no distal lead wire.

* Data is derived from in vivo and ex vitro testing and may not be representative of clinical performance.

1.  Data on file
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AJNRAMERICAN JOURNAL OF NEURORADIOLOGY

Over the last 41 years, the editorial 
team of the American Journal of 
Neuroradiology (AJNR) has played  
a pivotal role in shaping our specialty  
of neuroradiology. In June 2023,  
Jeffrey S. Ross, MD, will complete an 
8-year term as the sixth Editor-in-Chief 
(EIC) of the AJNR. He was preceded  
by a number of distinguished editors 
including our first AJNR EIC, Juan M. 
Taveras, MD (1980-1989), followed by 
Michael S. Huckman, MD (1990-1997), 
Robert M. Quencer, MD (1997-2005), 
Robert I. Grossman, MD (2006-2007), 
and Mauricio Castillo, MD (2007-2015).

We especially wish to thank Dr. Jeffrey 
Ross for his extraordinary dedication and 
exceptional contributions to the AJNR. 
Under his strong leadership, the AJNR 
remains the premier clinical neuroimaging 
journal with high-quality, peer-reviewed 
articles that serve as a beacon for achieving 
excellence in patient care, research, and 
teaching. There are an impressive 6867 
subscribers across the globe: 1389 are in 
print and 5472 are digital. 

Dr. Ross has assembled a talented 
international editorial board during his 
tenure. The AJNR issues 12 journals each 
year (  200 pages per issue)—all with 
peer-reviewed articles from highly 
respected researchers in the field. With 
1700+ papers, the number of submissions 
to the journal was record-breaking in 2020. 
Over 80 COVID-19 papers have received 
expedited publication to date, and more 
than 1300 original submissions are 
projected for 2021. The AJNR website had 
an incredible 11.7 million visits in 2021. 
There is also a strong presence on social 
media and subscribers may now avail 
themselves of an enhanced website 
platform. There are 3 monthly podcasts 
including “Issue Highlights,” “Fellows’ 
Journal Club,” and “Annotated Bibliography,” 
which offers continuing medical education. 
In addition, during Dr. Ross’ tenure, the 
Impact Factor and h-index for the journal 
have steadily increased and contribute  
to the AJNR’s international recognition  
as the leading journal for all aspects  
of neuroimaging research, education,  
and best practice.

CALL FOR AJNR  
EDITOR-IN-CHIEF CANDIDATES

A search for a new Editor-in-Chief  
will begin in early 2022. 
The new Editor-in-Chief will be announced in December 
2022 and will transition into the position beginning  
in January 2023. The actual term will begin July 1, 2023. 
The EIC will provide leadership and strategic vision for 
the journal as well as report on all editorial matters to 
the ASNR Board of Directors (BOD). Other responsibilities 
include maintaining the journal’s standard of excellence 
building on its reputation nationally and internationally. 
The EIC will be responsible for conducting, directing, 
and/or supervising the solicitation, evaluation, revision, 
and selection of all scientific and other materials to be 
published in the American Journal of Neuroradiology. 
The incumbent will work efficiently with the journal’s 
online manuscript processing system to conduct initial 
screening of manuscripts; make timely decisions about 
reviewed and revised submissions; provide constructive 
comments for authors as appropriate; write editorials; 
and meet with AJNR staff. 
 In addition, the EIC shall decide upon and approve of 
the content and design of tables of contents, letters to 
the editor, book reviews, advertisements, and other pages 
published in the AJNR as well as oversight of social  
media related to the journal. The EIC will also work  
collaboratively with the journal’s editorial board to  
determine the organizational structure, titles, functions, 
appointments, and terms of all editorial positions  
including reviewers, editorial advisory boards, and senior 
editors. The EIC may appoint senior editors who must  
be senior members of the ASNR. The number of senior 
editors shall be budgeted and approved by the ASNR 
BOD. Senior editors will serve at the pleasure of the EIC 
who shall establish the terms of service, including  
supervising and evaluating performance, and will exercise 
the right to retain or replace any senior editor as the 
workflow or operational demands require. The appoint-
ments of senior editors will be for a term of 1 year initially 
and may be extended at the discretion of the EIC.
 The EIC in performing duties will observe the general 
Policies and Procedures established by the ASNR BOD, 
and will operate within the budget approved by the 
Board of Directors. The EIC will be consulted about, and 
will participate in AJNR operations including advertising, 
publication channels, expense management, and new or 
renewed contracts. The EIC will report regularly to the 
ASNR BOD and will attend Board of Director Meetings 
and other meetings as requested by the Executive  
Director. Each year the Editor will develop a budget 
along with the Managing Editor for approval by the 
ASNR Financial Management Committee and Board of 
Directors. This will be done in a manner consistent with 
the fiscal policies established by the Society.

QUALIFICATIONS OF THE SUCCESSFUL 
CANDIDATE INCLUDE:
• MD degree; Senior Member of ASNR in North 

America, neuroradiology subspecialty certification 
• Familiarity with AJNR and its mission
• Familiarity with ASNR and its mission

• Presently or recently engaged in a leadership role 
in neuroradiology with broad neuroradiology 
knowledge 

• Excellent leadership and supervisory skills to 
motivate and inspire professional staff as well  
as interpersonal skills—impartiality, diplomacy, 
high ethical standards and integrity including  
a clear understanding of the ethical guidelines 
established for scholarly publishing

• Leadership needed to develop and articulate  
a vision and the ability to inspire people with 
that vision 

• Demonstrated track record of academic excellence 
including extensive experience in both publishing 
in and reviewing for peer-reviewed journals

• Excellent communication and writing skills and 
experience in critically appraising scientific articles

• Creativity and passion about finding new ways 
to expand the journal content

• The ability to formulate a budget and assist 
leadership in oversite of journal business decisions 
such as selecting major vendors (e.g., printing, 
composition, redaction, copyediting, and other 
technical aspects affecting journal operations),  
as well as expense and revenue related decisions

• Ability to appoint a strong, diverse,  
and representative team of editors

• High level of organizational skills 
• Editorial board or prior editorial experience 

preferred
The term is for 5 years renewable for an additional 3 years 
for a total of 8 years and subject to annual review by the 
ASNR Board of Directors. It is expected the EIC will  
devote 16-20 hours per week to these duties and a  
stipend will be provided. 
 A diverse, experienced, and knowledgeable search 
committee has been tasked with identifying leading  
candidates. The search committee consists of Tina Young 
Poussaint, MD, FACR, Chair, Mauricio Castillo, MD, FACR, 
Pina Sanelli, MD, MPH, FACR, Carolyn Meltzer, MD, FACR, 
Erin Simon Schwartz, MD, FACR, Joshua Nickerson, MD, 
Courtney Tomblinson, MD, and senior editors including 
Harry Cloft, MD, PhD, Christopher Filippi, MD, Thierry  
Huisman, MD, Peter D. Chang, MD, Lubdha Shah, MD, 
Gregory Zaharchuk MD, PhD, C. Douglas Phillips, MD, 
Yvonne Lui, MD, and Bryan Comstock. The search  
process will include recruiting and nominating candidates, 
interviewing candidates, and reviewing vision statements 
submitted by finalists. The appointment of the new AJNR 
Editor-in-Chief will be announced in December 2022. 
 All interested physicians are invited to provide their 
curriculum vitae and a vision statement to Dr. Tina 
Young Poussaint, tina.poussaint@childrens.harvard.edu 
and Karen Halm, khalm@asnr.org. To ensure a broad and 
diverse pool of candidates, the committee welcomes 
nominations from the ASNR membership. The deadline 
for receipt of submissions is August 1, 2022.
Tina Young Poussaint, MD, FACR
Chair, Editor-in-Chief Search Committee 
President, American Society of Neuroradiology

The American Society of Neuroradiology is an equal opportunity employer and all qualified applicants will receive consideration for employment 
without regard to race, color, religion, sex, national origin, disability status, protected veteran status, gender identity, sexual orientation, pregnancy 
and pregnancy-related conditions or any other characteristic protected by law.
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PERSPECTIVES

Title: Weeping Higan Cherry Tree. The weeping Higan cherry tree (Prunus Subhirtella), seen here in early bloom, is head-turning and soothing. “Weeping” describes trees
whose branches gracefully bend, droop, and cascade due to their softness. “Higan” is derived from the Japanese Buddhist equinox ceremony of Ohigan. Because the blossoms
are so short-lived, they are symbolic of the ephemeral nature of life. While the blossoms are short-lived, the trees can display impressive longevity. Miharu Takizakura, a 1000
year-old weeping Higan cherry in Japan that was designated a national treasure in 1922, draws an estimated 300,000 visitors per year. Contributing to their longevity is a
Lazarus-like process known as endocaulous rooting, in which a root growing inside a decaying trunk develops into a new trunk that may be revealed when the dead trunk
drops off. Native to Japan, they were introduced into the United States and Europe in the late 19th century, where cherry blossom festivals have taken root. Kobayashi Issa,
regarded as one of “great four” Haiku masters of Japan, wrote: “What a strange thing! to be alive beneath cherry blossoms” and “In the cherry blossom's shade there's no such
thing as a stranger.”

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

Endovascular Management of Intracranial Dural AVFs:
Transvenous Approach

K.D. Bhatia, H. Lee, H. Kortman, J. Klostranec, W. Guest, T. Wälchli, I. Radovanovic, T. Krings, and
V.M. Pereira

ABSTRACT

SUMMARY: In this third review article on the endovascular management of intracranial dural AVFs, we discuss transvenous embolization
approaches. Transvenous embolization is increasingly popular and now the first-line approach for ventral dural AVFs involving the cavern-
ous sinus and hypoglossal canal. In addition, transvenous embolization is increasingly used in lateral epidural dural AVFs in high-risk loca-
tions such as the petrous and ethmoid regions. The advantage of transvenous embolization in these locations is the ability to retrogradely
embolize the draining vein and fistula while reducing the risk of ischemic cranial neuropathy or brain parenchymal infarction commonly
feared from a transarterial approach. By means of coils 6 ethylene-vinyl alcohol copolymer, transvenous embolization can achieve angio-
graphic cure rates of 80%–90% in ventral locations. Potential complications include transient cranial neuropathy, neurologic deterioration
due to venous outflow obstruction, and perforation while navigating pial veins. Transvenous embolization should be considered when
dural AVFs arise in proximity to the vasa nervosum or extracranial-intracranial anastomoses.

ABBREVIATIONS: CCF ¼ carotid cavernous fistula; dAVF ¼ dural AVF; ECA ¼ external carotid artery; EC-IC ¼ external carotid to internal carotid; EVOH ¼
ethylene-vinyl alcohol copolymer; IPS ¼ inferior petrosal sinus; JR-NET3 ¼ Japanese Registry of Neuro Endovascular Therapy; RPC ¼ reverse pressure cooker;
TAE ¼ transarterial embolization; TVE ¼ transvenous embolization

In this third review article on the endovascular management
of intracranial dural AVFs (dAVFs), we discuss transvenous

approaches. Transvenous embolization (TVE) is an increas-
ingly popular approach for the treatment of intracranial
dAVFs and the preferred approach for ventral skull base loca-
tions due to the risk of cranial neuropathy from arterial
approaches.1,2 Treatment goals, favorable anatomic locations,
technical approaches, alternative access strategies, outcomes,
and complications are discussed in this review.

Treatment Goals
As with all treatment approaches to intracranial dAVFs, the clini-
cal goal of TVE is to reduce the risk of future hemorrhage or non-
hemorrhagic neurologic deficits (see the first article in this series
on Principles). Therefore, disconnection of dangerous cortical ve-
nous reflux is more important than angiographic cure of the
dAVF. In selected low-risk benign dAVFs (Borden I/Cognard I),
the clinical goal is, instead, to ameliorate disabling symptoms
such as intractable pulsatile tinnitus.

TVE can be considered analogous to microsurgical disconnec-
tion for dAVFs in that the angiographic goal is to follow the prox-
imal venous course and occlude the proximal aspect of the
draining vein or sinus, ie, the “foot” of the vein.3 By means of a
retrograde approach to the fistulous point, TVE with ethylene-
vinyl alcohol copolymer (EVOH) and/or coils can occlude the
foot of the draining vein and the fistulous point in situations in
which transarterial embolization (TAE) is technically difficult or
dangerous.4 Also analogous to microsurgery,3,5 disconnection of
cortical venous reflux can downgrade the dAVF from an aggres-
sive to a benign lesion.

Indications
TVE is indicated for dAVFs in which TAE approaches are associ-
ated with a moderate risk of the following:

1. Ischemic cranial neuropathy due to adjacent vasa nervosum
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2. Parenchymal infarction from external carotid to internal ca-
rotid (EC-IC) anastomoses

3. Inability to reach a distal embolization position due to tortu-
osity or small-vessel caliber.

These anatomic and angioarchitectural factors are particularly
associated with dAVFs adjacent to the ventral skull base2 (eg, cav-
ernous, condylar, or clival). However, increasing use of TVE tech-
niques for lateral and dorsal dAVFs is a notable trend.4,6-8

Anatomic Locations
In this series of articles, in addition to using the Borden and
Cognard classification systems, we also reference the classifica-
tion system of Geibprasert et al1 when stratifying dAVFs by ana-
tomic locations. This classification system, based on the
anatomic-embryologic venous drainage pattern of the fistula
and divided into ventral, lateral, and dorsal epidural groups,1 is
detailed in the first article in this series (Principles).

TVE is particularly useful in ventral skull base locations due
to these dAVFs involving external carotid artery (ECA) branches
to the blood supply of cranial nerves that traverse the ventral skull
base foramina.1 These ventral locations also have extensive adja-
cent EC-IC or external carotid–vertebral artery anastomoses.2

Ventral locations for which TVE is
now the most common approach
include the cavernous sinus and ven-
tral aspect of the foramen magnum
(eg, hypoglossal canal).9-13 An exam-
ple of a TVE for a hypoglossal canal
dAVF is demonstrated in Fig 1.

Carotid-cavernous fistulas (CCFs)
can be divided into direct (Barrow clas-
sification type A) and indirect (Barrow
B–D) types.14 Direct CCFs involve a
single-hole high-flow communication
between the cavernous ICA and the
cavernous sinus, occurring after trauma
or dissection.9 Indirect CCFs are multi-
hole dAVFs that drain into the cavern-
ous sinus and are, therefore, analogous
to other dAVFs being considered in
this series of articles.9,14,15 Direct CCFs
represent a different type of disease
than other dAVFs, and their manage-
ment lies beyond the scope of this arti-
cle but has been well-described.15,16

The endovascular treatment of indir-
ect CCFs (Barrow B–D), historically
undertaken using TAE, has evolved
with TVE now the established first-line
approach.9,13,15 A sample case of TVE
for bilateral indirect CCFs is demon-
strated in Fig 2.

Petrous dAVFs, though lateral epi-
dural in location, also pose a potential
risk of facial nerve palsy during TAE
because they receive at least partial ar-

terial supply from vessels that form the facial nerve arterial ar-
cade.4 Petrous dAVFs can be treated via TAE, TVE, or
microsurgical disconnection, with the proximity of the fistulous
point to the facial arcade being the primary consideration.4 TVE
and microsurgical disconnection for petrous dAVFs both aim to
occlude the draining superior petrosal vein of Dandy.3-5 A sample
case of TVE for a petrous dAVF with proximity to the facial ar-
cade is demonstrated in Fig 3.

Ethmoidal dAVFs, embryologically also classified as lateral epi-
dural shunts,1 pose a risk of retinal artery occlusion during TAE due
to their supply via the ethmoidal branches of the ophthalmic ar-
tery.17 Additionally, the tortuosity and small caliber of the ethmoidal
arteries can hinder distal microcatheter access.6,8 Ethmoid dAVFs
are surgically accessible by an anterior cranial fossa approach, and
this approach is typically the primary treatment.3,17,18 However,
TVE is increasingly used as an alternative to craniotomy, with recent
evidence that TVE has a significantly improved cure rate compared
with TAE with low complication rates.6,8

Other lateral epidural shunts that can be approached with TVE
include falcotentorial dAVFs, which are often supplied by small-cal-
iber arterial feeders from the ICA (meningohypophyseal trunk
branches) and posterior circulation (posterior meningeal artery, ar-
tery of Davidoff and Schechter), which make TAE approaches more

FIG 1. Transvenous embolization of a right hypoglossal canal (anterior condylar) dAVF using a
reverse pressure cooker technique in a 47-year-old man for management of refractory pulsatile
tinnitus. A, CT angiogram (axial) demonstrates increased vascularity surrounding the right hypo-
glossal canal (white arrow) with arterialization of the right anterior condylar vein, suggestive of a
dAVF. B, Right lateral ECA cerebral angiography confirms the diagnosis, with primary arterial sup-
ply via neuromeningeal trunk branches (black arrow) of the right ascending pharyngeal artery
(inset, selective right ascending pharyngeal artery injection). C, Lateral fluoroscopy roadmap of
transvenous treatment shows a 6F Destination sheath (Terumo) positioned in the right internal
jugular vein (white arrowhead), through which a SONIC 1.5F microcatheter (Balt) with a 4.5-cm
detachable tip was positioned at the fistulous point (white arrow). D, A 1.5F Marathon microcath-
eter (Covidien) was placed in the anterior condylar confluence to deploy 7 detachable coils, with
the coil mass demonstrated in the working projection. E, The Marathon microcatheter was
removed, and the SONIC microcatheter was primed with dimethyl-sulfoxide before forming an
Onyx (Covidien) cast at the fistulous point. F, Right ECA lateral projection angiography demon-
strates complete occlusion of the fistula.
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difficult.5,7 However, because these dAVFs predominantly drain
into the vein of Galen, detailed angiographic assessment is required
to ensure that the deep cerebral structures are not still dependent on
the vein of Galen for venous outflow.

A traditional TVE approach for transverse sinus dAVFs (dorsal
epidural location) is sinus sacrifice via transvenous coil occlu-
sion.19-21 However, this approach in isolation has suboptimal out-
comes: In a large study of 150 patients with transverse-sigmoid
dAVFs, 64% required additional TAE procedures following TVE
coil occlusion.20 In addition, this approach may not be feasible in
patients with a contralateral hypoplastic sinus. Deconstructive
approaches to transverse-sigmoid dAVFs are progressively being
replaced by reconstructive TAE approaches with venous sinus bal-
loon protection (see the second article in this series on TAE).21,22

As our knowledge of the angioarchitecture of transverse-sigmoid
dAVFs has evolved, there is increasing awareness of a parasinus or
common arterial collector in the wall of many of these dAVFs that
can be selectively targeted via TVE.23

Another dorsal epidural location
that can be considered for TVE includes
the superior sagittal sinus, which
can receive extensive bilateral arterial
feeders converging on a long segment
of the sinus, rendering TAE more diffi-
cult. If the healthy brain is not depend-
ent on that segment of the sinus, as is
typical due to the high-flow nature of
the dAVF, transvenous sacrifice of the
sinus segment can be curative.19

Technical Approaches. Technical
approaches for TVE include the
following:

1. Coil occlusion
2. EVOH (6 coil) occlusion
3. Reverse pressure cooker (RPC)
technique

4. Reverse dual-lumen balloon
microcatheter.

As a general principle of TVE, arte-
rial access is also required to obtain
intraprocedural angiography and road-
map guidance. This is because venogra-
phy alone will not visualize the fistulous
points and will be unable to determine
whether the embolization has been suc-
cessful in obliterating the dAVF.

Coil Occlusion
TVE using coil occlusion of the drain-
ing sinus has been used since the 1990s
and is still a common approach for
indirect CCFs and transverse-sigmoid
sinus dAVFs.10,15,19,20 The technique
involves transvenous placement of a
guide catheter in the ipsilateral jugular

vein (usually via femoral access, though upper limb access is also
feasible24); microcatheter advancement into the draining sinus
usually via the inferior petrosal sinus (IPS) when treating cavern-
ous dAVFs;9,15 and construction of an occlusive coil mass with the
aim of inducing complete thrombosis of the sinus (Fig 2).19 Due to
the extensive number of coils required and associated financial
costs, the use of pushable or fibered coils is described.25

Successful obliteration rate for indirect CCFs using TVE with
coils alone was reported as 87% in a large multicenter series of
267 patients, identifying a lower complication rate using coils
alone compared with other embolic agents.26 In a series of ante-
rior condylar dAVFs, TVE with coils resulted in a cure in 9 of 14
cases.27

EVOH Occlusion
EVOH is increasingly popular because it can be used to progres-
sively occlude the proximal aspect of the draining vein and fistu-
lous points in a controlled fashion, resulting in higher rates of

FIG 2. Bilateral indirect CCFs treated with transvenous embolization via right inferior petrosal
sinus and left facial vein approaches. A, A 64-year-old woman presented with right-sided ptosis
and loss of vision, investigated with a TOF-MRA that demonstrates arterialization of the bilateral
superior ophthalmic veins (white arrowheads). B, Frontal-projection left ECA angiography demon-
strates an indirect CCF with supply from dural branches of the bilateral ECAs and ICAs, with the
right cavernous sinus opacifying earlier than the left (white arrows) and reflux into the bilateral
superior ophthalmic veins (white arrowheads). C, Transvenous treatment fluoroscopy in a frontal
projection shows positioning of a 6F Envoy catheter (Cordis) (black arrow) into the proximal right
inferior petrosal sinus, with an Excelsior SL-10 microcatheter (Stryker) advanced into the right cav-
ernous sinus. Subsequent coil embolization of the proximal right superior ophthalmic vein, right
cavernous sinus, and medial left cavernous sinus through the intercavernous sinus was followed by
injection of 33% glue (Glubran n-BCA; GEM Italy) in Lipiodol (Guerbet) into the right-sided coil
mass. There was resolution of the patient’s symptoms; however, a few weeks later she developed
left-sided chemosis. Frontal (D) and lateral (E) projection right ECA angiography demonstrates pro-
gression in the left cavernous sinus arteriovenous shunting, with prominence of the left superior
ophthalmic (white arrowhead) and facial (asterisk) veins. No outflow is identified into the left infe-
rior petrosal sinus, which is likely thrombosed. F, Lateral-projection fluoroscopy shows how a 6F
Navien intermediate catheter (Covidien) was advanced via the left internal jugular vein into the left
facial vein (black arrow) mounted on a Prowler Plus microcatheter (Codman Neurovascular). The
Prowler Plus was then navigated through the left facial, angular, and superior ophthalmic veins into
the left cavernous sinus (black arrowhead) and used to embolize with coils.
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cure.28-32 The successful use of EVOH alone during TVE has
been described for indirect CCFs and is associated with shorter
procedural and fluoroscopy times.33 Because the microcatheter
can be advanced into the constrained space of the cavernous
sinus and the goal of treatment in this situation is occlusion of
the sinus, indirect CCFs are an ideal indication for EVOH.
However, the ability of EVOH to retrogradely penetrate arterial
feeders can increase the risk of temporary or even permanent
cranial neuropathy. Higher complication rates have been
described when using EVOH alone for the treatment of indirect
CCFs.26

Transverse-sigmoid dAVFs are classically not well-suited for
TVE using EVOH alone due to the large diameter of the sinus and
the large venous outflow back to the pulmonary circulation, factors
that will necessarily predispose to EVOH deposition in the lungs.34

An exception to this statement would be transverse-sigmoid dAVFs
with an isolated segment,35 where there is thrombotic occlusion
proximal and distal to the sinus drainage point resulting in

significant cortical venous reflux, classi-
fied as Borden type III.36 However, even
in this situation transvenous access to
the isolated segment can be difficult due
to the distal thrombosis.37

Hypoglossal/condylar dAVFs at
the ventral aspect of the foramen mag-
num can also be treated using EVOH
alone.38 However, because the anterior
condylar vein drains directly into the
internal jugular vein and then the pul-
monary circulation, the formation of a
coil mass before embolization with
EVOH has the advantages of reducing
the flow rate and creating a “scaffold”
on which EVOH can accumulate and
then extend in a retrograde fashion
into the fistulous point rather than
down the internal jugular vein, allow-
ing more control of the agent (Fig 1).
Alternatively, placement of a sinus-
protection balloon in the sigmoid
sinus/internal jugular vein while
embolizing the anterior condylar
vein using EVOH is described.39

RPC Technique
The RPC technique is a transvenous
modification of the original transarterial
pressure cooker technique described by
Chapot et al,40 in 2014. In the original
technique (described in detail in the
second article in this series), flow con-
trol is achieved by placing 2 microcath-
eters side by side in the vessel of
interest, with placement of an occlusive
coil/glue mass adjacent to the detach-
able tip of a second microcatheter.40

EVOH is then administered via the
detachable-tip microcatheter with the advantages of maintained
antegrade flow and limited reflux. In the RPC technique, the coil/
glue mass and detachable-tip microcatheter are placed in the drain-
ing vein, allowing flow reversal in the vein, with retrograde trans-
mission of EVOH to reach the fistulous point.41

When undertaking the transvenous RPC technique, the detach-
able-tip microcatheter is advanced via venous access as close as
possible to the foot of the draining vein, to minimize the amount
of embolic agent required. This procedure may require navigation
across tortuous draining pial veins, during which a gentle tech-
nique and use of a tight J-curve on the microwire are useful to
reduce the risk of venous rupture. Two sample cases using transve-
nous RPC technique are demonstrated in Figs 1 and 3.

Dual-Lumen Balloon Retrograde Embolization Technique
As with TAE, TVE could also be undertaken using a dual-lumen
balloon microcatheter with the balloon inflated in the draining
vein. In our experience, the seal created by the balloon in

FIG 3. Transvenous embolization of a left petrous ridge dAVF using a modified reverse pressure
cooker technique. A 49-year-old man presented with a 3-month history of headache and left-
sided pulsatile tinnitus. A, TOF-MRA demonstrates prominence of vessels along the left petrous
ridge with arterialization of the left superior petrosal vein of Dandy (white arrowhead). B, Lateral-
projection left ECA angiography confirms the presence of a left petrous dAVF centered on the supe-
rior petrosal vein of Dandy (black arrow), with direct cortical venous drainage (open arrowhead)
supplied by left middle meningeal artery petrous branches (white arrow) and a left accessory menin-
geal artery (white arrowhead). C, Transvenous treatment was performed to avoid embolization of
the neighboring facial arcade. A left ECA roadmap in a lateral projection demonstrates a 6F
Destination sheath placed in the left internal jugular vein (black arrowhead), with a Fargo-Mini inter-
mediate catheter (Balt Extrusion) (black arrow) used to support advancement of a Marathon micro-
catheter to the fistulous site (white arrowhead). Lateral-projection fluoroscopy was performed
after 3 coils were deployed (D) and then after Onyx-18 was used to embolize the distal arterial
feeders, fistula site, and proximal draining vein, creating a coil-Onyx mass (E). This was a modification
of the reverse pressure cooker technique using a single flow-directed microcatheter (Marathon)
without a detachable tip to perform both the coiling and the EVOH injection. This modification was
required due to the extensive tortuosity of the transvenous course that impeded attempts to place
2 microcatheters and required the use of a low-profile intermediate catheter (Fargo-Mini) (black
arrow). The Marathon microcatheter could not be removed and was left in situ and cut at the level
of the right femoral subcutaneous soft tissue. This procedure is typically well-tolerated in the venous
system, and the patient was placed on a 6-month course of anticoagulation. F, Follow-up lateral-pro-
jection left ECA angiography at 6months demonstrates complete occlusion of the fistula.
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distensible veins is suboptimal to achieve sustained retrograde
flow of EVOH.

Postoperative Management
Overnight admission to an intensive care or high-dependency
unit is required for all our patients following embolization for a
dAVF. In addition, if a large segment of the draining vein has
been occluded during the TVE procedure or there is sluggish
flow in adjacent veins on the final control angiogram, we typically
anticoagulate the patient with heparin for 24 hours to avoid
excess venous thrombosis. Because venous thrombosis can result
in adjacent edema and inflammatory changes that can cause sig-
nificant headache, we frequently place patients on a weaning
course of dexamethasone for 1–2weeks in these cases.

Alternative-Access Techniques. Alternative-access techniques
play an important role in TVE, particularly for the treatment of
cavernous42 and transverse-sigmoid dAVFs.43 Indirect CCFs
have at least 8 potential venous exit pathways from the cavernous
sinus.44,45 Thrombosis of $1 of these channels can result in ve-
nous outflow limitation, leading to increased pressure and corti-
cal venous reflux.46 The most accessible venous pathway to reach
the cavernous sinus is via the IPS (Fig 2 A–C), but this can be lim-
ited by the presence of IPS thrombosis.

Recanalization of the IPS
In the presence of a nonvisualized IPS on angiography, consider-
ations include a hypoplastic IPS or thrombosis of a normal/
enlarged IPS. Assessment of CT using thin-section bone window
reconstructions allows visualization of the inferior petrosal sul-
cus, a bony groove formed at the junction of the basiocciput and
petrous temporal bone. In the presence of a congenital hypoplas-
tic IPS, the inferior petrosal sulcus may be asymmetrically small.
If the IPS is thrombosed, recanalization can be undertaken42 by
cannulating the ostium of the IPS at the anteromedial surface of
the jugular bulb with an angled-tip guide catheter through which
an angled tip 0.035 hydrophilic Glidewire (Terumo Inc., Japan) is
gently rotated across the thrombosis to create a channel. A micro-
catheter can then be advanced across the channel to reach the cav-
ernous sinus.42 The Glidewire can be removed under negative
roadmap conditions to demonstrate the pathway under fluoros-
copy.35 These same techniques are also useful for gaining access
across an occluded transverse sinus to reach an isolated segment.35

Transfacial Venous Access
In the setting of IPS thrombosis, the inferior and superior oph-
thalmic veins are an alternative access approach.42 These can be
reached by cannulating the facial vein from the internal jugular
vein and then navigating across the angular vein to reach the
ophthalmic veins.47,48 A sample case of venous access to an indi-
rect CCF via the facial vein is demonstrated in Fig 2 D–F.

Transorbital Access
Direct cutdown over the eyelid for access to the superior ophthal-
mic vein and cavernous sinus was first described by Uflacker
et al49 for management of traumatic direct CCFs. The technique
was later adapted for treatment of indirect CCFs.33,50 Because the
superior ophthalmic vein can be tortuous and easily displaced

within the orbital fat, it can be difficult to achieve stable access.
Thus, direct transorbital access to the cavernous sinus is useful,
using a micropuncture needle via an infra- or supraocular
approach to reach the inferior or superior orbital fissures and
thus cannulate the cavernous sinus at its anterior margin.50 A 4F
dilator and microcatheter can then be used to deploy coils and/or
EVOH.51

Open Surgical Access
Open surgical access to the transverse sinus via a burr-hole or
craniotomy is well-described to allow placement of occlusive coils
superior to a thrombosed sinus segment.43,52 Similarly, a subtem-
poral or even endoscopic surgical approach can allow access to
the cavernous sinus.53

Outcomes. The Japanese Registry of NeuroEndovascular
Therapy (JR-NET3) published the largest known dataset for TVE
of cranial dAVFs.10 TVE alone was undertaken in 910 cases with
the use of coils in 97% of cases (liquid embolics in only 2%).10

Favorable clinical outcomes (30-day mRS score of 0–2) were
achieved in 92% of cases.10

Cavernous dAVFs treated with TVE alone demonstrated com-
plete angiographic occlusion rates of 87% in a large series of
199 patients26 and 81% in another series of 141 patients.54

Transvenous coil packing for transverse-sigmoid dAVFs in a large
series by Kuwayama,55 in 2016 (n=389), resulted in angiographic
cure in 53.2%. A systematic review of TVE for hypoglossal/condy-
lar dAVFs identified an angiographic occlusion rate of 93%.12

These results suggest that TVE using coils6 EVOH results in
angiographic cure in 80%–90% of cases at ventral anatomic loca-
tions for which TVE is indicated. The much larger JR-NET3 data-
set had a lower angiographic cure rate (68%), but liquid embolic
agents were used in only 2% of cases owing to restricted access to
EVOH in Japan.10

Complications. The JR-NET3 database identified complications
in 7.8% of cases of TVE (n=71) with mortality of 0.7% and mor-
bidity of 2.8%.10 Complication rates were higher for dAVFs at the
craniocervical junction (15.8%) than for those at the transverse-
sigmoid (7.3%) or cavernous (8.7%) sinus.10 The most common
complications (in descending order) were nonhemorrhagic neu-
rologic deterioration resulting from venous occlusion, vessel per-
foration, hemorrhage from venous occlusion, and arterial
thromboembolic events.10 Transient cranial nerve palsy following
TVE of cavernous dAVFs was not discussed by the JR-NET3
authors but has been reported as occurring in 11% of TVE
cases.56 Conservative monitoring and oral corticosteroids are
generally effective for such cases.2,54,56

Complications Related to Venous Occlusion
Hemorrhagic and nonhemorrhagic neurologic complications can
occur from TVE procedures due to nontarget venous occlusion or
venous rerouting, resulting in congestion and infarction.10,56-58

Occlusion of venous outflow pathways, even when intended, can
result in rerouting of venous flow from the normal brain paren-
chyma. In most instances, accessory venous pathways will com-
pensate, but occasionally such pathways are lacking due to
anatomic variation or thrombotic disease.56-59 Venous congestion
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and infarction with neurologic deterioration following TVE have
been described when treating cavernous56,59 and transverse sinus57

dAVFs, most often impacting the cerebellum.
Similarly, patients undergoing microvascular decompression

for trigeminal neuralgia can have cerebellar venous infarction if
the superior petrosal vein of Dandy is sacrificed intraoperatively
and there are limited alternative outflow pathways.60 While these
cases are rare, the common theme appears to be that normal
brain (particularly cerebellar) parenchymal venous outflow path-
ways should be assessed on pre-embolization angiography.

EVOH embolization with resultant thrombotic occlusion of the
cavernous sinus during embolization of cavernous AVFs, though
being part of the treatment goal, typically results in swelling and
inflammatory change. These can cause transient or even perma-
nent neuropathy of cranial nerves III–VI.26,59,61 A weaning course
of corticosteroids for 4–6weeks is typically helpful in these situa-
tions.26,59 Nontarget retrograde filling of arterial feeders is also a
concern if excess EVOH is used, which could result in transmis-
sion of EVOH into the ICA, causing parenchymal infarction.59,61

The advantages of a transvenous route when treating dural
AVFs include lower risks of cranial neuropathy or transmission
of the embolic agent across EC-IC anastomoses compared with
TAE. These advantages are partially offset by the increased risks
of venous congestion or rupture of a pial vein when navigating
tortuous draining veins to reach the fistulous point. Thus, the
choice of TVE versus TAE should be made on the basis of the
individual angioarchitecture of each dAVF. When a transvenous
approach to the fistulous point is easily accessible and the length
of the draining vein likely to be occluded during embolization is
short, TVE is probably safer than TAE options.

CONCLUSIONS
TVE is now the first-line treatment for ventral dAVFs and is
increasingly used for some lateral dAVFs due to the lower risks of
cranial nerve palsy or embolization across EC-IC anastomoses.
Angiographic cure rates of 80%–90% can be achieved with TVE
in these locations. Potential complications include transient cra-
nial neuropathy, neurologic deterioration from venous occlusion,
and vessel perforation.
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Anatomy of Spinal Venous Drainage for the
Neurointerventionalist: From Puncture Site

to Intervertebral Foramen
N. Borg, J. Cutsforth-Gregory, S. Oushy, T. Huynh, L.E. Savastano, H.J. Cloft, G. Lanzino, and W. Brinjikji

ABSTRACT

SUMMARY: CSF-venous fistula is a relatively novel entity that is increasingly being recognized as a cause for spontaneous intracranial hy-
potension. Recently, our group published the first series of transvenous embolization of CSF-venous fistulas in this journal. Having now
performed the procedure in 60 patients, we have garnered increasing familiarity with the anatomy and how to navigate our way through
the venous system to any intervertebral foramen in the cervical, thoracic, and lumbar spine. The first part of this review summarizes the
organization of spinal venous drainage as described in classic anatomy and interventional radiology texts, the same works that we stud-
ied when attempting our first cases. In the second part, we draw mostly on our own experience to provide a practical roadmap from
the puncture site to the foramen. On the basis of these 2 parts, we hope this article will serve to collate the relevant anatomic knowl-
edge and give confidence to colleagues who wish to embark on transvenous spinal procedures.

ABBREVIATIONS: IVC ¼ inferior vena cava; SVC ¼ superior vena cava

Spinal venous anatomy is a lesser-known subject among neuro-
interventionalists, while we are generally well-adept at navigat-

ing the arteries of the central nervous system. Both blood supply
and drainage of the spine should be core topics of the training of
every neurointerventionalist, especially given the growing interest
in transvenous routes for the treatment of CNS diseases.

In 2014, CSF-venous fistulas (Fig 1) were first described as a
cause of spontaneous intracranial hypotension.1 More recently, a
novel technique for the treatment of CSF-venous fistulas has
been described that depends on navigation of the paraspinal and
epidural venous system.2 Since then, we have noted a steep rise in
the number of patients referred for embolization at our center
and have seen the procedure performed at multiple additional
centers in North America and Europe.

With the emergence of these new procedures comes a need to
revive a part of our knowledge that, in recent years, has been
neglected for lack of clinical need. A thorough review of spinal
and paraspinal venous anatomy is, therefore, both timely and
relevant.

Here we seek to draw on previously published anatomic stud-
ies within the fields of anatomy and neurointervention, combined
with the lessons we have learned in the process of performing our
first 60 transvenous embolizations of CSF-venous fistulas. Rather
than taking a purely anatomic approach, the aim was to provide
the neurointerventionalist with a practical roadmap from a com-
mon femoral vein to any intervertebral foramen in the cervical,
thoracic, or lumbar spine.

Historical Anecdote
We are not the first generation of neurointerventionalists to
require transvenous access to the spine. Decades ago, venography
of the epidural venous plexus was frequently used to diagnose
mass lesions such as intervertebral disc prolapses and tumors.3

The advancement of cross-sectional imaging rendered invasive
diagnostic spinal venographic techniques obsolete. Nevertheless,
the anatomic lessons learned in the past by the masters of that art
still hold true today and provide an invaluable foundation for our
current knowledge.

When embarking on our first transvenous embolization of a
CSF-venous fistula in 2020, we needed to plot an anatomic route of
access. Having found a distinct lack of recent publications on the
topic, we leaned quite heavily on the seminal texts of Théron and
Moret4 as well as articles from Théron and Djindjian,5 published in
the 1970s. These texts must have been labors of love produced by
physicians with a deep understanding of classic, embryologic, and
radiologic anatomy. They cannot be recommended highly enough
for the interested reader.
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Spinal Venous Compartments
The veins draining the spinal cord and vertebral column can be
conceptually divided into 3 compartments: intradural (intrinsic
and extrinsic), extradural, and paraspinal (Fig 2). The intrinsic sys-
tem refers to veins within the spinal cord itself, and the extrinsic
system comprises the pial venous networks, the longitudinally-ori-
ented venous system, and the intradural radiculomedullary veins.
This intradural compartment has been described in high-quality
articles elsewhere6-8 and for now remains beyond the reach of our
microcatheters.

The scope of this review extends to the extradural and para-
spinal compartments, specifically the efferent pathways that con-
nect the spine to the great veins that ultimately drain into the
heart. The first part summarizes the organization of the venous
system, while the second part focuses on the practicalities and
nuances of navigating these routes.

Understanding the Extradural and Paraspinal
Compartments
In 1940, Batson9 described a plexus of valveless veins that runs
the entire length of the spine and serves as an important route for
hematogenous spread of pelvic metastases to the spine. This
plexus also serves a number of important physiologic roles. It can
drain venous blood from the brain in cases of internal jugular
vein occlusion or compression and can provide an alternate route
of venous return in the setting of inferior vena cava (IVC)
obstruction or when intrathoracic or intra-abdominal pressure is
increased. While Batson’s plexus serves as a single unit function-
ally, it encompasses both the epidural and paravertebral venous
plexuses described below. The nomenclature of the subdivisions

of Batson’s plexus and the onward efferent pathways merits some
clarification in the interest of standardization.

Extradural Compartment. The extradural compartment described
in the previous section refers to the internal vertebral venous
plexus, also known as the epidural plexus. It sits within the spinal
canal, embedded in the epidural fat that surrounds the main the-
cal sac, and drains the spinal cord and the vertebral bodies.
Although the internal venous plexus effectively surrounds the
dura circumferentially, Gray’s Anatomy of the Human Body
describes 4 longitudinal channels where the plexus is more prom-
inent, 2 anteriorly and 2 posteriorly.10 Radiologically, superimpo-
sition of the anterior and posterior plexuses on a frontal view
results in the appearance of 2 “lateral epidural plexuses” running
longitudinally on either side of the spinal canal (Fig 3).

FIG 1. The site of the CSF leak in the patients with CSF-venous fistula
is the nerve root foramen. The nerve root is covered with a dural
sleeve, which, in turn, is surrounded by a plexus of veins that forms
the foraminal vein. This joins the segmental vein above to form the
paraspinal vein. There may be anastomotic veins running perpendicu-
lar to the segmental veins that provide a direct connection between
adjacent levels. v indicates vein; vv, veins.

FIG 2. The venous drainage of the spine can be separated into 3
compartments, from medial to lateral. The intradural compartment is
further subdivided into intrinsic and extrinsic components. The extra-
dural compartment refers to the epidural venous plexus, also referred
to as the internal vertebral plexus. The paraspinal compartment is
also called the external vertebral plexus. Efferent pathways are
arranged in a segmental fashion, carrying venous blood toward the
great veins and on to the right atrium.
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Venous rings at the midlevel of each vertebral body allow
communication between the 2 anterior and 2 posterior inter-
nal plexuses. On a frontal view, these appear as transverse
channels connecting the left and right lateral plexuses. These
rings also drain the basivertebral veins from the posterior as-
pect of the vertebral bodies into the epidural plexus. These os-
teal tributaries are morphologically distinct on fluoroscopy.
Awareness of their existence and relationship to the epidural
plexus can help distinguish them from epidural veins when

they appear during injection of a liquid embolic agent. As
mentioned previously, the epidural plexus is both rich and
valveless. Both of these features have made it surprisingly
straightforward for navigating microcatheters through the epi-
dural space, in our experience.

Paraspinal Compartment. The paravertebral compartment is also
referred to as the external vertebral, paravertebral, or paraspinal
venous plexus (Fig 4). It is richest in the cervical region and is

also divided into 2 anterior and 2 pos-
terior columns that freely communi-
cate with each other. The anterior
external plexuses lie adjacent to the
vertebral bodies and also drain the
aforementioned basivertebral and for-
aminal veins.10 The posterior external
plexuses run outside the lamina and
drain the deep paraspinal muscles via
tributaries such as the lateral and pos-
terior muscular veins. They also com-
municate with the posterior internal
plexuses and, in the cervical region,
anastomose with the vertebral, occipi-
tal, and deep cervical veins.

Foraminal Veins. The internal and
external vertebral plexuses are funct-
ionally and anatomically connected
through each intervertebral foramen via
the foraminal veins (Fig 5), which form
a plexus surrounding each nerve root.
In some texts, these are also referred to
by the term “intervertebral vein.” In our
experience, both microcatheters and
embolic agents injected here behave
more like a plexus.

FIG 3. A–C, The epidural plexus is richest in 2 anterolateral and 2 posterolateral columns. The 4
columns are joined by circumferential rings surrounding the thecal sac at the midlevel of each
vertebral body. When viewed from anterior to posterior, the 4 columns, rings, and foraminal
veins form a characteristic hexagonal shape. D, The composite view of the anterior and posterior
columns on a frontal view is referred to as the lateral epidural plexus.

FIG 4. A, Coronal view in the cervical region showing that the rich plexus adjacent to the vertebral bodies is anatomically continuous and function-
ally analogous to the epidural plexus. Inferiorly, the paravertebral plexus condenses into the vertebral veins. B and C, Vertebral venograms rapidly
opacify the paravertebral plexus, foraminal veins, and epidural plexus. Filling defects just adjacent to the vertebral bodies represent the pedicles. The
more lateral filling defects represent the vertebral artery running through transverse foramina. Between adjacent pedicles is the foraminal vein.
Lateral to the pedicle is the paravertebral plexus; medial to it is the epidural plexus, with its characteristic hexagonal shape. v indicates vein; vv, veins.
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Most important, in the thoracolumbar spine, these veins drain
directly into the adjacent segmental vein (such as an intercostal
vein) at each level. Their role is, therefore, crucial in navigating a
microcatheter or liquid embolic agent as close as possible to the
nerve root sleeve, the site of pathology in patients with CSF-ve-
nous fistulas (Fig 1).

Efferent Pathways. The term “segmental vein” is a general term
encompassing the posterior intercostal, subcostal, and lumbar
veins. “Paraspinal vein” refers to the part of the segmental vein that
runs adjacent to the vertebral body. It effectively begins medial to
where the foraminal vein joins the intercostal or lumbar vein and
ends by draining into a larger vein such as the azygos vein (Fig 1).

Although textbooks usually describe this segmental arrange-
ment, in practice, we have found the arrangement to be slightly
more complex, with intersegmental veins anastomosing adjacent
segments. This subtle point is worth remembering when injecting
liquid embolic agents, lest the operator be caught out by the unex-
pected appearance of an unfamiliar structure. We have had several
cases in which Onyx (Medtronic) injected at 1 level (eg, T10) trav-
eled a level above or below via this pathway. Occasionally, we have
traversed this vein with a microcatheter when a more direct route
to the foramen was challenging. The onward drainage of each seg-
mental vein varies in different parts of the spine. The next section
covers the gross organization of efferent pathways from segmental
veins at various levels toward the superior vena cava (SVC).

Gross Organization of Spinal Venous Drainage
Venous blood from the posterior aspect of the axial skeleton of
the trunk, including the spine, drains chiefly via the azygos sys-
tem, which comprises the azygos vein itself and the hemiazygos
and accessory hemiazygos veins (Fig 6). Spinal venous drainage is

FIG 5. Examples of the appearance of the lateral epidural space at different levels. Subtracted (A) and unsubtracted (B) microcatheter venogra-
phy performed at the left T2 lateral epidural plexus fills the foraminal veins. In this case, the guide catheter is in the left brachiocephalic vein.
The microcatheter enters the left C6 foramen via the vertebral vein, before forming a hairpin turn and traveling caudally across 3 levels through
the lateral epidural plexus. C, Postembolization conebeam CT in a different patient shows the embolic agent within the right T8 and T9 fora-
minal veins and the adjacent lateral epidural plexus.

FIG 6. Overview of the azygos system and its main tributaries. The
right mainstem bronchus is included as a landmark for the arch of the
azygos vein. R indicates right; L, left; v, vein.
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segmental, more uniformly so in the trunk than in the neck. In
the thoracolumbar spine, segmental veins drain directly or indi-
rectly into the azygos system, which, in turn, drains into the SVC.

In the cervical spine, a rich paravertebral venous plexus drains
into the paired vertebral veins, themselves tributaries of the inno-
minate veins, and, in turn, the SVC. The anatomy of cervical spi-
nal venous drainage is, therefore, addressed separately from the
thoracolumbar spine.

Azygos System. The azygos system comprises the azygos vein on
the right and the hemiazygos (lower thoracic) and accessory hem-
iazygos (upper thoracic) veins on the left. It connects the SVC
and IVC and serves as an alternative route for venous return to
the heart when either the SVC or IVC is compromised.

The azygos vein is a right-sided longitudinal paravertebral
structure in the thorax.11 It is formed by the union of the right

ascending lumbar vein with the right
subcostal vein at the level of T12.
From there, it ascends in the posterior
mediastinum before coursing anteri-
orly to form an arch above the right
main bronchus and draining into the
posterior aspect of the SVC (Fig 7).
Conventionally, there is a single chan-
nel, though primitive duplicate chan-
nels can persist. Although classically
described as a right-sided structure,
we have observed several cases in
which the azygos vein ran in the mid-
line or even slightly to the left.

Apart from draining the right side
of the posterior trunk, the azygos vein
also carries the burden of draining
blood from its left-sided counterparts
into the SVC. On the left, the hemiazy-
gos vein drains the ascending lumbar
vein, left subcostal, and 9th-to-11th in-
tercostal veins, usually coursing around
the anterior aspect of the T9 vertebral
body to drain into the azygos vein (Fig
8). The accessory hemiazygos vein usu-
ally drains the fifth-to-eighth intercostal
veins on the left, before also crossing
the midline at the level of T8 to drain
into the azygos vein. The hemiazygos
and accessory hemiazygos veins may
also be directly connected to each other.

Variability exists with regard to the
level at which the hemiazygos and acces-
sory hemiazygos veins join the azygos
vein. The interventionalist must, there-
fore, keep an open mind, use venogra-
phy to obtain a roadmap, and review
prior cross-sectional venous imaging.

Azygos Tributaries Above. On the
right, the second-to-fourth intercostal

veins drain into the superior intercostal vein, which, in turn, drains
into the arch of the azygos vein close to its junction with the SVC
just above the right main bronchus. The left superior intercostal
vein usually drains the second-to-fourth intercostal veins into the
left innominate vein but may also communicate with the accessory
hemiazygos vein (Fig 6). The supreme (or highest) intercostal veins
on each side may drain into the innominate, superior intercostal,
or vertebral veins.

Azygos Tributaries Below. In the lumbar spine, the segmental
veins converge to form the ascending lumbar veins on either side
of the midline (Fig 6). While the right ascending lumbar vein
almost always ends in the origin of the azygos vein, the left
ascending lumbar vein can either cross the midline to drain
directly into the azygos vein or remain to the left of the midline
to join the left subcostal vein in forming the hemiazygos vein.

FIG 8. Subtracted (A) and unsubtracted (B) images showing a 6F guide catheter crossing the mid-
line from the azygos to the hemiazygos vein at the level of T9. Also apparent is the hexagonal
shape of the epidural plexus, with a central filling defect at the level of the intervertebral disc.
The subtracted image below shows the corresponding bony landmarks.

FIG 7. Subtracted (A) and unsubtracted (B) views of azygos venography. To the right of the ver-
tebral bodies, the guide catheter is seen to ascend from the IVC to the SVC, before coursing
backward into the azygos vein. The trachea and carina are seen in relation to the arch of the azy-
gos vein. Numerous venous stumps (black arrows) along the azygos vein represent reflux into
paraspinal veins at each level. In this image, an embolic agent cast is seen filling the right superior
intercostal vein (white arrow), which drains into the superior aspect of the arch of the azygos.
There is also some opacification of 2 bronchial veins (asterisks).
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Vertebral Veins. Unlike in the thorax and abdomen, the skeletal
arteries and veins in the neck are not arranged in a strictly meta-
meric fashion. A rich venous network surrounds the cervical
spine and communicates with the internal jugular vein and the
venous plexuses surrounding the foramen magnum and skull
base. The vertebral veins are paired longitudinal paravertebral
structures that drain the cervical intervertebral foramina and par-
avertebral plexuses. In the lower neck, each vertebral vein usually
exists as a uniform single channel, but higher up, its configura-
tion consists of a rich, confluent, and valveless paravertebral
plexus (Figs 4 and 9). This plexus begins at the level of C1, sur-
rounds the vertebral artery within the transverse foramina of C2–
C6, and funnels inferiorly into a large, single channel at the level
of C6. Medially, the paravertebral plexus is continuous with the
epidural plexus within the spinal canal via the foraminal veins.

Road to the Foramen
The spinal nerve root sleeve is a recognized site of CSF absorption
into venous blood under normal physiologic conditions. In
patients with a CSF-venous fistula, this mechanism appears to be
exaggerated at$1 level for reasons that are as yet unclear.

Since publishing the first transve-
nous embolizations, we have embolized
78 fistulas in 60 patients. Our experi-
ence has shown that in the thoracic
spine, right-sided fistulas are more
common than left-sided ones, which is
fortuitous because they are more easily
accessible than their left-sided counter-
parts. In the cervical spine, they do not
seem to be biased for one side over the
other. Fortunately, again, access is rea-
sonably straightforward on both sides.

Access to the SVC.We have approached
most of our cases via a common femo-
ral vein puncture. The antecubital vein
can be used to access the azygos sys-
tem, lending itself well to upper tho-
racic lesions. Overall, our preference
remains for groin access, which is bet-
ter suited to the layout of our neuroin-
tervention suites, the length of our
usual catheters, and the general famili-
arity of our team with this setup.

All the efferent pathways draining
the spine converge on the SVC before
draining into the right atrium. The
first part of each procedure is, there-
fore, virtually always the same, navi-
gating from the groin sheath to the
SVC by directing the wire and cathe-
ters through the abdomen, through
the right atrium, and out again in a
straight trajectory directed cranially.

The following sections group the
neural foramina by their common ve-

nous drainage (or endovascular access) pathways. Numbers in
parentheses represent the number of fistulas embolized in our
first 60 patients.

Right T5–12 (41 Fistulas, 52.6%). The most common site for CSF-
venous fistulas is the right T5–12, and fortunately, we have generally
found access to the draining vein to be relatively straightforward.

Recalling that the azygos vein courses over the right main
bronchus to drain into the posterior aspect of the SVC, when the
guide catheter reaches the level of the right main bronchus in the
lower part of the SVC, one would direct an angled intermediate
catheter posteriorly and advance a curved wire. The wire is seen
to curve over itself and head inferiorly, posteriorly, and to the left
toward the midline. Once enough wire has been advanced to
ensure stability, the intermediate catheter and guide catheter fol-
low into the azygos vein.

A common obstacle when accessing the azygos vein is the
presence of a valve at its junction with the SVC.12 In most cases,
this can be crossed just by advancing the wire, but at other times,
it requires a few tries and inhalational maneuvers in awake
patients. Once the guide is inside the azygos vein, venography is

FIG 9. Venography performed with a catheter in the superior aspect of the left internal jugular
vein (larger and more lateral, black arrow) shows contrast draining via the condylar vein (asterisk)
into the vertebral vein (medial and smaller, white arrow), which inferiorly drains into the junction
of the internal jugular vein with the left brachiocephalic vein. Along its course, multiple tributaries
drain into the vertebral vein from the paravertebral plexus and foraminal veins. A catheter and
wire are angled medially and superiorly from the junction of the brachiocephalic vein with the in-
ternal jugular vein to select the vertebral vein from below.
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performed, providing a roadmap for further navigation. Usually,
a stump is seen at the level of each segmental tributary. A micro-
wire and microcatheter are then navigated into the stump of in-
terest and pushed out laterally (Fig 10A).

In cases in which a stump is not seen at the desired level, direct-
ing a curved microwire to the right of the azygos vein at the level of
the target intervertebral foramen usually results in the wire finding
the segmental vein. The microcatheter is then tracked into the seg-
mental vein before advancing the wire further. As the segmental
vein courses from the anterior to the lateral aspect of the vertebral
body, the trajectory of the wire turns to run anterior-to-posterior.
At this point, advancing the wire forward a few centimeters at the
hub results in the tip appearing to move either very slowly or not at
all on a frontal view. Pushing further is usually enough to see the
wire start to course laterally again as the vein wraps around from
the vertebral body to the rib. If one is in doubt, an oblique projec-
tion can provide better visualization of the wire tip and its behavior.

Once the microcatheter tip is close to the intervertebral fora-
men, microcatheter venography is performed to show the inter-
costal vein and foraminal venous plexus. This is then used as a
roadmap for injection of the liquid embolic agent.

As we have gained experience and confidence with the proce-
dure, we have tried to direct the microcatheter tip further into the
foramen, usually by directing a sharply shaped microwire inferi-
orly from the segmental vein adjacent to the foramen. Although
by no means essential, when this step succeeds it allows the fora-
minal plexus to be embolized by using a smaller volume of em-
bolic agent in a more controlled fashion and minimizing the risk
of reflux into the azygos vein.

The ideal cast aims to obliterate any possible route for CSF
egress by filling the foraminal plexus circumferentially around
the nerve root with modest extension into the lateral epidural
plexus, intercostal vein, and paraspinal vein. Extension into the

basivertebral veins is harmless and should not preclude further
injection. Extension into intersegmental anastomoses also does
not appear to carry any clear risk and may even provide further
confidence that the pathway for CSF leak has been adequately
obliterated. Despite seeming initially unnerving, injecting into
the epidural plexus on a regular basis has so far not resulted in
the development of any neurologic deficits from the procedure,
though we accept that only time (and more procedures) will give
us a fuller idea of the safety profile of the procedure.

T5 itself deserves a note of caution. The fifth intercostal vein
drains into the azygos vein close to its junction with the SVC,
meaning that there is only a short segment of the azygos vein for
the guide catheter to sit in, which makes it harder to obtain a stable
position. In addition, the guide catheter is expected to make a sharp
turn as it transits from the SVC to the azygos vein; soon after this, a
microcatheter is expected to make another sharp turn to the right
(combining to make a 270° turn clockwise on an anterior-posterior
projection, from heading cranially to heading right lateral) into the
fifth intercostal vein. This turn is less of an issue at T6, where the
additional length of the catheter within the azygos vein provides
better stability. From T7 on, this essentially becomes a nonissue.

Right Lumbar (1 Fistula, 1.3%). The right ascending lumbar vein is
caudally contiguous with the azygos vein (Fig 10B). The route of
access to the azygos vein is described in the section above. Once
azygos venography is acquired, the microcatheter and wire are
directed caudally, staying out of the segmental veins and the hem-
iazygos vein, to the level of the target vein. Note that the lumbar
segmental veins can join the ascending lumbar vein at an oblique
angle. Any uncertainty over the direction required to reach the
target can be resolved by performing venography from the lower-
most part of the azygos vein at the level of T12. Once inside the

FIG 10. Roadmaps to each foramen, grouped by common venous drainage pathways. A, Right T5–12. B, Right lumbar. C, Left T9–12 and lumbar.
D, Left T5–8. E, Right T1–4. F, Left T1–4. G, Cervical.
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lumbar segmental vein, onward navigation toward the foramen
follows the route described in the previous section.

The right ascending lumbar vein arises from the right common
iliac vein below. Sometimes we are able to take a microcatheter
directly from the common iliac vein up the ascending lumbar vein,
but often this vein has multiple interruptions, which make superior
navigation all but impossible beyond a couple of levels.

Left T9–12 and Left Lumbar (11 Fistulas, 14.1%). Left T9–12 all
drain into the hemiazygos vein (Fig 10C). The route begins by plac-
ing a guide catheter in the azygos vein at the level of T8 or T9 and
performing venography. This process usually provides good visual-
ization of the hemiazygos vein crossing the midline and draining
into the azygos vein. A microcatheter is taken across the midline
and navigated down the hemiazygos vein to the desired level, before
performing microcatheter venography and proceeding from there.
Alternatively, a microcatheter can sometimes be taken directly from
the left common iliac vein into the ascending lumbar vein.

Left T5–8 (6 Fistulas, 7.7%). Getting to the accessory hemiazygos
vein starts off again by placing a guide catheter in the azygos vein,
this time just above where the accessory hemiazygos vein crosses
the midline (usually around the level of T8) to drain into the azy-
gos vein. Venography is acquired within the azygos vein, and a
microcatheter is used to cross over to the left and then ascend
within the accessory hemiazygos vein to the desired level, from
which microcatheter venography is performed (Fig 10D).

Right T1-4 (8 Fistulas 10.3%). Fistulas between T2 and T4 on the
right drain into the right superior intercostal vein, which itself
drains into the superior aspect of the arch of the azygos. From the

SVC, the guide catheter is placed just within the azygos vein, which
unfortunately limits its stability. The microcatheter and wire are
then directed cranially and posteriorly into the superior intercostal
vein (Fig 10E). The embolic agent cast in Fig 7 illustrates where the
superior intercostal vein connects to the arch of the azygos.

Access to the right supreme intercostal vein for the treatment
of right T1 fistulas is variable, as described above. Usually, it can
be found from the superior intercostal vein. Occasionally, it
requires navigating through the vertebral vein. If the supreme in-
tercostal vein cannot be found, a microcatheter can be navigated
into the T2 foramen, through the lateral epidural plexus, and cra-
nially toward the T1 foramen.

Left T1–4 (5 Fistulas, 6.4%). The left superior intercostal vein can
be accessed from either above or below. Access from below
requires navigation through the accessory hemiazygos vein (see
the section on the left T5–8) and directing a microcatheter fur-
ther cranially (Fig 11). Access from above requires navigation
from the SVC to the left innominate vein to cross the midline to
the left. At approximately the lateral border of the vertebral body,
the superior intercostal vein can be found on the posterior and
inferior aspects of the innominate vein (Fig 10F). Cannulating its
origin may require a sharply-angled or even reverse-facing inter-
mediate catheter such as a 5F Mikaelsson catheter (Merit
Medical).

Accessing the neural foramen in this region can, at times, be
extremely difficult. Lately, we have resorted to accessing the lat-
eral epidural plexus of the cervical spine on the left and navigat-
ing downward until we reach the target foramen (Fig 5).

Access to the left supreme intercostal vein is about as variable
as it is on the right. It may drain into the innominate, superior in-
tercostal, or vertebral veins and may require some trial and error
to get there. Preintervention CT venography can help to plan
routes to both the right and left supreme intercostal veins.

Cervical (6 Fistulas, 7.7%). Foraminal veins in the neck, together
with their rich adjacent paravertebral and epidural plexuses, con-
verge on the vertebral veins at approximately the level of C6 to
drain into the innominate veins bilaterally. From the respective
innominate vein, a wire is directed posteriorly, superiorly, and
medially (Fig 10G). Entering the vertebral vein can be challenging
due to the presence of a valve at its junction with the innominate
vein and may require a few attempts or even inspiratory maneu-
vers in self-ventilating patients. Once the vertebral vein is found,
venography is performed and serves as a roadmap for onward
navigation.

The typical appearance of vertebral venography is complex
(Figs 4 and 9). This complexity can serve as an ally to the inter-
ventionalist by providing a choice of pathways. In our experience,
we have been able to direct microcatheters through the paraverte-
bral plexus (outside the vertebral column) to the desired level
before the microcatheter then courses medially toward the fora-
minal vein. At other times, we have been able to access the fora-
men above or below our target, enter the lateral epidural plexus,
and ascend or descend from there.

It has also been possible to perform embolization from the
vertebral vein itself, allowing the embolic agent to travel

FIG 11. Postembolization image showing the liquid embolic agent in
the accessory hemiazygos vein (white arrow) in a patient with multi-
ple left-upper-thoracic CSF-venous fistulas. The catheter is seen to
ascend in the SVC, course around the arch down the azygos vein
(black arrow), and then cross the midline (asterisk) to enter the
accessory hemiazygos vein.
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through its complex system of tributaries and eventually opacify
the target foramen. Thus far, we have not encountered any
adverse events from embolizing the whole of the vertebral vein,
presumably on account of its anastomoses and functional inter-
changeability with its contralateral counterpart and the venous
plexuses around the skull base. The chances of success, however,
do diminish if the embolic agent does not travel all the way to
the foramen.

CONCLUSIONS
Spinal venous navigation is infrequently performed in most neu-
rointerventional units, including ours until recently. This article
provides a comprehensive summary of the organization of ve-
nous drainage throughout various regions of the spine, together
with practical guidance on navigating microcatheters to each fo-
ramen. It is entirely possible that with further experience, we will
encounter additional routes to the spine, but we hope that the ex-
perience we have garnered so far will serve to provide confidence
to any colleagues who may wish to embark on transvenous access
to the spine.

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

Machine Learning in Differentiating Gliomas from Primary
CNS Lymphomas: A Systematic Review, Reporting Quality,

and Risk of Bias Assessment
G.I. Cassinelli Petersen, J. Shatalov, T. Verma, W.R. Brim, H. Subramanian, A. Brackett, R.C. Bahar, S. Merkaj,

T. Zeevi, L.H. Staib, J. Cui, A. Omuro, R.A. Bronen, A. Malhotra, and M.S. Aboian

ABSTRACT

BACKGROUND: Differentiating gliomas and primary CNS lymphoma represents a diagnostic challenge with important therapeutic
ramifications. Biopsy is the preferred method of diagnosis, while MR imaging in conjunction with machine learning has shown prom-
ising results in differentiating these tumors.

PURPOSE:Our aim was to evaluate the quality of reporting and risk of bias, assess data bases with which the machine learning clas-
sification algorithms were developed, the algorithms themselves, and their performance.

DATA SOURCES: Ovid EMBASE, Ovid MEDLINE, Cochrane Central Register of Controlled Trials, and the Web of Science Core
Collection were searched according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines.

STUDY SELECTION: From 11,727 studies, 23 peer-reviewed studies used machine learning to differentiate primary CNS lymphoma
from gliomas in 2276 patients.

DATA ANALYSIS: Characteristics of data sets and machine learning algorithms were extracted. A meta-analysis on a subset of stud-
ies was performed. Reporting quality and risk of bias were assessed using the Transparent Reporting of a multivariable prediction
model for Individual Prognosis Or Diagnosis (TRIPOD) and Prediction Model Study Risk Of Bias Assessment Tool.

DATA SYNTHESIS: The highest area under the receiver operating characteristic curve (0.961) and accuracy (91.2%) in external valida-
tion were achieved by logistic regression and support vector machines models using conventional radiomic features. Meta-analysis
of machine learning classifiers using these features yielded a mean area under the receiver operating characteristic curve of 0.944
(95% CI, 0.898–0.99). The median TRIPOD score was 51.7%. The risk of bias was high for 16 studies.

LIMITATIONS: Exclusion of abstracts decreased the sensitivity in evaluating all published studies. Meta-analysis had high heterogeneity.

CONCLUSIONS:Machine learning–based methods of differentiating primary CNS lymphoma from gliomas have shown great poten-
tial, but most studies lack large, balanced data sets and external validation. Assessment of the studies identified multiple deficien-
cies in reporting quality and risk of bias. These factors reduce the generalizability and reproducibility of the findings.

ABBREVIATIONS: AI ¼ artificial intelligence; AUC ¼ area under the receiver operating characteristic curve; CNN ¼ convolutional neural network; ML ¼
machine learning; PCNSL ¼ primary CNS lymphoma; PRISMA ¼ Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PROBAST ¼ Prediction
model study Risk Of Bias Assessment Tool; TRIPOD ¼ Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis

G liomas are the most common primary malignancy of the
CNS.1 An important differential diagnosis for gliomas is

primary CNS lymphoma (PCNSL), a more uncommon but
highly malignant neoplasia.2 Correct differentiation of these tu-
mor entities is an important challenge for clinicians because
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therapy differs vastly: High-grade gliomas are treated with sur-
gery and adjuvant radiochemotherapy,3 while standard PCNSL
treatment consists of high-dose methotrexate chemotherapy.4,5

Surgery, in the latter group, is mostly reserved for either biopsy
and decompressive surgery in cases of increased intracranial pres-
sure.6 Currently, the standard diagnostic approach for suspected
PCNSL consists of stereotactic biopsy and histopathologic analy-
sis.7 Nonetheless, this diagnostic method has morbidity and mor-
tality rates of up to 6% and 3%, respectively.8,9 Furthermore,
while maximum surgical resection is the standard-of-care initial
treatment for gliomas, its effectiveness in treating PCNSL has yet
to be convincingly demonstrated.4,10 Therefore, surgical biopsy
poses important risks and yields no benefit besides histopatho-
logic diagnosis. In this context, a noninvasive diagnostic proce-
dure would be beneficial. An important candidate for this is
artificial intelligence (AI)–assisted radiologic diagnosis.

PCNSL typically appears as a homogeneously contrast-
enhancing parenchymal mass without necrosis,11 while glioblas-
toma as an intra-axial tumor with irregular infiltrative margins
and a central heterogeneously enhancing core, reflecting necrosis
and hemorrhage.12,13 While these qualitative features provide val-
uable clues for differentiation in typical cases, there are atypical
presentations: PCNSL with ring-enhancing lesions and central
necrosis can be observed in up to 13% of non-AIDS- and up to
75% of AIDS-related cases.11

An important tool that has recently emerged to improve the
radiologic diagnosis is machine learning (ML). ML pipelines
learn quantitative image features that are not visible to the human
eye and correlate them to a clinical outcome.14 In the past deca-
des, considerable effort has been put into developing ML-based
classification algorithms for differentiating gliomas and PCNSLs.
This work has led to much data that should be identified, system-
atically evaluated, and synthesized. So far, 1 systematic review on
this topic has been presented by Nguyen et al,15 in 2018, but it
was performed only on a single bibliographic data base. Prior
studies have shown that single data base searches are insensitive
and limit the scope of systematic reviews.16 Therefore, we per-
formed a more comprehensive search using 4 established data
bases and wider-reaching keywords.

In this systematic review, we synthesized and evaluated the qual-
ity of reporting, risk of bias, data bases, algorithms, and their per-
formance achieved thus far. We hope to provide an accurate
picture of the current state of development, identifying shortcom-
ings and providing recommendations to increase model perform-
ance, reproducibility, and generalizability to enable implementation
into routine clinical practice.

MATERIALS AND METHODS
Search Strategy and Information Sources
This systematic review was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.17 The study was registered with
the International Prospective Register of Systematic Reviews
(PROSPERO, CRD42020209938). A data base search of Ovid
EMBASE, Ovid MEDLINE, and the Cochrane Central Register
of Controlled Trials (CENTRAL), and the Web of Science Core
Collection was performed by a clinical librarian from anytime

until February 2021. The search strategy included the following
keywords and controlled vocabulary combining the terms for the
following: “AI,” “machine learning,” “deep learning,” “radio-
mics,” “MR imaging,” “glioma” as well as related terms (Online
Supplemental Data). The search strategy was independently
reviewed by a second institutional librarian. All publications were
screened on Covidence (Veritas Health Innovation) software by a
neuroradiology attending physician, a radiology resident, an AI
graduate student, and a senior medical student.

Selection Process and Eligibility Criteria
To select relevant studies, the 4 reviewers undertook the follow-
ing steps independently: Initially, after duplicate removal, all
study abstracts were screened to exclude studies not pertaining to
neuro-oncology or not using ML methods. Next, full-text review
was performed to exclude publications that met the following cri-
teria: 1) were only abstracts; 2) were not original articles; 3) did not
involve artificial intelligence or ML; 4) did not involve gliomas; 5)
were not done on humans; 6) were not performed with either MR
imaging, PET, or MR spectroscopy; and 7) were not in English.
Lastly, only studies evaluating differentiation of gliomas versus
PCNSL were included for data extraction. In an initial search, stud-
ies that used only logistic regression were excluded. These studies
were, however, later included by filtering the excluded studies in
Covidence by the terms “lymphoma” and “pcnsl.” Here, studies
that used logistic regression and differentiated gliomas from
PCNSL were selected after abstract screening and full-text review.
When disagreement between reviewers occurred, the neuroradiol-
ogy attending physician made the final decision.

Data-Collection Process and Data Items
Data was extracted independently by 2 reviewers using a cus-
tom-built data-extraction form (Online Supplemental Data).
Disagreement was resolved by reaching a consensus through dis-
cussion. Data was collected on 1) the report (title, authors, year);
2) the patient characteristics (number of patients included, source
of data, glioma/PCNSL case ratio, immune status of the patients
with lymphoma, percentage of patients in training and testing,
and use of an independent test cohort); 3) the tumor type studied
and the definition of ground-truth (type of glioma, criterion
standard for diagnosis); 4) the ML method used (classic ML or
deep learning, algorithms studied, type and number of features
used); 5) the imaging procedures performed (type of imaging
studies used, magnetic field strength of MR imaging machine,
MR imaging sequence studied); and 6) performance metrics as
described in detail below.

Reporting Quality and Risk of Bias Assessment
Reporting quality and risk of bias assessment was performed inde-
pendently by 2 reviewers using the Transparent Reporting of a
multivariable prediction model for Individual Prognosis Or
Diagnosis (TRIPOD) checklist 18 and the Prediction model study
Risk Of Bias Assessment Tool (PROBAST), respectively.19

TRIPOD is composed of 77 individual questions that address 30
different scorable domains, 29 of which are applicable to our study
after excluding item 11 as listed in the Online Supplemental Data.
The final TRIPOD score was calculated as described in the
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TRIPOD Adherence Assessment Form. For each study, the per-
centage of successfully reported TRIPOD items applicable to the
individual study was reported. Additionally, for every item in the
assessment, we report an adherence index, which we calculated as
the average achieved across all studies. PROBAST is a checklist
composed of 4 domains and 20 signaling questions, useful for
assessing the risk of bias in multivariate diagnostic prediction mod-
els.19 The Cohen’s k was used to calculate the interrater reliability
of the assessment between the 2 independent reviewers, and inter-
preted as delineated by Altman.20

Data Analysis and Synthesis
To assess the performance of the classifiers from each study, we
extracted primarily the reported area under the receiver operating
characteristic curve (AUC) and its corresponding 95% confidence
interval if available. Other threshold-based performance metrics
that were extracted were accuracy, sensitivity, and specificity.
Different studies test the interaction of classifiers with different fea-
ture-selection methods, resulting in many permutations of the same
classifier. Only the results of the best performing version of each
studied classifier were reported because we deemed this information
most relevant. We grouped the performance metrics according to
whether they were calculated during training, internal or external
validation. To plot graphs, we used the performance on validation.
If a study reported both internal and external validation, only exter-
nal validation was plotted. Some studies compared ML models with
the performance of different neuroradiologists. In these cases, we
reported only the results of the highest performing radiologist,
unless stated otherwise.

We performed a meta-analysis on the AUC values of a subset of
studies that used conventional radiomic features and conventional
ML algorithms for model development. Studies were only included
if they reported an AUC with a 95% CI in a validation set and if

they used conventional radiomic features for model development.
Studies that used a deep learning–based classifier were also excluded
in the meta-analysis. These exclusion criteria were chosen to
decrease the methodic diversity and increase the comparability of
the studies included in the meta-analysis. If both internal and exter-
nal validation were reported, we used the performance on external
validation. The meta-analysis used a random-effects model, as
described by Zhou et al,21 and was performed on MedCalc
(MedCalc Software). The calculated heterogeneity among studies is
reported using Higgins I2, which describes the percentage of total
variation attributable to heterogeneity rather than chance alone.22

RESULTS
Study Selection
The study-selection process is presented in Fig 1. The literature
search yielded 11,727 studies. After duplicate removal, 10,496
studies were excluded, 1141 studies underwent full-text review,
and finally 23 articles were included in our systematic review as
per our criteria.23-45 Of note, the selection process was performed
in two steps since 6 studies that were finally included, were ini-
tially excluded solely because only a Logisitc Regression model
was developed. Data was extracted from these studies for qualita-
tive synthesis. An outline of the data sets and the developed ML
pipelines of the individual studies can be found in the Online
Supplemental Data.

Data Sets for Model Development
The data sets had a mean size of 99 patients per study (range: 17–
259 patients) (Fig 2A), with a mean ratio of 1.9 glioma cases for
every PCNSL case (range: 7.9–0.4 cases), with only 2 studies hav-
ing a 1:1 ratio (Fig 2B); 56.5% (n=13) of the studies used data
from single-center hospital data bases, and 17.4% (n=4) used pri-
vate multicenter hospital data bases. The source of patients could
not be determined in 26.1% (n=6) of articles (Fig 2C). No study
used public brain tumor data sets such as Brain Tumor
Segmentation (BraTS) or The Cancer Imaging Archive (TCIA).

More than half of the studies did not use external validation,
instead relying on k-fold cross-validation or randomly sampling
subjects into 2 cohorts, training and validation. Five studies did
not report any type of validation (Fig 2D). Among the 6 studies
that externally validated their algorithm, 4 sampled the external
data set from a different institution (geographic valida-
tion);28,30,33,43 and 2, on a different timepoint (temporal valida-
tion)31,37 than the training set.

Tumor Entities
All studies used PCNSL and gliomas in their data sets. Among the
gliomas, all studies included glioblastomas: 2 included World
Health Organization grade III gliomas;23,41 and 1, lower-grade glio-
mas.41 5 also included meningiomas34 and/or metastatic
lesions.33,34,36,45 3 studies specified that they incorporated atypical
glioblastomas, defined as glioblastomas without central necro-
sis,29,35,39 while 3 explicitly included atypical PCNSLs.28,30,39 We
also investigated whether the immune status of patients with lym-
phoma was reported. 5 studies included only immunocompetent
patients,28,29,31,38,44 whereas 2 included both immunocompetent
and immunosuppressed patients.23,45 The remaining studies did

FIG 1. PRISMA flow diagram. This chart delineates the selection pro-
cess that yielded the 23 studies included in this systematic review.1 The
initial search yielded 1135 studies for full-text review, and 704 were eligi-
ble, and 16 were included. A second literature search yielded 6 addi-
tional studies.
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not specify immunologic status. Importantly, all except 2 studies
solely used images of tumors whose final diagnosis had been histo-
pathologically confirmed. The other 2 combined histopathologic
and clinicoradiologic criteria for diagnosis.40,42

Image Features and Classification Algorithms
Nineteen studies used classic ML: 2 solely deep learning meth-
ods;33,41 and 2 a combination of both.36,43 Ten studies used com-
binations of shape and conventional radiomic features (first
order, texture matrices, and wavelet-transformed images).
Among these, the mean number of features used for model devel-
opment was 29 (range, 3–80). A combination of diffusion and
perfusion features was used in 8 studies,24,27,29,34,36,40,42,45 while 1
also included SWI-derived features.29 Other types of image fea-
tures were used such as scale-invariant feature transform fea-
tures,26,46 luminance histogram range,39 temporal patterns of
time-signal intensity curves from DSC perfusion imaging
extracted with the help of an autoencoder neural network,33 and
[18F] PET–derived metrics.40,42,44 After feature selection, the
number of features ranged from 1 to 496.26,36

For classification, 10 different classic ML and 3 different deep
learning algorithm types were used. The most common classic
ML methods were support vector machines and logistic regres-
sion (each n=11), a multilayer perceptron network (n=3), and a
convolutional neural network (CNN) (n=2) for deep learning.
Other algorithms were random forests (n=4), decision tree
(n=3), Naïve Bayes (n=2), linear discriminant analysis (n=2),
generalized linear model (n=2), XGBoost (n=1), AdaBoost
(n=1), and k-nearest neighbor (n=1).

Imaging
All studies except for 1 were performed on MR images. MR
imaging sequences used were contrast-enhanced T1 (100% of
studies performing MR imaging, n= 22), noncontrast T1 (50%,
n= 11), T2 (59.1%, n= 13), FLAIR (50%, n= 11), DWI (68.2%,
n= 15), intravoxel incoherent motion (4.6%, n= 1), and perfu-
sion images (45.5%, n= 10). Three studies implemented [18F]
FDG PET/CT imaging.

Model Performance and Meta-analysis
The reported metrics varied among different studies. AUC, accu-
racy, sensitivity, and specificity were reported in 91.3%, 65.2%,
73.9%, and 69.6% of the studies, respectively. The highest valida-
tion AUC of every study and respective 95% CI, if reported, are
shown in the Online Supplemental Data. For a summary of the
performance of every classifier by study, please refer to the
Online Supplemental Data.

The classifiers that reached the highest AUC and accuracy in
external validation were logistic regression30 (AUC = 0.961) and
a support vector machine30 and logistic regression model37 (both
accuracy = 91.2%), respectively. All were trained on conventional
radiomic features extracted from routine and DWI sequences.
An XGBoost classifier32 and a support vector machine classifier
trained on scale-invariant feature transform features26 were the
only models that reached an AUC of.0.98 in internal validation
but were not explored further in external validation.

Some studies compared the classification performance of ML
models with that of radiologists tasked with comparing the same
set of images,23,28,32,35,43 and 2 studies examined the effect of

FIG 2. A, Scatterplot displaying the number of patients included in the data sets. B, Scatterplot of the glioma/PCNSL case ratio in the data sets.
A ratio of.1 means more gliomas, a ratio of,1 means more PCNSL, and a ratio = 1 means equal number. C, Source of patients in the data sets.
D, Type of validation performed in the studies.
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integrating the results of an ML algorithm in the radiologists’ deci-
sion process (Online Supplemental Data).37,41 Two publications
found the ML algorithm superior,32,35 while one found it signifi-
cantly noninferior.23 Both Yamashita et al41 and Xia et al37 found
that incorporatingMLmodels into the classification of novice radi-
ologists significantly improved the AUC to levels comparable with
their more experienced counterparts. Among experienced neuro-
radiologists, the effect was smaller-but-significant in 1 study.

Because conventional radiomics was the most used type of fea-
ture, we decided to conduct a random-effects AUC meta-analysis
on a subset of studies that used these features in classic ML classi-
fiers. We identified 6 studies that reported AUCs with confidence
intervals in a validation test.23,28,31,33,35,43 We excluded one because
the radiomic features it used were not conventional33 and one
because its best classifier was a deep learning model.43 In total, 4
studies were included in the meta-analysis.23,28,31,35 The pooled
AUC was calculated as 0.944 (95% CI, 0.918–0.980; I2 = 74.3%). A
forest plot of the meta-analysis can be seen in the Online
Supplemental Data.

Adherence to Reporting Standards and Risk of Bias
Assessment
We performed a reporting quality assessment according to the
TRIPOD checklist. Thirteen studies had an adherence index of
,50%. Overall, the median TRIPOD score among all studies was

51.7% (interquartile range, 41.4%–62.1%). The individual adher-
ence index for every item is shown in Fig 3 and the Online
Supplemental Data. We performed a risk of bias assessment using
the PROBAST tool. The overall risk of bias was deemed high in
69.6% (n=16) of studies and unclear in the rest. The risk of bias
per PROBAST domain is further specified in the Online
Supplemental Data. The interrater reliability between the 2 inde-
pendent reviewers was very good in both the reporting quality
(k = 0.965; 95% CI, 0.945–0.985) and risk of bias assessment (k =
0.851; 95% CI, 0.809–0.892).

DISCUSSION
Our systematic review identified and analyzed 23 articles that
published ML-based classification algorithms for noninvasive dif-
ferentiation of gliomas and PCNSL.23-45

Analysis of study data sets revealed them to be predominantly
small and unbalanced because glioma cases were overrepresented
compared with PCNSL. This finding likely reflects the difficulty in
sampling lymphoma cases due to their low prevalence. Moreover,
a minority of studies validated their algorithm exter-
nally.28,30,31,33,37,43 These factors decreased the generalizability of
the findings and increased the risk of overlooking overfitted classi-
fiers. Thus, we encourage multicenter collaborations to create
larger, more balanced data sets. Additionally, cross-center

FIG 3. TRIPOD adherence index. The adherence index for a particular item was calculated as the average points achieved across all studies.
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collaborations would facilitate the construction of geographically
distinct external validation data sets on which to test these models.

We were also interested in the specific tumor entities that
researchers used for model development. Strikingly, only a few
articles specified the inclusion of atypical glioblastomas and lym-
phomas.28-30,35,39 Considering that it is the atypical variants of
the tumors that appear most similar, only including typical-
appearing tumors might make classification easier without
reflecting the everyday challenges faced by diagnosticians.
Similarly, only 7 studies reported the immune status of the
included patients with lymphoma.23,28,29,31,38,44,45 Overall, we rec-
ommend inclusion of atypical cases in future data sets and clear
reporting of their fraction and patients’ immune status.

Classic ML classifiers trained on conventional radiomic fea-
tures of routine sequences and DWI reached AUCs of.0.95 and
the highest accuracies in external validation.30,37 These findings,
along with the high mean AUC in the meta-analysis, suggest that
radiomic features extracted from conventional sequences are
powerful in differentiating gliomas from PCNSL. This finding
should make clinical implementation faster, considering that
open-source packages for conventional radiomic feature extrac-
tion, like PyRadiomics,47 are readily available. XGBoost, a deci-
sion tree–based algorithm popular among data scientists,
performed very well in internal validation but was not tested on
external validation.32 Considering that random forest models
(also decision-tree based) performed well in external validation, it
would be reasonable to also expect good performance with
XGBoost and hence encourage further research using this algo-
rithm. These results are in line with other systematic reviews on
ML in neuro-oncology. Our research group has also performed
systematic reviews on the role of ML in predicting glioma grade
and differentiating gliomas from brain metastases.48,49 Both stud-
ies found, similar to our findings, a high mean accuracy despite
small data sets. Overall, these findings are encouraging because
they show that even though PCNSL is a rarer disease than other
brain neoplasms, the development of ML applications for its di-
agnosis is on a par with that for other tumor entities.

Deep learning classifiers were explored by only 4 different stud-
ies.33,36,41,43 Yun et al43 developed a CNN-based model that
showed good performance in internal validation (AUC= 0.879),
but performance decreased drastically when externally validated
(AUC= 0.486). CNNs, if not regularized properly, are prone to
overfitting and benefit from large multisite data sets.50 Using mul-
tiple sites facilitates larger data sets and incorporates valuable het-
erogeneity for training. Park et al33 also developed a CNN-based
model which achieved a higher AUC (0.89) in external validation.
Overall, further evaluation of applications of CNN in the classifica-
tion of gliomas from lymphomas in larger data sets is needed.

In recent years, the utility of ML algorithms as computer-
aided diagnosis systems in oncologic practice has been repeatedly
postulated.51,52 By showing that ML can achieve a performance
similar to that of radiologists (and sometimes even surpass
them), the studies included in this systematic review support this
notion.37,41 Furthermore, Xia et al37 and Yamashita et al41 high-
light the special utility of ML algorithms in helping radiologists in
training achieve diagnostic performance comparable with that of
their more experienced colleagues.

We performed a reporting quality assessment using the
TRIPOD checklist.18 TRIPOD addresses topics similar to those
on the Checklist for Artificial Intelligence in Medical Imaging but
is structured in 77 clearly defined questions and is, to our knowl-
edge, the most comprehensive checklist for reporting quality
assessment.53 Adherence to reporting standards was generally
low. Important shortcomings were found in reporting the full
model to enable individual predictions, methods for measuring
performance, the performance measures themselves, and incom-
plete disclosure of funding. Moreover, no study provided the pro-
gramming code that was used to create the model, severely
hindering reproducibility. Furthermore, no study reported cali-
bration measurements, and only ,50% reported confidence
intervals of performance metrics, limiting the reader’s ability to
assess the achieved performance. These results are in line with a
previously published systematic review that showed similar
TRIPOD adherence indices in studies regarding radiomics in
oncologic studies.54 TRIPOD assessments were also performed in
the above-mentioned systematic reviews from our group. Both
studies found very similar TRIPOD adherence indices (44% and
48%) as well as similar deficiencies in the individual items.55,56

Our results suggest that deficiencies in transparent reporting are
a broader issue in the field of neuro-oncologic imaging.

We also performed a risk of bias assessment using the
PROBAST tool.19 PROBAST uses 20 signaling questions organ-
ized in 4 domains to assess the risk of bias related to the selection
of participants, definition and measurement of predictors, defini-
tion and determination of outcomes, and quality of analysis
methods in studies developing predictive diagnostic models.19

While all studies included in this systematic review had a low risk
of bias in the domains concerned with defining and measuring
predictors and outcomes, a high proportion of high or unclear
risk of bias was determined for most studies in participant selec-
tion and analysis. Regarding PROBAST Domain 1, the main con-
cern rose from a selection of patients that did not represent the
intended target population: Three studies excluded immunosup-
pressed patients;31,38,44 and 1, hemorrhagic tumors,24 likely skew-
ing the participant population in the direction of typical patients
and making discrimination easier for classifiers. The main con-
cerns raised in Domain 4 were the low patient-to-feature ratio
and the exclusion of participants with missing data in several
studies. These factors have the potential of introducing bias
because the former can lead to overfitting and thus to overestima-
tion of performance metrics, while the latter is risky in small data
sets because it can skew the patient population and render it not
representative.19 The risk of bias of several studies remained,
nonetheless, unclear because of the several reporting deficiencies
discussed above.

This systematic review had several limitations. First, by
excluding studies that were presented only as abstracts, we
reduced the sensitivity of our systematic review. We, nonetheless,
accepted this loss of information because the inherent brevity of
abstracts impedes a comprehensive appraisal of the study design,
methods, and results.57,58 Moreover, the developed pipelines and
data sets are different and hence not always comparable. Using
public brain tumor data sets, such as BraTS, could make compari-
sons between classifiers easier, though images in these data sets
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are highly curated and might not reflect variable quality of
images encountered in clinical practice. The meta-analysis was
performed on a small subset of studies because most publications
did not report sufficient data for statistical synthesis. Interestingly,
the studies included in the meta-analysis showed high heterogene-
ity, reflecting the diversity of the ML model pipelines used. This
level of heterogeneity is lower but comparable to one calculated in
another published meta-analysis on ML in neuroradiological diag-
nosis.59 The TRIPOD and PROBAST checklists are applicable to
ML-based prediction models but were developed with conven-
tional multivariate regression–based models in mind.18,19,60 Due to
the use of slightly different terminology and the lack of ML-based
examples in both PROBAST’s and TRIPOD’s Elaboration and
Examples document, the reporting quality assessment was burden-
some at times. The TRIPOD and PROBAST creators have, how-
ever, acknowledged these shortcomings in a communication
released in 2019 and announced the development of TRIPOD-AI
and of PROBAST-AI.60 We welcome and encourage this develop-
ment to help improve transparent reporting and risk of bias assess-
ment of ML-based prediction models.

CONCLUSIONS
ML models for the differentiation of gliomas from PCNSL have
great potential and have demonstrated high-level performance,
sometimes even comparable with that of senior subspecialty-
trained radiologists. ML models have also been shown to be
powerful computer-aided diagnosis tools that can improve diag-
nostic performance, especially among junior radiologists.
However, to be able to implement these into clinical practice, it is
still necessary to perform further model development in larger,
more balanced, and heterogeneous data sets that include other
disease entities as well as test the robustness of models in external
data sets. This more extensive development should increase the
generalizability and reliability of the developed model. In addi-
tion, transparent reporting of model development should always
be a priority, and we recommend adherence to the TRIPOD
statement in future publications. This reporting will increase
reproducibility, potentially enabling incorporation of these tech-
niques into routine clinical practice.
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ORIGINAL RESEARCH
ADULT BRAIN

SWI as an Alternative to Contrast-Enhanced Imaging to
Detect Acute MS Lesions

G. Caruana, C. Auger, L.M. Pessini, W. Calderon, A. de Barros, A. Salerno, J. Sastre-Garriga, X. Montalban, and
À. Rovira

ABSTRACT

BACKGROUND AND PURPOSE: Acute inflammatory activity of MS lesions is traditionally assessed through contrast-enhanced T1-
weighted MR images. The aim of our study was to determine whether a qualitative evaluation of non-contrast-enhanced SWI of
new T2-hyperintense lesions might help distinguish acute and chronic lesions and whether it could be considered a possible alter-
native to gadolinium-based contrast agents for this purpose.

MATERIALS AND METHODS: Serial MR imaging studies from 55 patients with MS were reviewed to identify 169 new T2-hyperin-
tense lesions. Two blinded neuroradiologists determined their signal pattern on SWI, considering 5 categories (hypointense rings,
marked hypointensity, mild hypointensity, iso-/hyperintensity, indeterminate). Two different blinded neuroradiologists evaluated
the presence or absence of enhancement in postcontrast T1-weighted images of the lesions. The Fisher exact test was used to
determine whether each category of signal intensity on SWI was associated with gadolinium enhancement.

RESULTS: The presence of hypointense rings or marked hypointensity showed a strong association with the absence of gadolinium
enhancement (P, .001), with a sensitivity of 93.0% and a specificity of 82.9%. The presence of mild hypointensity or isohyperinten-
sity showed a strong association with the presence of gadolinium enhancement (P, .001), with a sensitivity of 68.3% and a specific-
ity of 99.2%.

CONCLUSIONS: A qualitative analysis of the signal pattern on SWI of new T2-hyperintense MS lesions allows determining the likeli-
hood that the lesions will enhance after administration of a gadolinium contrast agent, with high specificity albeit with a moderate
sensitivity. While it cannot substitute for the use of contrast agent, it can be useful in some clinical settings in which the contrast
agent cannot be administered.

MS is a progressive inflammatory, demyelinating, and neuro-
degenerative autoimmune disease of the CNS. Its inflam-

matory process is thought to be caused and propagated by an
autoimmune cascade, which involves T-cells and mechanisms of
molecular mimicry, leading to the development of focal perivas-
cular infiltrates of mononuclear inflammatory cells, microglia
activation, demyelination, and axonal degeneration. Gadolinium-
enhancement on MR imaging can reveal the presence of blood-
brain barrier disruption due to acute inflammation, and it is
considered an acute sign of focal inflammatory activity. There is
evidence that the magnetic susceptibility of MS lesions tends to
increase considerably as they evolve from an enhancing to

nonenhancing stage after gadolinium administration, a finding
proved using quantitative MR imaging methods.1-8 This feature
has been mainly related to iron accumulation inside macrophages
and activated microglia at the outer margins of MS lesions.1,2,9

Due to the paramagnetic characteristics of iron, SWI is an MR
imaging technique that permits in vivo measurement of iron lev-
els in tissues. The aim of our study was to determine whether a
visual, qualitative evaluation of SWI of new T2-hyperintense MS
lesions could be useful to differentiate acute and chronic lesions
and whether it could be considered a possible alternative to gado-
linium-based contrast agents for this purpose.

MATERIALS AND METHODS
We retrospectively reviewed the medical records and MR images
from a group of patients with MS to detect those who had devel-
oped new T2-hyperintense lesions on a follow-up MR imaging.

The study was approved by the hospital research and ethics
committee and informed consent was obtained from each partici-
pant for the use of their anonymized MR imaging studies for
research purposes.
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Patients
A search was performed in a prospectively collected data base of
1312 patients with MS at our center. All the patients had been
diagnosed with MS on the basis of the 2010 revision of the
McDonald criteria10 and were regularly followed up at our insti-
tution (Vall d’Hebron University Hospital, Barcelona, Spain).
Medical records and MR imaging studies acquired between
January 2011 and December 2018 were retrospectively reviewed
to identify patients who had developed new T2-hyperintense
lesions. Inclusion criteria were the following: 1) 18–65 years of
age; 2) relapsing course of MS; 3) MR imaging studies performed
on a 3T MR imaging scanner using a standardized imaging pro-
tocol; 4) available MR imaging follow-up scans performed with
the same scanner and protocol between 3 and 18months
from the baseline MR imaging; and 5) the presence of new T2-
hyperintense brain lesions with a diameter of $3mm on the fol-
low-up MR imaging. Exclusion criteria were the following: 1)
lack of a standardized MR imaging protocol or examinations per-
formed on a 1.5T scanner; 2) absence of new T2-hyperintense
WM lesions; 3) clinical conditions that could lead to WM lesions
(such as atherosclerosis, diabetic microangiopathy, migraine or
traumatic brain injury); and 4) pregnancy and steroid therapy
within the 30days before the follow-up MR imaging.

After meeting the above criteria, a total of 55 patients (37
women, 18 men) were included in our study, with a mean age at
the follow-up MR imaging of 34.3 years (range, 20.0–48.4 years),
a mean disease duration of 2.3 years (range, 0.8–26.7 years), and a
mean Expanded Disability Status Scale score of 1.3 (range, 0–3.5).
The mean interval between the baseline and the follow-up MR
imaging was 9.3months (range, 4.8–15.6months).

MR Imaging Protocol
All MR imaging examinations were performed on a 3T system
(Magnetom Trio, A Tim System; Siemens), with a 16-channel ra-
diofrequency head coil using the same imaging protocol. T2- and
proton density–weighted images were obtained using a 2D dual-
echo fast spin-echo sequence in the axial plane (TR ¼ 2500ms;
TE ¼ 16/91ms; flip angle ¼ 120°; echo-train length ¼ 6; section
thickness ¼ 3mm). To obtain SWI data, we acquired a fully flow-
compensated 3D spoiled gradient recalled-echo sequence using the
following parameters: TR¼ 32ms; TE¼ 24.6ms; flip angle¼ 15°.
Magnitude and filtered-phase information was automatically proc-
essed and combined to obtain SWI, which had an in-plane resolu-
tion of 0.65 � 0.65mm and a section thickness of 3.0mm. Finally,
a 2D T1-weighted gradient-echo sequence (TR ¼ 297ms; TE ¼
2.46ms; flip angle ¼ 66°; section thickness ¼ 3mm) was obtained
after contrast administration, using a gadolinium-based hydro-
philic and neutral macrocyclic contrast agent (gadobutrol,
0.1mmol/kg, Gadovist; Bayer HealthCare Pharmaceuticals) with a
5- to 10-minute delay.

Image Analysis
Initial imaging analysis was performed on the dual-echo spin-
echo sequence, blinded to the postcontrast images, to identify
all new MS lesions by comparing baseline and follow-up
MR imaging scans. All new T2-hyperintense lesions were vis-
ually identified by a neuroradiologist (L.M.P.), with 4 years’

experience. The lesions were manually marked on axial T2-
weighted images and tagged with an identification number.
Two sets of DICOM images were anonymized and stored in a
dedicated local hard drive: the first one containing SWI data
and the second one containing postcontrast T1-weighted data.
Also, T2-weighted data were included in each set for a loca-
tion reference of each lesion.

The SWI data set was reviewed independently and in a
blinded manner by 2 neuroradiologists (G.C. and W.C., with
2 years’ experience) for a qualitative analysis of the signal inten-
sity on SWI within each lesion. We considered 5 categories: 1)
hypointense rings, 2) marked hypointensity, 3) mild hypointen-
sity, 4) iso-/hyperintensity, and 5) indeterminate. The choice of
these categories was based both on our experience and on a revi-
sion of the literature.11-15 Lesions with hypointense rings were
defined as those with a complete or partial circumferential pe-
ripheral hypointensity (Fig 1A, -B). Marked hypointensity
included any lesions with well-defined intralesional hypointen-
sity, irregular- or dot-shaped (Fig 1C, -D). Lesions with a mild
hypointensity were those with a slight low signal intensity affect-
ing the whole lesion or its central part (Fig 1E). Iso-/hyperintense
lesions were defined as those with an MR imaging signal equal to
or higher than the surroundingWM (Fig 1F).

Lesions could be classified both in “hypointense ring” and
“marked hypointensity” categories, because these features could
coexist in the same lesions, while the other 3 categories were
mutually exclusive.

During lesion classification, special caution was adopted not
to confuse the presence of a central vein sign (central thin dots or
lines) with one of the categories considered. When the assessment
varied between the 2 readers, consensus was reached with the
help of a senior neuroradiologist (A.R., with . 30 years’ experi-
ence). Lesions that did not meet any of the previous criteria were
classified as “indeterminate.”

Two different neuroradiologists (A.B. and A.S., with .5 years’
experience) analyzed the postcontrast T1-weighted data set in con-
sensus, to determine the presence of contrast enhancement in each
new lesion. New T2-hyperintense lesions were considered acute or
chronic according to the presence or absence of enhancement on
T1-weighted postcontrast MR images.

Statistical Analysis
The results were exported into SPSS Statistics for Windows,
Version 23.0 (IBM) for statistical analysis.

The Fisher exact test was used to determine whether each
category of SWI signal intensity was associated with gadolin-
ium enhancement. P, .05 was considered indicative of a sig-
nificant association. Sensitivity, specificity, and positive and
negative predictive values were calculated for each category.
The aforementioned parameters were also calculated dividing
SWI signal intensity categories in 2 groups: those associated
with the absence of gadolinium enhancement (hypointense
rings and marked hypointensity) and those associated with the
presence of gadolinium enhancement (mild hypointensity and
iso-/hyperintensity). The Cohen k statistic was used to measure
the interobserver agreement for the qualitative SWI signal
analysis.
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RESULTS
In our cohort of 55 patients, a total of 169 new T2-hyperintense
lesions with diameters of $3mm were detected after comparing
the baseline and follow-up examinations. All these lesions had
the typical demyelinating lesion characteristics, round or ovoid
with high signal on T2-weighted images.

Forty-one (24.3%) of these new lesions showed enhancement
(acute lesion group), and 128 (75.7%) showed no enhancement
(chronic lesion group) on postgadolinium T1-weighted images.

Regarding SWI signal categories, 88 lesions showed marked
hypointensity, 52 lesions showed hypointense rings, 11 lesions
showed mild hypointensity, 18 lesions showed iso-/hyperinten-
sity, and 14 lesions were classified as indeterminate, as detailed in
Table 1.

Table 2 shows the sensitivity, specificity, and positive and neg-
ative predictive values of each SWI signal category according to
the presence or the absence of gadolinium enhancement, as well
as Fisher exact test P values. The table also shows the statistical
analysis regarding the group of SWI categories associated with
the absence of gadolinium enhancement (hypointense rings and
marked hypointensity) and with the presence of gadolinium
enhancement (mild hypointensity and iso-/hyperintensity).

The presence of hypointense rings or marked hypointensity is

strongly associated with the absence of gadolinium enhancement

(P, .001, Fig 2A, -B), showing a sensitivity of 93.0% and a speci-

ficity of 82.9%. The presence of mild hypointensity or iso-/hyper-

intensity is strongly associated with the presence of gadolinium

enhancement (P, .001, Fig 2C, -D), showing a sensitivity of

FIG 1. Signal categories on SWI (right) with the corresponding T2-weighted images (left). The lesions are marked with arrowheads. A,
Hypointense ring (complete). B, Hypointense ring (partial). C, Marked hypointensity (dot-shaped). D, Marked hypointensity (irregularly shaped).
E, Mild hypointensity. F, Iso-/hyperintensity. In A, B, and E, the central vein sign is also visible.

Table 1: Distribution of SWI signal characteristics in new MS
lesions

SWI Signal No. (%) Gd+ Gd2
Hypointense rings 52 (30.8%) 4 (7.7%) 48 (92.3%)
Marked hypointensity 88 (52.1%) 3 (3.4%) 85 (96.6%)
Mild hypointensity 11 (6.5%) 10 (90.9%) 1 (9.1%)
Iso/hyperintensity 18 (10.7%) 18 (100.0%) 0 (0.0%)
Indeterminate 14 (8.3%) 6 (42.9%) 8 (57.1%)

Note:—Gd1 indicates gadolinium-enhancing lesions; Gd–, gadolinium-nonen-
hancing lesions.
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68.3% and a specificity of 99.2%. The indeterminate category did

not show any statistically significant association with gadolinium

enhancement (P¼ .11).
The interobserver agreement was substantial, with Cohen k

values ranging from 0.68 to 0.77 for each single category
(P, .001). Considering only 2 groups of categories, those associ-
ated with gadolinium enhancement and those not associated with
it, the agreement was slightly better (Cohen k ¼ 0.78).

DISCUSSION
Our study showed the existence of an association between the
presence of specific signal patterns in SWI and the presence/ab-
sence of enhancement on T1-weighted postcontrast images in
new T2-hyperintense MS lesions. In particular, the finding of

mild hypointensity or iso-/hyperintensity was associated with the
presence of gadolinium enhancement, while the observation of
hypointense rings and/or marked hypointensity at any site of lesions
was associated with the absence of gadolinium enhancement.

SWI hypointensities in MS lesions are considered mainly due

to iron deposition within inflammatory cells and in a minor

grade to demyelination.1,2,9 Acute MS lesions initially show

enhancement on postcontrast images because of the increased

permeability of the blood-brain barrier that lasts for an average

period of 3weeks.16 In this phase, the initial myelin degradation

and uptake by macrophages do not lead to significant demyelin-

ation or iron accumulation, making lesions isointense or slightly

hypointense on SWI.3 A hyperintense signal in some of the acute

lesions could be due to a T2-shinethrough effect.

Table 2: Association of each SWI signal category with the presence or absence of gadolinium enhancementa

SWI Signal Sensitivity Specificity PPV NPV P
Association with Gd–
Hypointense rings 37.5%

(29.6%–46.1%)
90.2%

(77.5%–96.1%)
92.3%

(81.8%–97.0%)
31.6%

(23.9%–40.5%)
,.001

Marked hypointensity 66.4%
(57.9%–74.0%)

92.7%
(80.6%–97.5%)

96.6%
(90.5%–98.8%)

46.9%
(36.4%–57.7%)

,.001

Hypointense rings or marked hypointensity 93.0%
(87.2%–96.3%)

82.9%
(68.7%–91.5%)

94.4%
(89.0%–97.3%)

79.1%
(64.%8–88.6%)

,.001

Association with Gd1
Mild hypointensity 24.4%

(13.8%–39.3%)
99.2%

(95.7%–99.9%)
90.9%

(62.3%–98.4%)
80.4%

(73.5–85.8%)
,.001

Iso-/hyperintensity 43.9%
(29.9%–59.0%)

100.0%
(97.1%–100.0%)

100.0%
(82.4%–100.0%)

84.8%
(78.2%–89.6%)

,.001

Mild hypointensity or iso-/hyperintensity 68.3%
(53.0%–80.4%)

99.2%
(95.7%–99.9%)

96.6%
(82.8%–99.4%)

90.7%
(84.8%–94.5%)

,.001

Note:—PPV indicates positive predictive values; NPV, negative predictive values.
a Numbers in parentheses represent 95% confidence intervals. P values are Fisher exact test P values.

FIG 2. Examples of MS lesions (arrowheads) with different signal patterns on SWI (left) and corresponding contrast-enhanced T1-weighted
images (right). A, Hypointense ring. B, Marked hypointensity (dot-shaped). C, Mild hypointensity. D, Iso-/hyperintensity. Lesions in A and B do
not show enhancement on postcontrast images, while lesions on C and D show enhancement on postcontrast images.
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It has been observed using quantitative methods that the suscep-
tibility of MS lesions increases from values similar to those of nor-
mal-appearing WM in the acute, enhanced stage to significantly
higher values than those of normal-appearing WM in the early-to-
intermediate, nonenhanced stage (0.5–3years) and then back to val-
ues similar to those of normal-appearing WM in the chronic non-
enhanced stage (3–6 years).1-7 A different increase of patterns of
susceptibility can be visualized on SWI, mainly in the form of a
core hypointensity or of a peripheral ringlike hypointensity. The
pathophysiologic correlate of these imaging findings is not fully
understood. It has been hypothesized that the hypointense core is
either the consequence of a loss of diamagnetic myelin because of
severe demyelination or that it is secondary to paramagnetic iron
deposits.11,15,17 Regarding peripheral hypointensity, several studies
have demonstrated the existence of a subset of chronic demyelinat-
ing lesions, slowly expanding lesions, smoldering lesions, or chronic
active lesions, present mainly in patients with longstanding
MS.12,17,18 These lesions often show a hypointense ring on SWI,
related to the accumulation of iron-enriched microglia, which could
have a role in maintaining an ongoing inflammation, even in the

absence of gadolinium enhancement because the blood-brain bar-
rier has been repaired at this stage.11,12,14,17,19-22 This finding could
explain the presence of hypointense rings in several new nonen-
hancing MS lesions in our study (30.8%).

Thirteen enhancing lesions did not have SWI pattern associated
to acute lesions. Six of these lesions were classified as “indetermi-
nate”; mainly their small size made performing a reliable visual
evaluation difficult. Four lesions showed a hypointense ring (Fig
3A); this finding is not totally unexpected, considering that previ-
ous studies have demonstrated the presence of a paramagnetic rim
on enhancing lesions.5,15,21,23,24 In particular, using a 7T system,
Absinta et al21 described the presence of thin paramagnetic rings
in some acute, enhancing lesions and the presence of thicker rings
in chronic lesions. They postulated that the rings in acute lesions
are not due to iron accumulation but rather to myelin debris-
enriched macrophages. It is possible that in our study, using a
lower magnetic field, some of these paramagnetic rings were iden-
tified in acute lesions and that they could not be distinguished
from the thicker rings of chronic lesions in a visual evaluation.
Zhang et al5 found a paramagnetic rim in a high percentage of
enhancing lesions (50%), in contrast to a smaller percentage in our
study (9.8%), but they used quantitative susceptibility mapping, a
more sensitive technique that is usually not included in routine
MR imaging protocols. However, Blindenbacher et al15 found a
percentage of SWI hypointense rings in enhancing lesions, in line
with our study findings (15%). Finally, 3 enhancing lesions showed
a marked central hypointensity (Fig 3B). A possible explanation is
that the central hypointensity was due to a prominent central vein,
which, in some cases, is difficult to recognize and be differentiated
from other types of hypointensity. Blindenbacher et al also found
that 30% of enhancing lesions had a hypointense core on SWI
images. This finding is in line with our results if we consider the
frequency of both marked and mild hypointensity in enhancing
lesions (7.3%1 24.4% = 31.7%).

Most nonenhancing new lesions (93%), with an age that could
range from 4.8 to 15.6months, showed hypointense rings and/or
the presence of a marked hypointensity on SWI. This finding is
in agreement with the results of previous studies1,5 that observed
a susceptibility increase in lesions with early-intermediate age (6–
36months). Eight nonenhancing lesions (6.3%) were not classifi-
able (indeterminate) on SWI, and 1 was classified as having a
mild hypointensity (Fig 3C), a finding that could be due to the
difficulty of precisely differentiating marked and mild hypointen-
sity in a visual evaluation.

As previously mentioned, a mild hypointensity and/or an
iso-/hyperintensity on SWI was significantly associated with the
presence of gadolinium enhancement. Unfortunately, the rela-
tively low sensitivity of this sign (68.3%) does not allow proposing
the use of a qualitative evaluation of SWI as a substitute for gado-
linium enhancement to assess the stage of a new MS lesion.
Nevertheless, the very high specificity (99.2%) of the sign allows
some clinical applications, such as in patients refusing to receive
gadolinium-based contrast agents or when its administration is
contraindicated (eg, severe renal insufficiency, pregnant women).
In these patients, a new T2-hyperintense lesion that shows the
aforementioned sign could be reliably considered acute without
the need to proceed to contrast agent administration.

FIG 3. Exceptions to the associations found in our study. Three dif-
ferent MS lesions (arrowheads) are shown (left, SWI; right, contrast-
enhanced T1-weighted image). A, Hypointense ring pattern on SWI
with enhancement in postcontrast image. B, Marked hypointensity
pattern on SWI (irregular dots) with enhancement in postcontrast
image. C, Mild hypointensity pattern on SWI without enhancement
on postcontrast T1-weighted image.

538 Caruana Apr 2022 www.ajnr.org



Our study has some limitations. First, we included only new
T2-hyperintense lesions in our analysis; therefore, we did not eval-
uate SWI signal changes in pre-existing lesions, even if some of
them were still showing gadolinium enhancement. We chose this
approach because the visual evaluation of the SWI characteristics
of all existing lesions would be very time-consuming and not appli-
cable in a clinical setting. Second, all patients were imaged using a
3T scanner; therefore, the results may be not generalizable to 1.5T
scanners, which are still frequently used for monitoring patients
with MS. Third, our population was relatively small due to our
strict selection criteria, including only patients with MR imaging
studies performed on a 3T scanner using a standardized protocol.
Moreover, almost all patients were undergoing a disease-modifying
treatment; therefore, it was relatively uncommon to find new, T2-
hyperintense lesions of $3mm on follow-up studies and even
more difficult to find enhancing lesions. Finally, we did not per-
form a quantitative evaluation, which is considered more objective
than a visual evaluation because the aim of our study was to test a
practical method applicable in daily practice. Nevertheless, the
interobserver agreement was fairly good, and we believe it was suf-
ficient to allow a nonquantitative assessment to be used.

CONCLUSIONS
On the basis of the results of our study, we suggest that the quali-
tative analysis of the SWI signal of new T2-hyperintense MS
lesions in a follow-up MR imaging scan allows determining the
likelihood that the lesions will enhance after gadolinium-based
contrast agent administration. In particular, lesions with an iso-
or hyperintense signal on SWI, as well as lesions with a mild
hypointense signal, are more likely to enhance after gadolinium
administration. While these features are not sensitive enough to
replace the use of gadolinium-based contrast agents, their high
specificity can be useful to recognize the acute state of new T2-
hyperintense lesions in patients who refuse gadolinium-based
contrast agents or when its administration is contraindicated. On
the other hand, lesions showing hypointense rings or a marked
hypointensity on SWI are more likely to have no enhancement,
with a good sensitivity and a fair specificity.

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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Pulsatility Index in the Basal Ganglia Arteries Increases with
Age in Elderly with and without Cerebral

Small Vessel Disease
V. Perosa, T. Arts, A. Assmann, H. Mattern, O. Speck, J. Oltmer, H.-J. Heinze, E. Düzel, S. Schreiber, and

J.J.M. Zwanenburg

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral small vessel disease contributes to stroke and cognitive impairment and interacts with
Alzheimer disease pathology. Because of the small dimensions of the affected vessels, in vivo characterization of blood flow prop-
erties is challenging but important to unravel the underlying mechanisms of the disease.

MATERIALS AND METHODS: A 2D phase-contrast sequence at 7T MR imaging was used to assess blood flow velocity and the pul-
satility index of the perforating basal ganglia arteries. We included patients with cerebral amyloid angiopathy (n ¼ 8; identified
through the modified Boston criteria), hypertensive arteriopathy (n ¼ 12; identified through the presence of strictly deep or mixed
cerebral microbleeds), and age- and sex-matched controls (n ¼ 28; no cerebral microbleeds).

RESULTS: Older age was related to a greater pulsatility index, irrespective of cerebral small vessel disease. In hypertensive arterio-
pathy, there was an association between lower blood flow velocity of the basal ganglia and the presence of peri-basal ganglia WM
hyperintensities.

CONCLUSIONS: Our results suggest that age might be the driving factor for altered cerebral small vessel hemodynamics.
Furthermore, this study puts cerebral small vessel disease downstream pathologies in the basal ganglia region in relation to blood
flow characteristics of the basal ganglia microvasculature.

ABBREVIATIONS: BG ¼ basal ganglia; CAA ¼ cerebral amyloid angiopathy; cSS ¼ cortical superficial siderosis; CSVD ¼ cerebral small vessel disease;
EPVS ¼ enlarged perivascular spaces; HA ¼ hypertensive arteriopathy; ICH ¼ intracerebral hemorrhage; MBs ¼ microbleeds; PC ¼ phase-contrast; PI ¼ pulsatil-
ity index; Vmean ¼ mean blood flow velocity; WMH ¼ WM hyperintensities

Awareness of sporadic cerebral small vessel disease (CSVD) is
growing due to its involvement in hemorrhagic1 and ische-

mic stroke,2 cognitive impairment,3,4 as well as the overlap
between vascular and Alzheimer disease pathology.5,6 CSVD
affects brain vessels of,1mm and can be detected in vivo mainly

by various downstream pathology neuroimaging markers, ie,
microbleeds (MBs), cortical superficial siderosis (cSS), WM
hyperintensities (WMH), lacunes, enlarged perivascular spaces
(EPVS), and microinfarcts.7 MR imaging markers of CSVD8-10

and pathologic evidence of remodeling of the small-vessel wall
can be found in older adults without any CSVD-related symp-
toms and also in the absence of vascular risk factors.11

The 2 common subtypes of sporadic CSVD are cerebral amy-
loid angiopathy (CAA) and hypertensive arteriopathy (HA).
CAA and HA have different distributions: CAA affects mainly
the cortical and leptomeningeal vessels, while HA affects the deep
perforating ones.12-14

The pathologic manifestations of CSVD (eg, loss of smooth-
muscle cells and amyloid-b accumulation in CAA, lipohyalino-
sis, fibrinoid necrosis) result in remodeling and stiffening of the
vessel walls.2,15 Animal studies suggest that this, subsequently,
contributes to decreased microvascular blood flow velocity and
alterations of pulsatility of the microvasculature.16-18 Alterations
of blood flow and pulsatility of small cerebral vessels are of piv-
otal pathophysiologic importance and could be related to blood-
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brain barrier dysfunction,19 clearance,20 and, thus, self-reinforc-
ing mechanisms of CSVD advancement. While increased pulsa-
tility in large cerebral arteries has been assessed in human studies,
the use of 2D phase-contrast (PC) MR imaging at 7T21-23 now
allows recording blood flow velocity in the small penetrating ves-
sels of the centrum semiovale and the basal ganglia (BG).

From these velocity traces, pulsatility can be quantified by cal-
culating the pulsatility index (PI), considering maximum, mini-
mum, and mean observed blood flow velocity in the small vessels.

An association between increased pulsatility in the large cere-
bral arteries and the burden of CSVD neuroimaging markers,
namely WMH and EPVS, has recently been identified.24-26 A pre-
vious study that used 2D PC MR imaging at 7T reported that
patients with HA with symptomatic hemorrhagic or ischemic
stroke presented with increased PI in the small BG vessels.27

However, apart from this single-site study, few data on the rela-
tionship between microvascular cerebral blood flow, pulsatility,
age, and MR imaging CSVD downstream pathologies exist; these
data could aid in a better understanding of the relationship
between microvascular hemodynamics and tissue damage. It is
important to assess the same measures in a different cohort with
similar characteristics and from another study site. Most impor-
tant, measuring blood flow in the small vessels could allow infer-
ring conclusions about how blood flow velocity and PI relate to
mechanisms such as blood-brain barrier leakage and clearance
dysfunction. In addition, these measures have the potential to
become early detection tools to target presymptomatic disease
stages.

In this study, we used 2D PC MR imaging at 7T, measuring
blood flow velocity and the pulsatility of the BG perforating
arteries in a cohort that included patients with asymptomatic
CSVD covering the spectrum of CAA and HA. Including CSVD
imaging markers (MBs, WMH, lacunes, and EPVS) helped us to
investigate the relationship between microvascular blood flow
characteristics and CSVD downstream pathologies.

MATERIALS AND METHODS
Participants
In the present study, we included 48 older adults (mean age, 71
[SD, 8.3] years; 40% women) recruited between December 2016
and July 2018.

Twenty of the participants were
selected from a longitudinal 3T MR
imaging study on the pathophysiology
of CSVD, conducted by the University
Clinic of Magdeburg and the German
Center for Neurodegenerative Disease.
The inclusion criterion for the 3T
study was the presence of hemorrhagic
CSVD markers, ie, MBs or cSS on MR
imaging iron-sensitive sequences (gra-
dient recalled-echo T2*-weighted or
susceptibility-weighted imaging) on a
prior clinical MR imaging performed
for a diagnostic work-up (eg, due to
headache, epileptic seizures, gait dis-

turbances, cognitive impairment, and TIA). MBs (classified
through their localization as strictly lobar, deep [BG, thalamus],
or mixed28), cSS, and asymptomatic intracerebral hemorrhage
(ICH) (hypointense lesions of .1 cm, deep or lobar) were con-
firmed on 3T iron-sensitive sequences. 3T MR imaging was fur-
ther rated for the existence and severity of CSVD downstream
pathologies in the region of the BG, including WMH following
the peripheral outline of the BG (peri-BG WMH, existent/not
existent, which were identified on a FLAIR sequence); deep
lacunes (number; defined in T1-weighted sequence as fluid-filled,
3- to 15-mm large cavities in the BG29); and BG EPVS (severity: 0
¼ no EPVS; 1 ¼ 1–10 EPVS; 2 ¼ 11–20 EPVS; 3 ¼ 21–40 EPVS;
4 =.40 EPVS; counted on a T2-weighted sequence).30 A special-
ist neurologist (S.S., with 10 years’ experience) performed the
rating.

CAA was diagnosed by applying the modified Boston criteria,
which define probable CAA by the presence of at least 2 lobar
hemorrhages (ICH and/or MBs) or 1 lobar hemorrhage and at
least focal cSS, which had an alternative cause, in patients 55 years
of age or older.31 For a diagnosis of possible CAA, the presence of
1 lobar hemorrhage is sufficient.31 Patients with HA were identi-
fied through the presence of strictly deep MBs and/or ICHs or
mixed deep and lobar MBs and/or ICHs.32

The remaining 28 participants were community-dwelling
controls recruited from an existing pool of cognitively healthy
volunteers at the German Center for Neurodegenerative Disease
in Magdeburg without hemorrhagic CSVD markers on 3T MR
imaging. Multiple WMH subcortical spots and grade I EPVS in
the BG or centrum semiovale were allowed in all controls,
because they represent a common finding in aging (Table 1).

Participants with large-artery stenosis of the circle of Willis,
genetic neurologic disease, and a history of psychiatric disease,
alcohol or drug abuse, and cerebrovascular malformations were
excluded from the study. No patient had a cardiac ejection
fractionof ,45%, whereas these data were not available for con-
trols. Contraindications for scanning at 7T, according to the rec-
ommendations of the German Ultrahigh-Field Imaging Network,
were considered and represented a further exclusion criterion
from our study. Each participant was subject to a neurologic ex-
amination to detect undiagnosed neurologic conditions and fur-
ther underwent an extensive neuropsychological test battery
(Online Supplemental Data) to exclude severe dementia and

Table 1: Demographics of subjects and vascular risk factorsa

CAA (n = 8) HA (n = 12)
Controls
(n = 28)

Group
Difference

Age (mean) (yr) 69.6 (SD, 7.3) 71.4 (SD, 9.8) 71.6 (SD, 8.0) P = .94
Female (%) 50.0 75.0 53.6 P = .79
Arterial hypertension
(%)

100.0 83.3 50.0 CAA . controls
P = .016b

Diabetes mellitus (%) 12.5 33.3 10.7 P = .92
Hyperlipidemia (%) 50.0 75.0 39.3 P = .65
BMI (mean) (SD) (kg/m2) 26.8 (SD, 2.4) 26.9 (SD, 3.9) 24.9 (SD, 2.3) P = .08

Note:—BMI indicates body mass index
a The table reports the characteristics of the study participants showing mean (SD) and percentage (%), differenti-
ating between participants with CAA and HA and controls. Differences between groups were assessed using the
Kruskal-Wallis and Mann-Whitney U tests as post hoc tests.
b Significant differences between groups.
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depression, which can be a cause of pseudodementia.
Cardiovascular risk factors were additionally recorded for all partic-
ipants (Table 2). Arterial hypertension was identified when blood
pressure exceeded 130/80mm Hg. Diabetes mellitus was diagnosed
as a fasting plasma glucose level of .7.0mmol/L or.11.1mmol/L
2 hours after a glucose tolerance test. Hyperlipidemia was defined
as abnormal blood levels of low-density lipoprotein cholesterol
(.2.6mmol/L) and/or triglycerides (.1.7mmol/L).

All participants provided written informed consent according
to the Declaration of Helsinki and were compensated for travel
costs. The study was approved by the University Clinic of
Magdeburg Ethics Committee (93/17; 28/16).

7T MR Imaging
Scanning of all participants was performed on a whole-body 7T
scanner (Siemens; “classic” 7T), equipped with a quadrature
transmit and 32-channel receive head coil (Nova Medical). First,
a T1-weighted sequence with 3D-MPRAGE (voxel size = 1mm3

isotropic) was acquired for anatomic reference, to plan the acqui-
sition of the 2D PC sequence and to individualize the BG as an
ROI during imaging analysis. The parameters were the following:
TE = 2.89ms, TR = 2250ms, flip angle = 5°, TI = 1050ms, re-
ceiver bandwidth = 130Hz/pixel, echo spacing = 8.3ms, 3D ma-
trix dimensions = 256� 256� 176. A generalized autocalibrating
partially parallel acquisition was performed with an acceleration
factor of 2 and 32 reference lines.

We implemented the previously described21,22 2D PC sequence
on our scanner, using the multisite protocol as defined in the

European Ultrahigh-Field Imaging Network for Neurodegenerative
Diseases.33 The sequence was acquired in a single section at the level
of the BG and was planned manually on sagittal images of the T1-
weighted sequence so that it crossed the anterior commissure and
was tangential to the genu and splenium of the corpus callosum
(Fig 1A). Thus, we ensured that the single section was approxi-
mately perpendicular to the perforating arteries. The reproducibility
of this method has been tested in previous studies.21 Sequence pa-
rameters were the following: voxel size = 0.3� 0.3� 2mm,3 TE =
16.6ms, TR = 27.6ms, 2 segments (phase-encoding steps per car-
diac cycle), flip angle = 45°, receiver bandwidth = 59Hz/pixel.
Encoding velocity was 20 cm/s in the direction perpendicular to the
section. The sequence was retrospectively gated with an acquired
temporal resolution of 110.5ms, and blood flow velocity was recon-
structed at 14 time points of the cardiac cycle (ie, approximately
71ms for a heart rate of 60 beats per minute). The scan time for the
2D PC sequence was approximately 3minutes at a heart rate of 60
beats per minute.

Image Processing
Quality control was performed by visual inspection of the scans
by T.A., especially with regard to motion artifacts (ghosting, blur-
ring). If motion caused extensive ghosting and blurring that
would hamper the analysis, the subject was excluded. To process
and analyze flow-encoded PC images, we used a Matlab (2015b;
MathWorks) tool, developed at the University Medical Center of
Utrecht.22 This tool performs several steps as described in more
detail elsewhere.22,34 Briefly, perforating arteries were identified
as voxels on the velocity map with nonzero mean velocity, using
the following steps:34 First, a phase correction was applied on the
background to make the mean velocity of tissue 0 cm/s by me-
dian-filtering the time-averaged velocity map and subtracting it
from the velocity map of each cardiac time point. Then, velocity
SNR maps were calculated from magnitude SNR estimates that
were based on the SD of the magnitude over the cardiac cycle.
Furthermore, given the velocity SNR, the 2-sided 95% velocity
CIs were estimated for the mean blood flow velocity (Vmean) to
enable consistent selection of vessels with significant flow (ie,
nonzero Vmean with a statistical significance of .05). All voxels
inside the BG mask without 0 cm/s within their CI of Vmean and
hyperintense signal in the magnitude image were considered sig-

nificant. Every group of neighboring
significant voxels was defined as
belonging to the same perforating ar-
tery. The voxel with the highest mean
velocity of such a group was taken as
representative of the perforating artery
and used for further analysis.

Detection of perforating vessels was
confined to the BG on both sides by
manually segmenting the area delimi-
tated by the ventricles, the interhemi-
spheric fissure, and laterally by the
insula (Fig 1B). Multiple detections of a
single vessel and tangentially inter-
sected vessels were manually excluded
from the analysis by a neurologist

Table 2: Neuroimaging markers of CSVDa

Neuroimaging Marker of CSVD CAA (n = 8) HA (n = 12)
Strictly lobar MBs 7 0
Strictly deep MBs 0 2
Mixed (deep/lobar) MBs 0 10
Presence of cSS 3 0
ICH lobar 3 0
ICH deep 0 1
Lacunes deep 2 8
EPVS (BG) 4 7
Peri-BG WMH 2 4

a Reported is the number of subjects in which the relative marker of CSVD was
observed.

FIG 1. Image processing. Section position of the 2D phase-contrast acquisition through the BG
was planned on the T1-weighted sequence (A). Mean magnitude image and determination of the
ROI in which vessel detection was performed (B). Circlesmark detected perforating vessels in the
ROI, distinguishing between upward (blue) and downward (red) blood flow directions. Only ves-
sels with an upward flow direction were considered (C), to ascertain inclusion of arteries only (no
veins). V indicates velocity.
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(V.P., with 4 years of experience), and only vessels with an upward
blood flow direction (positive velocity) were considered, to avoid
inclusion of veins. In each subject, the generated output of the
imaging analysis listed all detected perforators (ie, number of ves-
sels), together with the velocity curves. The location of the detected
vessels was visualized on the magnitude image (Fig 1C). Image
processing was performed by V.P.

Statistics
Differences in risk factors between groups were calculated using
the 1-way ANOVA or Kruskal-Wallis test when appropriate.

The blood flow velocity of each perforator at each of the 14
time points of the cardiac cycle was registered and averaged over
all selected vessels, obtaining a mean velocity curve over the car-
diac cycle for each subject. Averaging this mean velocity curve
over the time points measured resulted in a Vmean in the sub-
ject’s perforators of both hemispheres.

Besides the mean velocity curve, we also computed the mean
normalized velocity curve by averaging over the normalized ve-
locity curves of all selected vessels. This normalization was per-
formed to give each vessel an equal weight before determining
the PI from the mean normalized velocity curve according to the
following equation:

PI ¼ jVmax� Vmin
Vmean

j:

In this equation, Vmax is the maximum velocity; Vmin, the
minimum velocity, and Vmean, the mean velocity of the mean
normalized velocity curve (Vmean = 1 for normalized velocity
curves but is still shown for clarity). The use of the averaged nor-
malized curve to perform the PI calculation instead of calculating
it in each single vessel was based on previous work that showed
that with this method, the overestimation of PI due to noise was
greatly reduced.

We further aimed to investigate the relationship between
CSVD downstream pathologies in the region of the BG and the
blood flow velocity and pulsatility of the BG perforating arteries.
Quantile regression analysis was, therefore, performed, setting
the mean velocity, PI, and number of detected vessels, respec-
tively, as dependent variables and age, sex, group (CAA, HA, con-
trols), number of deep MBs, the presence of peri-BG WMH,
number of deep lacunes, and the severity grade of BG EPVS as in-
dependent variables. Quantile regression was applied to the whole
cohort as a method of regression analysis robust against outliers
and was able to understand the distribution of a continuous vari-
able across different quantiles. We applied this method to calcu-
late the 25th, 50th, and 75th quantiles. To determine to which
participants’ group the effects were pertinent, we calculated the
Spearman correlations for significant factors in each group sepa-
rately. P values were adjusted for multiple comparisons using the
Bonferroni method, accounting for the number of predictors
(n = 7) in the quantile regression models and the number of sub-
groups (n = 3) for the Spearman correlations. Results were con-
sidered significant at P, .05. For all analyses described so far, the
software R, Version 3.6.0 (www.R-project.org), was used.

To investigate possible differences in blood flow velocity of the
perforating vessels between groups, we created a combined mean

velocity curve of all subjects within a group. To this end, the
method previously described by Geurts et al27 to synchronize all
individuals was used and applied to the large vessels in the BG sec-
tion. The large-vessel curves were obtained by selecting pixels in
the image with the highest intensities, and the group mean velocity
curve of the large vessels in the BG section was used for time lag
synchronization. This mean large-vessel curve was iteratively
updated with the synchronized personal velocity traces of the large
vessels until no time lag changes occurred. These time lags were
then used to synchronize each subject’s mean small-vessel velocity
trace. After averaging, we obtained a group mean small-vessel ve-
locity trace. Flow-velocity curves between subgroups with CSVD
(CAA versus HA) and healthy controls were visually compared.

RESULTS
One subject from the control group was excluded due to motion
artifacts that did not allow a proper analysis of the PC sequence.
All remaining data were included in the analysis.

Eight of the 20 participants with CSVD (40%) were classified
as patients with possible (1/8) or probable (7/8) CAA (mean age,
69.6 [SD, 7.3] years; 50% women).31 The remaining 12 partici-
pants with CSVD had HA (mean age, 71.4 [SD, 9.8] years; 75%
women).32

Patients with both CAA and HA had a higher cardiovascular
risk (higher prevalence of arterial hypertension, diabetes mellitus,
hyperlipidemia, greater body mass index) compared with con-
trols, with significant group differences between those with CAA
and controls for arterial hypertension (Table 1). There were no
group differences with respect to age and sex (Table 1). CSVD
neuroimaging markers in the BG region are reported in Table 2,
for each group separately. The presence of cSS and strictly lobar
MBs/ICHs is a defining marker of CAA and was, accordingly,
found only in this group (Table 2). There were 4 participants
with asymptomatic ICH in lobar or deep regions, respectively (3
belonging to the CAA group and 1 to the HA group) (Table 2).
The lesions were located outside the section measured by the 2D
PC sequence.

Blood Flow Velocity
There were no group differences for Vmean. Vmean curves of
the study groups are shown in Fig 2. The curves indicate that HA
is related to a less steep increase in the BG blood flow velocity
across the cardiac cycle.

In the quantile regression analysis, peri-BG WMH showed a
significant negative relationship to Vmean at the 50th percentile
across the whole group (–0.65 [SD, 0.25] cm/s; P¼ .021), suggest-
ing that the presence of WMH in the proximity of the perforating
BG arteries is related to a slower blood flow (Online
Supplemental Data). This relationship was driven by the HA
group (Spearman r = –0.79; P ¼ .006), while no association was
found in the remaining groups. In our sample, blood flow veloc-
ity in the small arteries of the BG did not show any association
with age, sex, and the remaining CSVD neuroimaging markers.

PI
There were no group differences for the PI. Age had a significant
positive relation to the PI in the quantile regression analysis at
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the 25th and 75th percentiles across the whole group (25th per-
centile: 0.01 [SD, 0.004]; P ¼ .002; 75th percentile: 0.01 [SD,
0.005]; P ¼ .019) (Online Supplemental Data). A medium-to-
large effect size association between age and PI was, thereby,
found in each group (CAA: Spearman r = 0.76; P ¼ .04; HA:
Spearman r = 0.65; P ¼ .03; controls: Spearman r = 0.47; P ¼
.02) (Fig 3). In other words, the PI increased with age, irrespective
of belonging to a subgroup. There was no relationship between
the PI and sex or CSVD-related lesions.

Number of Detected Vessels
There were no group differences for the number of detected ves-
sels. A decreased number of detected vessels could have occurred
due to lower blood velocity, net cerebral blood flow, or a nar-
rower lumen of the vessel. Furthermore, there was no relation-
ship between vessel number, age, sex, or CSVD downstream
pathologies (Online Supplemental Data).

DISCUSSION
The main purpose of this 7T MR imaging study was to measure
blood flow velocity and the PI in the small perforating BG arteries
in both healthy elderly controls and patients with CSVD (CAA

and HA). We found that older age related to a higher PI in the
small perforating BG arteries independent of CSVD existence or
subtype, while flow velocity was not age-dependent. Furthermore,
there was an association between lower blood flow velocity in the
deep perforators and peri-BGWMH in the HA subgroup.

The relationship between age and a greater PI is consistent
with previous data, revealing a higher PI in healthy elderly com-
pared with young subjects in both large cerebral vessels such as
the MCA35 and the lenticulostriate arteries.23 Although our study
population was limited to elderly participants, a positive associa-
tion between age and pulsatility existed. These results can be
explained by the lower compliance of the cerebral vasculature in
older age, which is likely to occur through stiffening of the arterial
wall.36 Moreover, an age-related stiffening of the whole vessel
tree, especially of the aorta, can lead to a diminished wave reflec-
tion and thus transmission of excessive pulsatility to the micro-
vasculature.24 No difference in PI was observed between the
groups, suggesting that age might be the driving factor influenc-
ing this measure, irrespective of CSVD. On the contrary, a previ-
ous study, which used the same method and compared a cohort
of patients with CSVD with symptomatic stroke (deep ICH or
lacunar infarcts) with healthy elderly controls27 found that the PI
in the BG was higher in the subjects with stroke. Possible explan-
ations for this discrepancy are, on the one side, different degrees
of disease severity (patients in the present study were supposedly
less affected because only 1 presented with deep-but-asymptom-
atic ICH). Additionally, the current implementation of the 2D
PC MR imaging sequence appears to be less sensitive on the
Siemens platform than on the Philips Healthcare platform as
reported before,33 underscoring the challenge of harmonizing
sequences.

Another factor that might have contributed is a different
approach in the data processing. During the course of our study,
J.J.M.Z (author on both the present article and the previous
study27) learned that the PI in the previous study was, acciden-
tally, first calculated per vessel and subsequently averaged to get a
single PI per subject, whereas it was intended to be calculated
from the average normalized velocity curve from all vessels.
Calculating per vessel makes the PI more susceptible to noise and
yields numerically larger PIs. Nonetheless, the PI calculated from
the average velocity curves from the previous study did still show
a significant difference in the PI between patients with lacunar
infarcts and controls (data not shown). Our results definitely con-
firm the importance of reproducing previous studies.

Our study uncovered a relationship between lower blood flow
velocity in the perforating arteries of the BG and the presence of
peri-BG WMH. That association was obvious even after correct-
ing for other CSVD markers in the BG region (deep MBs, deep
lacunes, BG EPVS), age, and sex, supporting its robustness. The
relation was pertinent to the HA group, consistent with the pat-
tern of cerebral lesions caused by hypertensive disease and the
vulnerability of the BG vessels associated with this condition.37 In
these patients, CSVD-related lesions are, in fact, mainly found
in the deep cerebral regions,12 but the mechanistic process lead-
ing to them remains a matter of debate. This finding goes along
with those in previous studies in which lower blood flow velocity
measured in larger vessels (eg, the MCA) was associated with

FIG 3. Association between the PI and age. The PI was positively cor-
related with age in each subgroup, independent of the presence or
subtype of CSVD. The Spearman correlation was used.

FIG 2. Blood flow velocity curves. Mean blood flow velocity curves
(solid lines) over the cardiac cycle (from 0% to 100%, starting at end-
diastole) are shown for participants with CAA (red) and HA (purple),
compared with healthy controls (blue). The dashed lines represent 1
SD. Blood flow velocity at each of the 14 available cardiac timeframes
was averaged over the group. The blood flow velocity curve of
patients with HA shows a slightly different pattern than in the other
groups.
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WMH severity.38 A decrease in cerebral blood flow surrounding
WMH39 and at the whole-brain level (including normal-appear-
ing WM)40 was associated with larger WMH volume in cogni-
tively healthy elderly controls. Further studies found that higher
arterial stiffness in the central arteries (eg, the aorta), measured
by pulse wave velocity, was an independent predictor of high
overall WMH burden.24-26 Furthermore, elderly subjects with
WMH showed higher MCA pulsatility,41 an association that was
stronger than the one with central artery pulsatility. However,
none of the so-far reported studies directly measured blood flow
in the perforating small BG arteries. The exact sequence of
changes in blood flow measures of small arteries and the develop-
ment of WMH are still debated, and dedicated longitudinal stud-
ies are needed to unravel them.42

Contrary to what might be expected given these premises,
blood flow characteristics (mean velocity and PI) in the perforat-
ing arteries of patients with HA from our cohort were not signifi-
cantly different from those of patients with CAA and controls.
While the stage of the disease might have played a role in deter-
mining this result, it could also suggest that blood flow velocity
and PI do not sufficiently explain CSVD-related microvascular
hemodynamics. For example, conflicting evidence exists about
the role played by arterial pulsatility in clearance mecha-
nisms.43,44 Other factors such as cerebrovascular reactivity42

might be more relevant. The profile of the blood flow velocity
curves was different in patients with HA compared with the other
groups and showed a less steep increase than in the remaining
subgroups. The meaning of the shift in the flow velocity curve
should not be overestimated but is coherent with the predomi-
nant vulnerability of the BG vessels in patients with HA (com-
pared with CAA).

There was no effect with respect to the number of detected
vessels in the BG. Even though the spatial resolution of the 2D
PC sequence is sufficient to detect a perforating artery of average
diameter (0.47mm) and below,21 some arteries likely remained
unobserved.

One obvious limitation of our study is the small number of
subjects and the relatively high number of tests performed on the
data, so the results need to be considered as exploratory. This as-
pect needs to be set in the context of the difficulty of performing
7T MR imaging, with all its contraindications, of patients clini-
cally affected by cerebrovascular disease. However, the use of 7T
MR imaging was here necessary to provide sufficiently high reso-
lution, high SNR, and short acquisition times. Moreover, the use
of a robust statistical method such as quantile regression analysis,
which can suitably be applied to small samples and when the con-
ditions for linear regression analysis are not met, minimizes this
issue.45 Nonetheless, broader studies are needed to make more
conclusive observations. This recommendation applies also to the
relationship between age and PI, which should be investigated
within the frame of a life span study and in a set of longitudinal
measures. A further limitation concerns the lack of pulsatility
measurements in larger arteries, such as the M1 segment of the
MCA, which would allow establishing whether the results
reported in this study are dependent only on the downstream cir-
culation system. However, a previous study suggested the exis-
tence of damping beyond the major cerebral arteries, which

could compensate for left ventricular function and arterial
input.46

In the present study, we investigated the characteristics of
blood flow in the perforating arteries of the BG. However, using
2D PC MR imaging to the cortical or perforating WM arteries
could help to shed more light on the hemodynamic consequences
of CAA as well, which mainly interests these vessels.

CONCLUSIONS
Our study combined, for the first time, the analysis of CSVD
markers with measures of blood flow obtained through ultra-
high-resolution 7TMR imaging. Decreased blood flow velocity in
the perforating BG arteries was associated with the presence of
peri-BGWMH in HA. Furthermore, age proved to be the driving
factor for an increase in the PI in our cohort, irrespective of
CSVD. Even if further and broader studies are needed to pinpoint
the applicability of measures of blood flow as a functional marker,
our results already point toward the potential of 2D PC MR
imaging to aid in the understanding of vascular aging and CSVD.
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ORIGINAL RESEARCH
INTERVENTIONAL

Identification of Small, Regularly Shaped Cerebral
Aneurysms Prone to Rupture

S.F. Salimi Ashkezari, F. Mut, M. Slawski, C.M. Jimenez, A.M. Robertson, and J.R. Cebral

ABSTRACT

BACKGROUND AND PURPOSE:Many small, regularly shaped cerebral aneurysms rupture; however, they usually receive a low score
based on current risk-assessment methods. Our goal was to identify patient and aneurysm characteristics associated with rupture
of small, regularly shaped aneurysms and to develop and validate predictive models of rupture in this aneurysm subpopulation.

MATERIALS AND METHODS: Cross-sectional data from 1079 aneurysms smaller than 7mm with regular shapes (without blebs) were
used to train predictive models for aneurysm rupture using machine learning methods. These models were based on the patient
population, aneurysm location, and hemodynamic and geometric characteristics derived from image-based computational fluid dy-
namics models. An independent data set with 102 small, regularly shaped aneurysms was used for validation.

RESULTS: Adverse hemodynamic environments characterized by strong, concentrated inflow jets, high speed, complex and unstable
flow patterns, and concentrated, oscillatory, and heterogeneous wall shear stress patterns were associated with rupture in small,
regularly shaped aneurysms. Additionally, ruptured aneurysms were larger and more elongated than unruptured aneurysms in this
subset. A total of 5 hemodynamic and 6 geometric parameters along with aneurysm location, multiplicity, and morphology, were
used as predictive variables. The best machine learning rupture prediction-model achieved a good performance with an area under
the curve of 0.84 on the external validation data set.

CONCLUSIONS: This study demonstrated the potential of using predictive machine learning models based on aneurysm-specific
hemodynamic, geometric, and anatomic characteristics for identifying small, regularly shaped aneurysms prone to rupture.

ABBREVIATIONS: AUC ¼ area under the curve; F1 score ¼ harmonic mean of precision and recall; FPR ¼ false-positive rate; PHASES ¼ Population,
Hypertension, Age, Size, Earlier subarachnoid hemorrhage, and Site; PPV ¼ positive predictive value; ROC ¼ receiver operating characteristic; SVM ¼ support
vector machine; TPR ¼ true-positive rate; WSS ¼ wall shear stress

Cerebral aneurysms are a common vascular disease affecting
about 2%–5% of the general population.1,2 Many studies

have focused on identifying risk factors for the rupture of cerebral
aneurysms.3-5 Aneurysm size and shape irregularity determined
by the presence of blebs have been identified as risk factors for
future aneurysm rupture.6-8 In addition, risk-scoring scales such

as Population, Hypertension, Age, Size, Earlier subarachnoid
hemorrhage, and Site (PHASES)5 assign a higher risk of rupture
to aneurysms larger than 7mm or aneurysms that have blebs.

However, it is well-known that a large number of aneurysms
presenting with rupture are small (,7mm),9,10 and many of them

have regular shapes and do not have any blebs or daughter sacs.

Thus, these aneurysms would, in general, receive a low score for

rupture risk based on the current scales, leading to undertreatment

and unnecessary patient mortality and morbidity. Therefore, it
would be of great importance to identify those small, regularly

shaped aneurysms that are prone to rupture to recommend them

for treatment and prevent devastating consequences, while, at the

same time, minimizing the number of unnecessary interventions.
Thus, the objective of this study was to identify patient and an-

eurysm characteristics associated with the rupture of small, regu-

larly shaped aneurysms, train machine learning models using

those characteristics to identify rupture-prone aneurysms in this
important subpopulation, and evaluate the predictive performance
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of the trained models on an external data set to assess their poten-

tial clinical utility.

MATERIALS AND METHODS
Overview of Methodology
This was a cross-sectional study that used several data sets gener-
ated from populations from multiple geographic regions. The
analysis was restricted to small (,7mm), regularly shaped aneur-
ysms (ie, without blebs). The study was conducted in 3 steps: 1)
identify the distinguishing characteristics between ruptured and
unruptured small, regularly shaped aneurysms, 2) develop pre-
dictive models of rupture using machine learning techniques, and
3) validate the model performance using a separate independent
data set from different hospitals. To achieve these goals, we used
2 independent cross-sectional data sets. The first data set was
used for identifying differences between ruptured and unrup-
tured small, regularly shaped aneurysms and to train the predic-
tive models. The second data set was used as an external data set
to validate the predictions of these models and determine their
predictive power and generalizability. Protocols for consent, data
handling, and analysis were approved by the institutional review
boards at the University of Pittsburgh and George Mason
University.

Patients and Data
The first data set used for machine learning model development
and internal cross-validation (training set) had a total of 1079
aneurysms in 764 patients. These aneurysms corresponded to
patients referred for diagnostic angiography and imaged with 3D
rotational angiography or CTA. This set included data from dif-
ferent populations, including the United States, South America,
Europe other than Finland, Finland, and Japan. Of these aneur-
ysms, 197 were ruptured (18.3%) and the remaining 882 aneur-
ysms (81.7%) were unruptured. Patients ranged from 12 to
90 years of age, with a mean of 56.4 years. There were 570 (75%)
females and 194 (25%) males, and the mean aneurysm size was
4.1mm (range, 1.1–6.9mm). Multiple aneurysms were present in
344 patients (45%).

The second data set (validation set) contained 102 aneurysms
in 63 patients selected for surgical clipping and imaged with 3D
rotational angiography or CTA before surgery. This set contained
data from the United States and Finland populations. Of these
aneurysms, 14 were ruptured (13.7%) and the remaining 88
aneurysms (86.3%) were unruptured. The average patient age
was 53.3 years (median, 54 years; range, 25–69 years). There were
49 (78%) women and 14 (22%) men, and the mean aneurysm size
was 4.4mm (range, 1.3–6.9mm). Multiple aneurysms were pres-
ent in 23 patients (37%). For this study, de-identified vascular
geometries and patient demographic information were obtained
from our data base. The details about these data sets are summar-
ized in the Online Supplemental Data.

Aneurysm Characterization
Patient-specific 3D vascular models were constructed for all
aneurysms in the training and testing sets from the available 3D
rotational angiography or CTA images as previously described.11

To characterize the hemodynamic environment of the aneurysm,

we performed computational fluid dynamics simulations. Similar
to previous studies,12,13 blood was modeled as a Newtonian incom-
pressible fluid with a density of 1.0 g/cm3 and viscosity of 0.04
Poise, and the unsteady Navier-Stokes equations were numerically
solved using finite elements. Vascular walls were approximated
as rigid, and pulsatile inflow conditions were imposed by scaling
a representative flow waveform with an empiric law relating
flow rate and cross-sectional vessel area in internal carotid and
vertebral arteries. Outflow conditions were imposed by dividing
flows consistent with the Murray law. Simulations were per-
formed for 2 cardiac cycles with a heart-beat rate of 60 beats per
minute using 100 time-steps per cardiac cycle, and data from
the second cycle were used to characterize the flow conditions
in the aneurysm.

To characterize the aneurysm hemodynamics and geometry,
we computed 15 flow variables and 10 geometric parameters
defined on the aneurysm region.14,15 Additionally, the aneurysm
anatomic characteristics (location, morphology, and multiplicity)
and patient demographics (population, sex, and age) were
described by 6 categoric variables (numeric in the case of age).

Postprocessing and Construction of Rupture-Predictive
Models
Patient and aneurysm characteristics associated with rupture of
small, regularly shaped aneurysms were identified in a data set 1 by
performing contingency table analysis and the Pearson x 2 test for
categoric variables. For continuous variables, tests for differences
in the median of the 2 populations defined by the rupture status
were performed via the 2-sample unpaired Wilcoxon (Mann-
Whitney) test. All statistical analyses and machine learning model-
ing were performed in R statistical and computing software (http://
www.r-project.org/). Comparisons between multiple groups were
adjusted using the Benjamini-Hochberg method, and associations
were considered significant with P, .05 after adjustment.

Various machine learning methods for supervised classifica-
tion were used to identify the best predictive power. These
included logistic regression, support vector machine (SVM), K-
nearest neighbor, random forest, and bagging or bootstrap aggre-
gating. Data from all 1079 aneurysms (no missing data) of the
first data set were used for model training.

The columns of the feature matrix of the continuous predictor
variables were standardized so that the attributes would have a
mean value of zero and an SD of 1. Categoric variables were
encoded as dummy variables. One hundred repetitions of nested
10-fold (internal) cross-validation, yielding 100 random partitions
of the original training sample, were used to train the models, esti-
mate the tuning parameters, and identify the important predictor
variables. In this step, data set 1 was split into training and testing
subsets for each of the 10 folds, and the optimal value of each tun-
ing parameter related to the training process was determined via a
grid search to achieve the largest area under the curve (AUC) of
the receiver operating characteristic (ROC). The 100 results were
combined (averaged) to produce a single estimation.

Feature Selection
To identify features to be used to predict rupture in aneurysms,
we performed the recursive feature elimination16 technique.
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Briefly, an initial model was built on the basis of the entire set of
predictors, and an importance score was computed for each pre-
dictor. Then, the least important predictors were recursively
removed while maintaining the overall model accuracy. The opti-
mal subset of features was then used to train the final model.

Because only about 20% of small, regularly shaped cerebral
aneurysms rupture, the data sets are unbalanced, negatively
impacting the model fitting and performance. To deal with this
problem during the internal cross-validation of the model train-
ing process, we used a down-sampling approach, in which data
from most classes (unruptured aneurysms) were randomly
removed to achieve a balanced class distribution and conse-
quently mitigate this issue.

Model Performance and Validation
First, the performance of the different machine learning models of
aneurysm rupture was evaluated internally (ie, on the same train-
ing data set) and compared. For this purpose, the AUC of the
ROC, the true-positive rate (TPR), the false-positive rate (FPR),
and the misclassification error were calculated. Pair-wise compari-
sons of these performance metrics between machine learning mod-
els were performed using the built-in summary function of the
caret package available in R (based on a 1-sample t test) to find dif-
ferences in the performance of various models and to determine
whether these differences were statistically significant.

Second, the predictive models were externally validated on the
independent validation data set 2 containing data from 102
aneurysms that were not used during training, parameter tuning,
and model selection. In addition to the AUC, the accuracy of the
model was assessed in terms of the true-positive rate (TPR or
recall), FPR, positive predictive value (PPV or precision), negative
predictive value, harmonic mean of precision and recall (F1
score), and balanced accuracy.

RESULTS
Patient and Aneurysm Characteristics Associated with
Rupture
Statistical comparisons between patient and aneurysm character-
istics among ruptured and unruptured small, regularly shaped
aneurysms are presented in the Online Supplemental Data.
Aneurysm rupture was significantly associated with patient sex
(the ratio of males to females was higher in the ruptured group
compared with the unruptured group, P= .01), age (patients with
ruptured aneurysms were, in general, younger, P= .003), and
population (the Finnish population had a higher proportion of
ruptured aneurysms compared with the US and European popu-
lations, P, .001). In addition, aneurysm rupture was significantly
associated with aneurysm multiplicity (most ruptured aneurysms

were single aneurysms, P, .001), morphology (ratio of bifurca-
tion to lateral aneurysm was higher in the ruptured group,
P, .001), and location (the anterior communicating artery was
the location with the higher proportion of ruptured aneurysms,
P, .01).

Hemodynamic and geometric differences between ruptured
and unruptured small, regularly shaped aneurysms are presented
in the Online Supplemental Data. As shown in these data, most
of the hemodynamic and geometric variables were significantly
different between the 2 groups of aneurysms, even after adjust-
ment for multiple testing.

Hemodynamically, ruptured aneurysms had stronger (Q,
P= .02) and more concentrated inflow jets (ICI, P= .002) and
more complex (corelen, P, .001) and unstable (podent,
P, .001) flow patterns than unruptured aneurysms. They also
had larger maximum wall shear stress (WSSmax) (P, .001;
MaxWSSnorm, P= .003), more concentrated (SCI, P, .001) and
oscillatory (OSImax, P, .001; OSImean, P, .001) WSS distribu-
tion, and a larger number of critical points of the WSS field (nr.
critical, P, .001).

Geometrically, ruptured aneurysms were larger (Asize,
P, .001; SR, P, .001; GAA, P, .001), more elongated (AR,
P, .001; VOR, P, .001; BF, P, .001), and had larger shape dis-
tortion (CR, P, .001; NSI, P, .001; UI, P, .001) than unrup-
tured aneurysms in this subpopulation.

Variables Retained in the Model
Thirty-one variables were used to build the models and select the
optimal set of predictive features. The final model retained the
following 14 predictive variables from the 3 different domains: 1)
hemodynamic: corelen, WSS, OSImax, OSImean, nr.critical; 2)
geometric: Asize, SR, AR, VOR, BF, NSI; and 3) aneurysm: loca-
tion, multiplicity, and morphology. As illustrated in the Online
Supplemental Data, accuracy reached the maximum level when
14 variables were retained in the model, with a noticeable
decrease in accuracy beyond 14 variables. See the Online
Supplemental Data for the complete list of the variables consid-
ered and retained.

Performance of Different Predictive Models
The best predictive model for internal cross-validation was the
SVM, with a mean AUC= 0.85, TPR= 0.82, FPR= 0.26, and mis-
classification error = 0.23 (see Table 1 for performance metrics
for all machine learning models considered, and the Online
Supplemental Data to visualize the spread of their AUC, sensitiv-
ity, and specificity). Pair-wise comparisons of different perform-
ance metrics among machine learning models are presented in
the Online Supplemental Data.

Table 1: Summary of evaluation metrics for machine learning predictive models during repeated internal 10-fold cross-validation
Model AUC (mean) (maximum) TPR (mean) (maximum) FPR (mean) (minimum) Misclassification Error (mean) (minimum)
BG 0.84 (0.91) 0.75 (0.84) 0.23 (0.18) 0.23 (0.14)
RF 0.84 (0.92) 0.78 (0.89) 0.25 (0.17) 0.25 (0.16)
SVM 0.85 (0.90) 0.82 (0.95) 0.26 (0.16) 0.23 (0.17)
KNN 0.82 (0.90) 0.74 (0.90) 0.23 (0.14) 0.23 (0.15)
LR 0.83 (0.92) 0.73 (0.95) 0.23 (0.15) 0.24 (0.16)

Note:—AUC indicates area under the curve; BG, bagging or bootstrap aggregating; FPR, false-positive rate; KNN, K-nearest neighbor; LR, logistic regression; RF, random
forest; SVM, support vector machine; TPR, true-positive rate.

AJNR Am J Neuroradiol 43:547–53 Apr 2022 www.ajnr.org 549



External Validation
Table 2 presents the performance of different machine learning
classifiers when applied to the independent external testing data
set. It can be seen that the best performance was achieved by the
SVM model, with consistently the largest AUC= 0.84 (95% CI,
0.80–0.89), TPR= 0.93, PPV= 0.30, NPV = 0.98, F1 score = 0.45,
and balanced accuracy = 0.79, and the smallest misclassification
error = 0.31. However, the random forest model had the smallest
FPR= 0.32, slightly smaller compared with FPR= 0.35 of the
SVM model. The performance of different machine learning
models on the external data set is graphically presented in Fig 1,
which shows the ROC and the precision/recall curves.

These results suggest that the SVM model was able to cor-
rectly identify 93% of small, regularly shaped aneurysms that rup-
tured. On the other hand, 35% of unruptured aneurysms were
identified as at risk of rupture, which may result in overtreatment
for these lower-risk aneurysms. Of all the aneurysms classified as
unruptured, 98% were correctly classified. This finding indicates
that the model is generalizable to independent data sets from dif-
ferent centers.

The most important variables (n=14) for discriminating
between small, regularly shaped aneurysms prone to rupture and
aneurysms less likely to rupture were determined using an algo-
rithm that excludes variables from the model, one at a time, and

ranks the importance of the excluded variable on the basis of the
decrement in the AUC of the ROC (as the measure of variable
importance), in which a larger decrement indicates a more im-
portant feature. The most important variables (Fig 2) comprised
geometric shape and size factors, flow complexity, and WSS pa-
rameters, as well as aneurysmmultiplicity.

Examples of aneurysms from the external validation data set
that were correctly classified by the SVM model are illustrated in
the Online Supplemental Data. The upper panel of the Online
Supplemental Data shows a small (,7mm) and regularly, shaped
ruptured aneurysm at the anterior communicating artery.
Visualizations illustrate the hemodynamic environment charac-
terized by a strong inflow jet, elevated WSS, and a complex flow
structure. The SVM model assigned a probability of 92% to this
aneurysm being ruptured. The lower panel shows an unruptured,
small, regularly shaped aneurysm at the anterior communicating
artery and its hemodynamics characterized by a slow, smooth,
and simple flow pattern with uniformly low WSS. This aneurysm
was assigned a probability of 90% of not being ruptured. The
upper panel of the Online Supplemental Data shows a small, reg-
ularly shaped ruptured aneurysm at the MCA and its hemody-
namics environment characterized by a strong inflow jet, elevated
and heterogeneous WSS, and a complex flow structure. The SVM
model assigned a probability of 88% of this aneurysm being

FIG 1. Performance of different machine learning models on an independent, external validation data set: A, ROC curves. B, Precision/recall
curves. The best performance is achieved by the SVM model (red curves). BG indicates bagging or bootstrap aggregating; RF, random forest;
SVM, support vector machine; KNN, K-nearest neighbor; LR, logistic regression.

Table 2: Performance measures for each machine learning model applied to the external testing data seta

Model AUC TPR FPR PPV NPV F1 Score
Balanced
Accuracy

Misclassification
Error

BG 0.74 0.71 0.35 0.24 0.93 0.36 0.68 0.34
RF 0.76 0.71 0.32 0.26 0.94 0.38 0.70 0.32
SVM 0.84 0.93 0.35 0.30 0.98 0.45 0.79 0.31
KNN 0.76 0.79 0.36 0.26 0.95 0.39 0.71 0.34
LR 0.77 0.86 0.37 0.27 0.96 0.41 0.74 0.34

Note:—NPV indicates negative predictive value, the number of true-negatives divided by the number of true- and false-negatives; AUC, area under curve; FPR, false-posi-
tive rate (1-specificity = number of false-positives divided by all negatives); PPV, positive predictive value (precision = number of true-positives divided by number of
true- and false-positives); TPR, true-positive rate (sensitivity or recall = number of true-positives divided by all positives).
a F1 = 2 � PPV � TPR / (PPV 1 TPR) is the harmonic mean of precision and recall. Balanced accuracy is accuracy accounting for class imbalance [(sensitivity 1 specificity)/ 2].
Misclassification error is the number of incorrect classifications divided by sample size.
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ruptured. The lower panel shows an unruptured small, regularly
shaped aneurysm at the MCA and its hemodynamics, character-
ized by a simple flow pattern with fairly uniformWSS. This aneu-
rysm was assigned a probability of 86% of not being ruptured.
These examples highlight the generalizability of the predictive
model.

DISCUSSION
The focus of this study was to identify patient and aneurysm
characteristics associated with rupture of small and regularly
shaped aneurysms; because this is a cross-sectional study, it is not
the authors’ intention to establish causal associations. Several
patient and aneurysm characteristics were different between rup-
tured and unruptured aneurysms of this subset. In particular, our
results indicate that when restricting the analysis to small aneur-
ysms (,7mm) without blebs, ruptured aneurysms have higher
flow conditions characterized by high, concentrated inflow jets;
complex, unstable flow patterns; and concentrated, complex, and
oscillatory WSS distribution compared with unruptured aneur-
ysms. Additionally, ruptured aneurysms were larger and more
elongated and had larger shape distortion than unruptured
aneurysms in this subpopulation. Furthermore, aneurysm rup-
ture was significantly associated with patient sex, age, population,
as well as aneurysm multiplicity, morphology, and location.

Machine learning models based on patient and aneurysm
characteristics are capable of identifying rupture-prone small,
regularly shaped aneurysms with an accuracy of approximately
79%, a sensitivity of 93%, and a specificity of 65%. This feature is
important to improve the management of patients presenting

with small, regularly shaped aneurysms. To interpret the meaning
of these numbers, one should consider, for example, that in a
sample of 100 small, regularly shaped aneurysms, approximately
18 would rupture (based on a rupture rate of 17.6% from our
data base, which, of course, is higher than the annual rupture
rates reported from highly selected series of longitudinally fol-
lowed aneurysms17). On one extreme, one could decide to treat
all aneurysms. In this case, all hemorrhages would presumably be
avoided, but the expected number of complications would be
approximately 10, assuming a 10% risk of complications.18,19 On
the other extreme, if one decided not to treat any of these small,
regularly shaped aneurysms, there would be no treatment com-
plications, but a total of 18 hemorrhages. Even recognizing the
inaccuracies of the predictive model presented here, which would
correctly identify 17 of the 18 aneurysms prone to rupture and
thus avoid their bleeding and misidentify as potentially risky
another 29 that would probably not need intervention, this
method could be useful for clinicians. For instance, with the use
of the machine learning model, the number of expected treatment
complications would be around 5 and the expected number of rup-
tures would be around 1, with a reduction in the total number of
treatments to about 46 compared with the 100 treatments if one
decided to treat everybody. Considering the high complication rate
of unruptured cerebral aneurysm intervention, around 10% by any
method, added to the low rupture rate of small, regularly shaped
aneurysms, it is very important to identify those patients with
aneurysms that rarely rupture for whom the intervention is prob-
ably unnecessary and thus the number of avoidable complications
that lead to brain damage. These complications also have an
impact on the health system because it is well-known that one of
the most expensive items in attending cerebral aneurysms, both
socially and economically, is the treatment of perioperative compli-
cations, which would be minimized.

Machine learning algorithms have recently gained attention
for assessing rupture risk of cerebral aneurysms. One study20

used 12 morphologic features in addition to clinical and anatomic
characteristics to predict aneurysm stability in a sample of 420
aneurysms of ,8mm (without excluding aneurysms with blebs)
from a single institution and found an aneurysm irregularity met-
ric to be the most important predictor. Although our models
incorporate hemodynamic features and did not include some of
their clinical parameters (eg, hyperlipidemia), the results are con-
sistent and the predictive power in internal cross-validation is
similar (AUC= 0.85 for both). Furthermore, our external valida-
tion indicates that our models are generalizable to other popula-
tions. Another study21 used cross-sectional data of 374
aneurysms ,8mm (18% of which were ruptured) from a single
center to build machine learning models of rupture based on
patient demographics, life behaviors, clinical histories, lipid pro-
files, and aneurysm morphology. Their predictive power in inter-
nal 10-fold cross-validation was slightly higher than ours (AUC=
0.88) and significantly higher than the PHASES score (as
expected). While our findings are consistent with this study in
that aneurysm irregularity, location, multiplicity, and size ratio
are important predictors, 1 important difference is that our study
considered only aneurysms without blebs, while in this other
study, most ruptured aneurysms had blebs.

FIG 2. Variable importance for the SVM model applied to the valida-
tion data set. Variables are ordered from top to bottom according to
their importance determined by the AUC of the ROC as the measure
of variable importance. See the Online Supplemental Data for an ex-
planation of the terms.
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Another recent study22 proposed the use of fluid-structure
interaction for aneurysm risk assessment, by first estimating
regions of thin walls from computational fluid dynamics analysis
and then using fluid-structure interaction to estimate wall
strain for varying wall stiffness. Although this work made sev-
eral important assumptions and was based on a small (but lon-
gitudinal) sample from a single institution, it proposes an
intriguing approach. Our models included several hemody-
namic features that were used in this study for estimating local
wall thinning, which subsequently affects wall strain and rup-
ture risk, and thus are expected to be important predictors as
shown in our study. Additionally, more advanced machine
learning and artificial intelligence algorithms have also been
used to predict treatment outcomes after aneurysm clipping23

and for the detection and measurement of aneurysms on MR
images,24,25 showing that these methods are quite effective for
multivariate prediction in a wide variety of applications but
need careful interpretation.

We believe that ultimately, the aneurysm risk assessment
should be conducted in stages. For example, in the first stage,
aneurysm size, shape irregularity, and patient characteristics (as
in PHASES5 or unruptured intracranial aneurysm treatment
score [UIATS]4) could be used to pick up the most dangerous
aneurysms. In the second stage, additional anatomic, geometric,
and hemodynamic parameters derived from precise diagnostic
angiography images (3D DSA or CTA) could be used to identify
rupture-prone aneurysms within the small, regularly shaped
subset as in the current study. Perhaps in a third stage, further
characteristics related to the status of the aneurysm wall (for
example derived from MR vessel wall imaging and/or aneurysm
wall-enhancement images) could be used to further identify
unstable aneurysms that should be recommended for immedi-
ate treatment and those that could be safely monitored without
treatment. Thus, aneurysm evaluation would be performed by
first applying the existing scales based on demographics and ba-
sic imaging; second, performing a more in-depth aneurysm-
specific analysis of shape and flow; and finally, studying the an-
eurysm wall with additional specialized imaging.

The current study has several limitations. In addition to the
usual limitations of the computational fluid dynamics modeling
approach (Newtonian flow, rigid walls, estimated flow rates, and so
forth), in this study, the sample size was limited and there were
only 14 ruptured, small, regularly shaped aneurysms in the external
validation data set. Also, to deal with the inherent imbalance in the
training data set, we performed down-sampling in the cross-valida-
tion process. Moreover, the internal and external validations were
performed using retrospective cross-sectional data sets. A recent
study26 showed that geometric and hemodynamic characteristics
were not significantly different between unstable (growing or
symptomatic) and already ruptured aneurysms but were signifi-
cantly different from unruptured aneurysms, thus providing
support to the assumption that predictive models based on cross-
sectional data are useful to identify aneurysms at risk of destabiliza-
tion and rupture. Nevertheless, further evaluation and validation
with longitudinal data sets are required and will be the focus of
future studies. Finally, in the construction of the predictive models
of this study, important clinical variables that have been previously

recognized as rupture risk factors such as hypertension, smoking,
hyperlipidemia, and family background were omitted, possibly
inducing some biases in the present work.

CONCLUSIONS
Hemodynamic conditions characterized by strong, concentrated
inflow jets; complex, unstable flow patterns; and concentrated
and oscillatory WSS patterns are associated with aneurysm rup-
ture in small, regularly shaped cerebral aneurysms. Additionally,
ruptured aneurysms are larger, more elongated, and have larger
shape distortion than unruptured aneurysms in this subset.
Predictive models based on aneurysm characteristics are capable
of identifying small, regularly shaped aneurysms prone to rup-
ture. This is an important finding because we could potentially
understand which parameters predispose cerebral aneurysms in
the subpopulation of small, regularly shaped aneurysms to rup-
ture, and the findings could lead to improved patient selection
for treatment or monitoring.

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

Follow-up of Intracranial Aneurysms Treated by Flow
Diverters: Evaluation of Parent Artery Patency Using 3D-T1

Gradient Recalled-Echo Imaging with 2-Point Dixon in
Combination with 3D-TOF-MRA with Compressed Sensing
J. Burel, E. Gerardin, M. Vannier, A. Curado, M Verdalle-Cazes, N. Magne, M. Lefebvre, and C. Papagiannaki

ABSTRACT

BACKGROUND AND PURPOSE: MRA assessment of parent artery patency after flow-diverter placement is complicated by imaging
artifacts produced by these devices. The purpose of this study was to assess the accuracy of liver acquisition with volume acceler-
ation-flex technique (LAVA-Flex) MRA in combination with 3D-TOF with HyperSense MRA for the evaluation of parent vessel status
after intracranial flow-diverter placement.

MATERIALS AND METHODS: Fifty-six patients treated by flow diversion and followed with both DSA and 3T MRA between
November 2020 and August 2021 were included. All patients were evaluated for parent artery patency using the same imaging pro-
tocol (DSA, noncontrast MRA including 3D-TOF with HyperSense and LAVA-Flex, and contrast-enhanced MRA, including time-
resolved imaging of contrast kinetics MRA and delayed contrast-enhanced MRA).

RESULTS: With DSA as a criterion standard to evaluate the patency of the parent vessel, noncontrast MRA had a good specificity
(0.83) and positive predictive value (0.65), better than contrast-enhanced MRA (0.55 and 0.41, respectively). Both had excellent sensi-
tivity and negative predictive value: noncontrast MRA, 0.93 and 0.97, respectively; contrast-enhanced MRA, 0.93 and 0.96, respec-
tively. Specificity and positive predictive value tended to be lower for patients treated with additional devices than for those
treated with flow diverters exclusively and for patients treated with a specific type of flow diverter.

CONCLUSIONS: Noncontrast MRA can be used for noninvasive follow-up of intracranial aneurysms treated by flow diverters. The
combined use of LAVA-Flex and 3D-TOF with HyperSense sequences allows monitoring the status of the parent artery and aneu-
rysm occlusion.

ABBREVIATIONS: CE-MRA ¼ contrast-enhanced MRA; FD ¼ flow diverter; LAVA-Flex ¼ liver acquisition with volume acceleration-flex technique; NC-MRA ¼
noncontrast MRA; NPV ¼ negative predictive value; PPV ¼ positive predictive value; TRICKS ¼ time-resolved imaging of contrast kinetics; VA ¼ vertebral
artery

F low Diverters (FDs) were initially developed to treat wide-
neck large and giant ICA aneurysms only amenable to surgical

trap with or without a bypass or endovascular vessel sacrifice, but
they have rapidly increased in use.1-4 Due to the characteristics
of these devices, a careful radiologic follow-up is required to
assess the status of the aneurysmal occlusion and the patency of
the parent artery.5

The rate of complete aneurysm occlusion after flow-diverter
treatment varies among series, and it gradually increases with

time due to remodeling of the parent vessel.6,7 Kallmes et al8 per-
formed a pooled analysis of 3 large studies, with a total of 1091

patients included. The complete occlusion rates were 75.0%,
85.5%, 93.4%, and 95.2% at 6months and 1, 3, and 5 years,

respectively; the overall retreatment rate was low, 3.0%. These
retreatments almost exclusively concern aneurysms that persist
despite FD placement, with aneurysmal recanalization being

exceptional.9,10 Thus, an aneurysm treated by a flow diverter
whose complete occlusion has been proved is generally consid-

ered permanently occluded.8,11-14 Hence, once this occlusion has
been obtained, whether it is observed by DSA or MRA (with or

without injection of contrast media),15-18 long-term parent artery
patency and parenchymal complications are the essential ele-

ments to monitor, preferably with noninvasive imaging.
MR imaging is the criterion standard for evaluating potential

ischemic and hemorrhagic complications after FD placement and
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can also identify aneurysm enlargement, aneurysm wall enhance-
ment, and perianeurysmal edema.19 DSA is the criterion standard
for the evaluation of aneurysm occlusion, but 3D-TOF-MRA and
CE-MRA have excellent diagnostic accuracy for the aneurysm
remnant and can be used in follow-up.15-18,20 DSA is also the cri-
terion standard for the evaluation of parent vessel patency after
treatment by a FD, due to its unsurpassed spatial resolution and
its insusceptibility to metal artifacts. However, DSA is invasive
and has potential complications, either of the puncture site or
neurologic.21 Regarding the evaluation of parent artery patency,
the performance of conventional MRA sequences was initially
considered insufficient.15,16 Recently, Oishi et al5 and Shao et al22

evaluated the performance of Silent MRA (GE Healthcare) and
3D-T1 sampling perfection with application-optimized contrasts
by using different flip angle evolution (SPACE sequence;
Siemens), respectively, to assess the parent artery status after FD
placement. The results were good, but the sequences used took
several minutes (12minutes 13 seconds and 8minutes 29 seconds,
respectively) to acquire and were consequently more susceptible
to motion artifacts due to swallowing or gross body movement.
In addition, the 3D-T1 SPACE sequence could not be used to
study aneurysmal occlusion; therefore, an additional 3D-TOF
sequence was necessary.

The liver acquisition with volume acceleration-flex technique
(LAVA-Flex) sequence, initially developed for liver imaging, is
now used in other imaging fields. Regarding neurovascular imag-
ing, Irie et al23 concluded that LAVA-Flex MRA could provide
information similar to TOF-MRA for assessing the cervical ca-
rotid bifurcation while reducing scan time by one-fifth. To our
knowledge, the use of this sequence for the analysis of intracranial
FDs or any type of intracranial stent has not been evaluated. The
purpose of this study was to assess the accuracy of LAVA-Flex
MRA in combination with 3D-TOF with HyperSense MRA (GE
Healthcare) for the evaluation of parent artery patency after intra-
cranial FD placement.

MATERIALS AND METHODS
Patient and FD Characteristics
All patients treated with FDs at our institution and followed with
both MRA and DSA were prospectively included in a data base.
Patients who underwent both DSA and 3T MRA within a maxi-
mum interval of 4weeks, between November 2020 and August
2021, were included. Exclusion criteria were patients with a con-
traindication to MR imaging, patients who refused to undergo
examinations (MR imaging or DSA), and those who did not
undergo one or more of the 4 MRA sequences listed below. The
Online Supplemental Data summarize the main technical charac-
teristics of the devices used and evaluated in this study.

DSA Technique
Intra-arterial DSA was performed with a biplane angiographic
system (Allura Xper; Philips Healthcare). By means of transfe-
moral 4F catheterization, selective injections of the ICA or verte-
bral artery (VA) were performed according to the FD location.
Standard anterior-posterior and lateral projections were routinely
acquired. For the ICA, 8mL of nonionic contrast agent (iodixa-
nol, 320-mg iodine/mL, Visipaque 320; GE Healthcare) were

injected with a velocity of 4mL/s. For the VA, 6mL was injected
with a velocity of 3mL/s. Rotational 3D angiography and selected
oblique projections were performed for additional confirmation
of findings. All acquired DSA images were converted to interna-
tionally compatible DICOM files; then the converted files were
transferred to our server through a PACS.

MRA Technique
MRA examinations were performed on a 3T MR imaging system
(Discovery MR750; GE Healthcare) using a 32-channel head
coil. MR imaging protocol included axial FLAIR, 2 noncontrast
MRA (NC-MRA) sequences (LAVA-Flex and 3D-TOF with
HyperSense), and 2 contrast-enhanced MRA (CE-MRA) sequen-
ces (time-resolved imaging of contrast kinetics [TRICKS] and a
delayed 3D spoiled gradient-echo sequence). TRICKS MRA was
performed after the injection of a gadolinium-based contrast agent
(gadobutrol, Gadovist; Bayer HealthCare) prescribed at 0.1-mmol/
kg and 1-mL/s injection rates, followed immediately by 20–30mL
of normal saline flush at 1mL/s. An MR fluoroscopic triggering
technique was used. The temporal resolution was 1.7 s/frame. The
delayed CE-MRA sequence was initiated immediately after acquisi-
tion of the TRICKS MRA without application of additional con-
trast media. Scan parameters of NC-MRA sequences and CE-
MRA sequences are summarized in the Online Supplemental Data.

Image Analysis
Studies from all patients were placed in an anonymized folder on
the PACS, with NC-MRA (LAVA-Flex MRA and 3D-TOF-MRA
with HyperSense), CE-MRA (TRICKS MRA and delayed CE-
MRA), and DSA studies forming 3 anonymized folders. The
entire original acquired data set, including both source images
(mask, subtracted, and unsubtracted images) and standard refor-
mats (MIP and MPR) for each technique, was made available for
review when evaluating that technique. LAVA-Flex MRA and
3D-TOF-MRA with HyperSense were evaluated together to form
the NC-MRA evaluation of parent artery patency, and TRICKS
MRA and delayed CE-MRA were evaluated together to form the
CE-MRA evaluation of parent artery patency. NC-MRA, CE-
MRA, and DSA were evaluated separately without knowledge of
the MRA or DSA examination results, by 1 interventional neuro-
radiologist and 1 diagnostic neuroradiologist (both MD-PhD,
with .15 years’ experience). The location of the FDs to be eval-
uated was provided to the readers. In case of disagreement, con-
sensus was found between the 2 radiologists.

The patency status of the parent artery was evaluated as no
change in the parent artery diameter (patent), focal or diffuse nar-
rowing of the parent artery (stenosis), or parent artery occlusion. A
simplified 2-grade scale was used to assess the patency of the par-
ent artery, in which the parent artery was classified as normal or
pathologic (stenosis or occlusion). An example of each technique
for 1 patient is shown in the Online Supplemental Data.

Statistical Analysis
Quantitative variables are reported as mean (SD) and median
(range), while qualitative variables are reported as number and per-
centage. Interobserver and intermodality agreement was calculated
using the Cohen k . The interpretation of k was as follows: k , 0,
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no agreement; k = 0–0.19, poor agreement; k = 0.20–0.39, fair
agreement; k = 0.40–0.59, moderate agreement; k = 0.60–0.79, sub-
stantial agreement; and k = 0.80–1.00, almost perfect agreement.24

Contingency tables were used to summarize the relationships: NC-
MRA versus DSA and CE-MRA versus DSA, using the consensus
evaluation. With DSA as a criterion standard to evaluate the patency
of the parent artery, the sensitivity, specificity, negative predictive
value (NPV), and positive predictive value (PPV) of NC-MRA and
CE-MRA were calculated for the whole population, using the con-
sensus evaluation with corresponding 95% confidence intervals. For
NC-MRA, these calculations were also made for each separate de-
vice, for patients treated with FDs exclusively and those treated
with additional devices (coils, Woven EndoBridge [WEB;
MicroVention], surgical clips). Comparison between possible re-
ceiver operating characteristic curves was not performed due to rela-
tively small samples. All analyses were performed using SAS
software, Version 9.4 (SAS Institute).

RESULTS
Fifty-six patients were included, 44 women (78.6%) and 12 men
(21.4%), with a mean age of 57.8 (SD, 10.2) years (range, 25–
79 years). Fifty-two of the 56 patients (92.9%) were treated with 1
FD; and 4 patients (7.1%,), with 2 partially overlapping FDs in the
same treatment. Twenty-eight of the 56 patients (50.0%) were
treated with a Pipeline Shield FD (Medtronic); 19 (33.9%), with a
Surpass Evolve FD (Stryker Neurovascular); and 9 (16.1%), with a
Silk Vista Baby FD (Balt Extrusion). Twenty-two patients (39.3%)
were treated with FDs exclusively; 32 (57.1%), with additional coils;
1, with a prior surgical clip (1.8%); and 1 (1.8%), with a WEB de-
vice. The anatomic distribution of FDs was as follows: intracranial
ICA and/or M1 segment of the MCA (n=39); intracranial VA, bas-
ilar artery, and/or the P1 segment of the posterior cerebral artery
(n=7); anterior communicating artery complex (n=6); and more
distal vessels (n=4).

When we evaluated the status of the parent artery, interob-
server agreement was 0.66 for NC-MRA, 0.67 for CE-MRA, and

1 for DSA. By means of the simplified 2-grade scale, k was 0.65
for NC-MRA, 0.69 for CE-MRA, and 1 for DSA.

Table 1 shows the results of the assessment of parent artery
patency with NC-MRA, CE-MRA, and DSA. Only 1 parent artery
classified as patent on NC-MRA was classified as stenosis on
DSA due to intimal hyperplasia (ie, 1 false-negative). Among the
arteries classified as stenosis or occlusion on NC-MRA (n = 20), 7
were patent on DSA (ie, 7 false-positives). There were 35 true-
negatives and 13 true-positives. By means of CE-MRA, 1 parent
artery classified as patent was classified as stenosis on DSA (ie, 1
false-negative, which was the same for NC-MRA). Among the
arteries classified as stenosis or occlusion on CE-MRA (n = 32),
19 were patent on DSA (ie, 19 false-positives). There were 23
true-negatives and 13 true-positives. Tables 2 and 3 present the
corresponding 4-fold tables of these results.

By means of the 3-grade scale, intermodality agreement was
0.67 for NC-MRA/DSA and 0.35 for CE-MRA/DSA. With the
simplified 2-grade scale, k was 0.67 for NC-MRA/DSA and 0.33
for CE-MRA/DSA.

NC-MRA had a good specificity (0.83; 95% CI, 0.69–0.93) and
PPV (0.65; 95% CI, 0.41–0.85), better than CE-MRA (0.55; 95%
CI, 0.39–0.70; and 0.41; 95% CI, 0.24–0.59, respectively). Both
had excellent sensitivity and NPV: 0.93; 95% CI, 0.66–1.00; and
0.97; 95% CI, 0.85–1.00, respectively, for NC-MRA and 0.93; 95%
CI, 0.66–1.00; and 0.96; 95% CI, 0.79–1.00, respectively, for CE-
MRA. Sensitivity, specificity, NPV, and PPV of NC-MRA for
each separate device for patients treated with FD exclusively and
those treated with an additional device are shown in Table 4.

DISCUSSION
Currently, 3D-TOF-MRA is the most frequently used noninva-
sive follow-up method for intracranial aneurysms treated using
endovascular techniques.20 However, for patients who underwent
flow diversion, the magnetic and radiofrequency shielding causes
a signal loss in the stent implantation area and often manifests as
a false in-stent stenosis or interruption and, consequently, has
poor specificity and PPV. To reduce these metallic artifacts, Oishi
et al5 and Shao et al22 used, respectively, Silent MRA and 3D-T1
SPACE to assess the parent artery status. Regarding the patency
of the stented arteries after FD treatment, these sequences were
more accurate compared with 3D-TOF-MRA, but they were
time-consuming and, consequently, more susceptible to motion
artifacts. To reduce the duration of the sequences and reduce the
possible motion artifacts and the total duration of the MR imag-
ing examination procedure, we have optimized 2 sequences,
which we use together: a 3D-TOF sequence with HyperSense and

Table 1: Evaluation of parent artery patency (n = 56)

NC-MRA CE-MRA DSA
Three-grade scale
Patent 36 (64.3%) 24 (42.9%) 42 (75.0%)
Stenosis 19 (33.9%) 31 (55.4%) 13 (23.2%)
Occlusion 1 (1.8%) 1 (1.8%) 1 (1.8%)
Simplified 2-grade scale
Patent 36 (64.3%) 24 (42.9%) 42 (75.0%)
Stenosis or occlusion 20 (35.7%) 32 (57.1%) 14 (25.0%)

Table 2: Four-fold table of NC-MRA using consensus evaluation
for NC-MRA and DSA

Consensus Evaluation for DSA
Pathologic (Stenosis or

Occlusion)
Normal
(Patent)

Consensus Evaluation
for NC-MRA
Pathologic (stenosis or
occlusion)

13 7

Normal (patent) 1 35

Table 3: Four-fold table of CE-MRA using consensus evaluation
for CE-MRA and DSA

Consensus Evaluation for DSA
Pathologic (Stenosis or

Occlusion)
Normal
(Patent)

Consensus Evaluation
for CE-MRA
Pathologic (stenosis or
occlusion)

13 19

Normal (patent) 1 23
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a LAVA-Flex sequence, both without injection of a contrast
agent. The LAVA-Flex sequence allows better study of the flow
inside the stent, whereas the 3D-TOF sequence remains necessary
to study aneurysmal occlusion because the LAVA-Flex sequence
has not proved its effectiveness for this purpose.

Apart from increasing the signal-to-noise ratio, especially intra-
vascular, the compressed sensing technique HyperSense allows a
substantial reduction in the acquisition time of the 3D-TOF
sequence. Ours had a total acquisition time of 2minutes 59 seconds.
This sequence can also be used to evaluate aneurysmal occlusion,
analyze other arteries, but also, when artifacts are low, to evaluate
the patency of the parent artery. The LAVA-Flex sequence allows,
with a particularly short acquisition time of 1minute 57 seconds, a
3D-T1-weighted sequence that is less sensitive to metallic artifacts,
in particular on the out of phase sequence due to a shorter TE (Fig
1), with, however, a weaker intravascular signal due to an entry sec-
tion phenomenon less marked than the 3D-TOF with HyperSense
sequence. This can be explained by the shorter TR of the LAVA-
Flex sequence compared with the 3D-TOF sequence; however, this
short TR results in a remarkably decreased acquisition time, with-
out hindering the in-stent flow analysis. MIP reformats of LAVA-
Flex MRA are useful to evaluate the caliber of the parent vessel but
must always be analyzed in conjunction with the native sections
because the selection of the most intense voxels by the MIP algo-
rithm hinders the visualization of the stent, whose signal is low. The
total acquisition time for these 2 sequences was, therefore,
4minutes 56 seconds, more than 2 times shorter than Silent MRA
or 3D-T1 SPACE combined with 3D-TOF.

In this study, the joint use of 3D-TOF with HyperSense MRA
and LAVA-Flex MRA allowed us to obtain a NC-MRA specificity of
0.83 (95% CI, 0.69–0.93) and a PPV of 0.65 (95% CI, 0.41–0.85) (Fig
2), which were better than those of CE-MRA (0.55; 95% CI, 0.39–

0.70; and 0.41; 95% CI, 0.24–0.59,
respectively) in the evaluation of the
parent artery patency. This result can be
explained by an analysis of the TRICKS
MRA sequence generally using back-
ground-subtracted volumes, which do
not permit stent visualization, as well as
the use of a delayed-MRA sequence,
and not an arterial CE-MRA sequence.
Finally, the absence of a contrast-
enhanced 3D-T1-weighted sequence
can also partially explain these results.
With NC-MRA and CE-MRA, we had
only 1 false-negative result, which can
probably be explained by the delay
between MR imaging and arteriogra-
phy, 4weeks for this patient, who had

stopped the dual antiplatelet therapy on his own after the MR imag-
ing examination, 3months after FD placement at the M1–M2 junc-
tion. Thus, the in-stent stenosis could have developed in the
meantime. The sensitivity and NPV remained excellent for NC-
MRA (0.93; 95% CI, 0.66–1.00; and 0.97; 95% CI. 0.85–1.00, respec-
tively) and CE-MRA (0.93; 95% CI, 0.66–1.00; and 0.96; 95% CI,
0.79–1.00, respectively).

The specificity and PPV tended to be lower for Pipeline Shield
FDs and even lower for Surpass Evolve FDs, probably due to more
pronounced metallic artifacts (Fig 3). Unlike the criterion standard
DSA, MRA is susceptible to the dissimilarities between flow divert-
ers. Halitcan et al15 suggested that the key factor was the alloy used
for the construction of the FDs, with nitinol-based devices being re-
sponsible for fewer metallic artifacts. While we agree that this factor
influences the extent of artifacts, the marked difference between the
artifacts created by Pipeline Shield FDs and Surpass Evolve FDs,
which are both cobalt-chromium devices, suggests that other im-
portant factors were probably involved, such as the number of wires
composing the FD combined with the thickness of the wire.
Indeed, Surpass Evolve FDs are made of 64 wires (except for 2.5
mm diameter FD), while Pipeline Shield FDs are made of 48 wires,
with an equivalent wire thickness (�28 and �30mm, respectively).
In addition, the tungsten used in combination with platinum for
the visibility of cobalt-chromium devices used in this study (while
nitinol devices used only platinum) may also play a role.

It is important to keep in mind the shortcomings of each FD in
MR imaging when interpreting the parent artery patency, so as not
to erroneously conclude in-stent stenosis. Specificity and PPV
tended to be lower for patients treated with additional devices than
for those treated with FDs exclusively, an outcome expected due to
the additional artifacts created by coils, the WEB, or surgical clips.
Indeed, these artifacts can appear as false stenosis (ie, false-positives),

Table 4: Diagnostic accuracies for parent artery patency of NC-MRA for each separate device, for patients treated with FD exclu-
sively and those treated with additional device

Pipeline Shield
(n = 28)

Surpass Evolve
(n = 19)

Silk Vista Baby
(n = 9)

FD Exclusively
(n = 22)

Additional Device
(n = 34)

Specificity (95% CI) 0.96 (0.78–1.00) 0.57 (0.29–0.82) 1 (0.48–1.00) 0.87 (0.60–0.98) 0.81 (0.62–0.94)
PPV (95% CI) 0.80 (0.28–0.99) 0.45 (0.17–0.77) 1 (0.40–1.00) 0.78 (0.40–0.97) 0.55 (0.23–0.83)
Sensitivity (95% CI) 0.80 (0.28–0.99) 1 (0.48–1.00) 1 (0.40–1.00) 1 (0.59–1.00) 0.86 (0.42–1.00)
NPV (95% CI) 0.96 (0.78–1.00) 1 (0.63–1.00) 1 (0.48–1.00) 1 (0.75–1.00) 0.96 (0.78–1.00)

FIG 1. 3D-TOF with HyperSense MRA (A), LAVA-Flex MRA (B), and DSA (C) of a 61-year-old
woman treated with a 4� 25 Surpass Evolve FD located from the left ICA to the left MCA. There
is a significant reduction in metal artifacts on the LAVA-Flex (OutPhase) sequence, which shows
the absence of in-stent stenosis, confirmed by DSA. Note that there is not exactly the same pro-
jection between MRA and DSA.White arrows indicate the proximal and distal ends of the FDs.
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thus reducing specificity and PPV. MR imaging is essential for the
evaluation of potential ischemic and hemorrhagic complications af-
ter FD placement and is a relatively reliable screening test for in-

stent stenosis because of its excellent
sensitivity and NPV. However, DSA
remains the criterion standard in parent
artery patency evaluation, especially
when additional material like coils or
surgical clips is used. It, thus, appears
useful to systematically perform NC-
MRA sequences in addition to classic
parenchymal sequences to evaluate in-
stent flow. Ideally, an initial concomi-
tant DSA control would indicate any
false-positive or false-negative results,
which could serve as reference in the
long-term follow-up of intracranial
stent evaluation with NC-MRA.

Our study has some limitations:
First, the small number of patients (n =
56) included. However, this number is
comparable with that in the other 2
main studies focused on the analysis of
the patency of the parent artery (40 for
Shao et al22 and 78 for Oishi et al5).
Besides, the sample size for each kind of
FD is small, possibly introducing sys-
tematic error. Second, MR imaging and
DSA were not systematically performed
on the same day, with a maximum
interval of 4weeks and, therefore, may
not reflect the exact same conditions
concerning parent vessel status. Third,
CTA was not evaluated in our study,
notably for patients treated with FDs
exclusively for whom it could be a valid
option. Although it shares the risks of
iodinated contrast media and ionizing
radiation of DSA, it is a noninvasive ex-
amination that does not share the
potential risks of puncture site and neu-
rologic complications. Fourth, interob-
server agreement ranged from 0.6 to
0.79 for the NC-MRA and CE-MRA,
corresponding to “substantial agree-
ment” and not “almost perfect agree-
ment.”24 These differences mainly
concerned the analysis of Surpass
Evolve FDs, which produce more pro-
nounced metallic artifacts than the
other FDs studied, thus making inter-
pretation more difficult, especially in
the presence of additional material like
coils and clips.

CONCLUSIONS
NC-MRA can be used for noninvasive

especially long-term follow-up of intracranial aneurysms treated
by FDs. The combined use of LAVA-Flex and 3D-TOF with
HyperSense sequences is accurate compared with DSA and allows

FIG 2. In-stent stenosis in a 50-year-old woman treated with a 5� 15 Surpass Evolve FD placed in
the left VA. This was a complementary embolization of a left PICA aneurysm, initially revealed by
a subarachnoid hemorrhage 10 years earlier and treated by coiling at that time. 3D-TOF with
HyperSense MRA (A) and LAVA-Flex MRA (Outphase) (B) demonstrates moderate in-stent steno-
sis (white arrows) predominating a few millimeters upstream of the neck of the still patent aneu-
rysm, 6months after placement of the FD. Confirmation of a moderate in-stent stenosis (black
arrowhead) on angiography without (C) and with (D) digital subtraction. The black arrows show
the limits of the FD metallic mesh.

FIG 3. 3D-TOF with HyperSense MRA comparison of artifacts created by the 3 types of FDs used
in our study. A, A 68-year-old woman treated with a Surpass Evolve FD (3.25 � 17 mm) located in
the right VA. B, A 61-year-old woman treated with a Pipeline Shield FD (3.5 � 18 mm) located
from the left VA to the basilar artery. C, A 52-year-old woman treated with a Silk Vista Baby FD
(2.5� 20 mm) located in the right anterior cerebral artery (A1–A2). The extent of the metallic arti-
facts is large for the Surpass Evolve FD, small for the Pipeline Shield FD, and minimal for the Silk
Vista Baby FD.White arrows indicate the proximal and distal ends of the FDs.
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monitoring the status of the parent artery and aneurysmal occlu-
sion. These two sequences could be useful tools, especially in the
long- and very-long-term follow-up of these devices. The total ac-
quisition time with these 2 sequences is reduced by at least half
compared with Silent MRA or 3D-T1 SPACE combined with 3D-
TOF. Specificity and PPV depend on the type of FD and whether
patients are treated with additional devices (coils, intrasaccular
flow disruptors, surgical clips).

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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Safety, Efficacy, and Durability of Stent-Assisted Coiling
Treatment of M2 (Insular) Segment MCA Aneurysms
K. Aydin, M. Berdikhojayev, F. Cay, M. Barburoglu, S. Nurzhan, S. Aygun, S. Sencer, and A. Arat

ABSTRACT

BACKGROUND AND PURPOSE: Most distal MCA aneurysms are located within the insular segment, which lies between the limen
insulae and circular sulcus. However, experience is limited in the microsurgical and endovascular management of insular segment
MCA aneurysms. In this multicenter retrospective case series, we aimed to investigate the safety, efficacy, and durability of stent-
assisted coiling for treatment of insular segment MCA aneurysms.

MATERIALS AND METHODS: A retrospective review was performed to identify patients with insular MCA aneurysms that were
treated with stent-assisted coiling. The technical success of the procedures and the initial and follow-up clinical and angiographic
outcomes were assessed. Periprocedural and delayed complications were reviewed.

RESULTS: Twenty-seven aneurysms in 27 patients with a mean age of 53.3 (SD,11.3) years were included. The mean size of the aneur-
ysms was 6.3 (SD 2.6)mm. Endovascular procedures were successfully performed in all patients. Immediate postprocedural angiogra-
phy revealed complete aneurysm occlusions in 81.5%. Periprocedural complications developed in 7.4% without causing permanent
morbidity. A delayed thromboembolic complication resulted in a minor permanent morbidity in 1 patient (3.7%). There was no mor-
tality. The mean duration of angiographic follow-up was 19.5 (SD, 9.8) months. The last follow-up examinations showed complete
occlusion in 92.6%. During the follow-up period, none of the treated aneurysms showed recanalization.

CONCLUSIONS: The results of this study demonstrate that stent-assisted coiling with a low-profile self-expandable stent is a feasi-
ble and relatively safe technique for endovascular treatment of insular segment complex MCA aneurysms. Additionally, it provides
an effective and durable treatment for insular MCA aneurysms.

MCA aneurysms constitute 18%–20% of all intracranial
aneurysms.1,2 Most MCA aneurysms are located at the

bifurcation or trifurcation of the MCA in the proximal Sylvian
fissure. Only 1.1%–6% of MCA aneurysms are located distal to
the MCA bifurcation.3-8 Most distal MCA aneurysms are located
in the distal Sylvian fissure and along the insular branches that
run between the limen insulae and circular sulcus. Because these
are relatively rare vascular lesions, experience is limited regarding
the microsurgical or endovascular management of insular seg-
ment MCA aneurysms.3,4,8,9 The microsurgical treatment of dis-
tal MCA aneurysms is demanding compared with those located

at the bifurcation. Because insular segment MCA aneurysms are
embedded in the insular sulci, deep in the Sylvian cistern, it may
be difficult to identify and access them during microsurgery.3,8

Endovascular treatment of insular segment MCA aneurysms has
not been specifically studied previously.9

Because the greatest branching of the MCA occurs in the in-
sular segment, protection of the MCA branches supplying elo-
quent cortical regions is important during microsurgery or
endovascular treatment. The stent-assisted coiling technique has
been developed for the endovascular treatment of wide-neck in-
tracranial aneurysms.10,11 Self-expandable stents dedicated to in-
tracranial use have enabled the coiling of wide-neck and complex
bifurcation aneurysms. Deployment of a stent into a bifurcation
creates a scaffold to protect the vessels during the coiling of a
complex bifurcation aneurysm. The risk of vessel trauma during
the catheterization and the navigation into small-sized insular
branches are technical and safety concerns for endovascular treat-
ment of insular segment MCA aneurysms. The introduction of
low-profile self-expandable stents has been revolutionary in the
endovascular surgery of intracranial aneurysms. Low-profile
stents can be delivered through microcatheters with an internal
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diameter of 0.0165 inches, which facilitates the safe catheteriza-
tion and easy navigation in small-sized vessels.11-15 Moreover,
low-profile stents can be implanted in arteries with diameters as
small as 0.8mm.12,13 Thus, the introduction of low-profile self-
expandable stents has expanded the scope of the endovascular
surgery to include the treatment of aneurysms located distal to
the circle of Willis.

In this multicenter retrospective study, we aimed to investi-
gate the feasibility, safety, and efficacy of the stent-assisted coiling
procedure using low-profile self-expandable stents for the treat-
ment of insular segment MCA aneurysms. We also assessed the
long-term clinical and angiographic outcomes.

MATERIALS AND METHODS
Study Design
After we obtained the local ethics committee approval of Istanbul
Faculty of Medicine, a multicenter retrospective review was per-
formed to identify patients with an insular segment MCA aneu-
rysm treated with the stent-assisted coiling technique between
January 2016 and January 2021. Stent-assisted coiling was per-
formed in the treatment of aneurysms with a dome/neck ratio of
,2 or a neck diameter of.4mm, a sac morphology not suitable
for primary coiling or recanalized aneurysms after primary coil-
ing or balloon-assisted coiling. For the definition of the insular
segment, the MCA was divided into 4 anatomic segments as
described by Gibo et al.16 The sphenoidal or horizontal (M1) seg-
ment begins from the internal carotid bifurcation and terminates
at the site of a 90° turn called the genu. The insular (M2) segment
begins at the genu and ends at the circular sulcus of the insula.
On the basis of this anatomic classification, the MCA aneurysms
located between the MCA genu and circular sulcus were defined
as insular segment (M2) aneurysms and were included in this
study.

The medical records and radiologic images of the patients
with insular aneurysms were collected. Three experienced endo-
vascular surgeons (K.A., M. Berdikhojayev, and A.A.) assessed
the surgery reports, medical charts, and radiologic images of the
patients. Patient demographics and presenting symptoms, the
size of the aneurysms, treatment history, technical and clinical
complications, and the degree of aneurysm occlusion were
recorded. Patient consent was not sought for this retrospective
study.

Endovascular Procedures
Patients were pretreated with 75mg of clopidogrel and 300mg of
aspirin daily for at least 5 days before the operation. Platelet func-
tion tests were performed before the operation (Multiplate
Analyzer [Roche] or VerifyNow [Accumetrics]). Patients with a
poor response to clopidogrel (area under curve of.52 or platelet
inhibition ratio of,40%) were switched to prasugrel with a start-
ing daily dosage of 10mg or ticagrelor with a starting daily dosage
of 2 � 90 mg. Endovascular procedures were performed with the
patient under general anesthesia. Systemic anticoagulation was
initiated at the beginning of the procedure with a bolus dose of
50- to 70-IU/kg heparin. The bolus dose was followed by an infu-
sion to maintain an activated clotting time between 250 and
280 seconds during the operation. A 6F guiding sheath (Neuron

MAX [Penumbra], AXS Infinity LS [Stryker]) or a 7F guiding
catheter (Fubuki [Asahi Intecc Medical]) was positioned in the
distal cervical segment of the ICA. A bolus dose of 2mg of
nimodipine diluted in 140mL of 0.9% NaCl solution was
infused through the guiding sheath for 10minutes to prevent
vasospasms during the procedure. The insular branch arising
from the neck of the aneurysm (stem artery or cortical branch)
was catheterized with a stent delivery 0.017-inch microcatheter
(Headway-17 [MicroVention], Vasco 10 [Balt], or SL-10
[Stryker Neurovascular]). Another 0.017- inch microcatheter
was jailed inside the aneurysm sac (Headway 17 or Echelon 10
[Medtronic]) for coiling if the plan was to implant a braided
stent.

A low-profile self-expandable braided or laser-cut open-cell
stent was deployed into the insular branch, extending proximally
to the related MCA trunk or the sphenoidal (M1) segment of the
MCA. Following the sealing of the aneurysm neck with the
implanted stent, the aneurysm sac was coiled using bare platinum
coils. In some cases in which we used a low-profile open-cell
stent, the stent delivery catheter was used for coiling after the
deployment of the stent. Dual antiplatelet treatment was contin-
ued for 3–6months after the endovascular procedure, and the
patients were switched to 100mg of aspirin thereafter.

Complications
Any intraprocedural adverse event that caused the failure or modi-
fication of the stent-assisted coiling procedure was defined as a
technical complication regardless of whether it resulted in clinical
symptoms. Complications that developed during the procedure or
within 7days following the procedure were defined as periproce-
dural complications. Complications that developed .7days after
the procedure were considered delayed complications.

Angiographic Follow-up
Immediate postprocedural DSA images were obtained to assess
the aneurysm occlusion status according to the Raymond-Roy
classification.17 The first follow-up DSA examinations were per-
formed 6–15months after the procedures. A second follow-up
DSA was performed between 24 and 36months postoperatively.
The follow-up DSA images were evaluated by 3 experienced sur-
geons to assess the filling status of the aneurysms, patency of par-
ent vessels, and the development of in-stent stenosis. On the
follow-up imaging, progressive thrombosis was defined as an
improvement in the Raymond-Roy classification. Recanalization
was defined as a deterioration in the Raymond-Roy classification.

Clinical Follow-up
The patients’ neurologic statuses were evaluated using the mRS
before the endovascular procedure, at discharge, and during the
clinical follow-up. The first clinical follow-up was performed 1–
2months after discharge. Additional clinical follow-ups were per-
formed during every angiographic follow-up.

Statistical Analysis
The descriptive statistical analyses in this study were performed
using SPSS Statistics 21.0 (IBM). Continuous variables were
reported as mean (SD). Categoric variables were reported as
proportions.
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RESULTS
Patients and Aneurysms
Twenty-seven patients (19 women, 70.4%) with an insular segment
MCA aneurysm were included in this study. The mean age of the
patients was 53.3 (SD, 11.3) years (range, 34–70 years). The mean
size of the aneurysms was 6.3 (SD, 2.6) mm (range, 3–15mm)
(Table 1). All aneurysms had a saccular morphology. One of the 27
aneurysms had ruptured 16weeks before the endovascular treat-
ment, and the patient with the ruptured aneurysm was
referred to JSC Central Hospital (Almaty City) center for
endovascular treatment. Another patient had a recanalized
aneurysm that had been treated previously with a primary
coiling procedure. The preoperative mRS score of 26 patients
was zero. The preoperative mRS score of 1 patient was 2 due
to the recent subarachnoid hemorrhage.

Immediate Angiographic Results
In most of the patients (81.5%), a self-expandable nitinol braided
stent was implanted (Table 2 and Fig 1). A laser-cut open-cell
stent was implanted in 5 patients (18.5%). The immediate post-
procedural DSA images revealed complete aneurysm occlusion in
22 patients (81.5%) and a neck remnant in 4 patients (14.8%). In
1 patient (3.7%), the aneurysm sac was intentionally partially
coiled to maintain the patency of a stem artery that was filling
from the superior-medial wall of the aneurysm sac (Fig 2).

Complications
Catheterization of side branches and the aneurysm sac, stent
deployment, and coiling procedures were successfully completed

in all patients. We did not have any technical complications. There
was no mortality in this study. A delayed thromboembolic compli-
cation resulted in minor permanent morbidity in 1 patient (3.7%).

Periprocedural complications developed in 2 patients (7.4%)
without causing permanent morbidity. The intraprocedural con-
trol DSA images of one of the patients revealed the development
and formation of an in-stent thrombus, and in this patient, an
intra-arterial bolus infusion of 25mg/kg of tirofiban through the
microcatheter achieved complete resolution of the thrombus. The
periprocedural complication in this patient did not cause any
symptoms, and the follow-up MR imaging performed 48hours
after the endovascular procedure did not reveal any ischemic
lesion. The mRS score of this patient was zero at discharge.
Another patient developed hemiparesis 6 hours after the comple-
tion of the endovascular procedure. An emergency DSA revealed
an occlusion of the branch that was jailed by the deployed stent.
An intra-arterial infusion of tirofiban through a 0.017-inch
microcatheter achieved a resolution of the thrombus and com-
plete patency of the side branch. The mRS score of this patient
was zero at 1-month follow-up, and she remained asymptomatic
on further follow-up. We also observed a delayed thromboem-
bolic complication in another patient (3.7%). This patient devel-
oped dysphasia 2weeks after the treatment of a left insular MCA
aneurysm that was located in the territory of the superior trunk.
Cranial MR imaging of this patient revealed an infarction with a
diameter of 2 cm in the cortex of the left frontal operculum. The
patient’s dysphasia regressed considerably during the following
8weeks, and the mRS score at the last follow-up was 1.

Follow-up
All patients underwent at least 1 follow-up DSA examination.
The mean angiographic follow-up duration was 19.5 (SD, 9.8)
months (range, 6–36months). Fifteen patients (55.6%) under-
went 2 follow-up DSAs, and the remaining 12 patients had only 1
follow-up angiography. The final follow-up angiography revealed
complete occlusion of the aneurysms in 25 patients (92.6%) and
neck filling in 2 patients (7.4%) (Fig 3). None of the treated
aneurysms showed recanalization. One aneurysm with a residual
sac filling found on the immediate postprocedural DSA eventu-
ally progressed to complete occlusion, which was seen on the 36-
month second follow-up angiography (Fig 2). Another aneurysm
with a neck filling on the immediate postprocedural DSA pro-
gressed to complete occlusion on the first follow-up DSA per-
formed 7months after the endovascular procedure. Two
aneurysms that had a residual filling of the neck on the immedi-
ate postprocedural DSA remained stable on the first follow-up
angiographies that were performed 6 and 9months after the
endovascular procedures. No patient required retreatment.

Twenty-five patients had mRS scores of zero at the final clini-
cal follow-up. One patient had a preprocedural mRS score of 2
that did not change during the follow-up period. One patient
who developed a delayed ischemic complication had an mRS
score of 1 at the final clinical follow-up.

DISCUSSION
Among MCA aneurysms, insular segment aneurysms have been
analyzed within the context of distal MCA aneurysms. Insular

Table 1: Summary of the patient demographics and aneurysm
characteristics

Demographics
Mean age (yr) 53.3 (SD, 11.3)
Sex
Female 19 (70.4%)
Male 8 (29.6%)
Aneurysm location
Right superior MCA trunk 6 (22.2%)
Right inferior MCA trunk 8 (29.6%)
Left superior MCA trunk 9 (33.3%)
Left inferior MCA trunk 4 (14.8%)
Aneurysm size (maximal diameter)
2–4 mm 7 (25.9%)
5–7 mm 14 (51.9%)
8–12 mm 5 (18.5%)
13–15 mm 1 (3.7%)
Aneurysm neck diameter (mm)a 3.8 (SD, 1.1) (2.1–6.7)
Diameter of the artery at the proximal
end of stent (mm)a

2.1 (SD, 0.22) (1.7–2.8)

Diameter of the artery at the distal
end of stent (mm)a

1.6 (SD, 0.17) (1.3–2.0)

a Data are given as the mean value (SD) (minimum-maximum values).

Table 2: Stents used in the endovascular procedures
Deployed Stent No. of Patients

LEO Baby (Balt) 20 (74.1%)
Neuroform Atlas (Stryker) 5 (18.5%)
LVIS EVO (MicroVention) 1 (3.7%)
Accero (Accandis) 1 (3.7%)
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segment aneurysms constitute most distal MCA aneurysms.18

Microsurgical management of insular segment MCA aneurysms
remains demanding. The difficulty in localizing these aneurysms
deep in the Sylvian cistern requires navigation using special tech-
niques. Furthermore, because they frequently have a complex
morphology, the microsurgical management of these insular
aneurysms often necessitates trapping and bypass.3,18 Although
insular segment MCA aneurysms were included in the previous
case series presenting the endovascular results of distal intracra-
nial aneurysms, there has not been a prior report focusing on the
endovascular treatment of insular aneurysms. This may also be
related to the reluctance of performing endovascular treatment in
distal, tortuous arteries with an eloquent supply.

Endovascular surgery has long been considered unfavorable for
MCA aneurysms on the basis of their complex neck morphology
incorporating the MCA branches, the complexity of the anatomy
of the MCA branches that are difficult to decipher on 2D angiogra-
phy images, and the requirement for catheterization of the distal
and small-sized MCA branches.5,7,19 However, in the past decade,
the advances in 3D angiography and the improvements in the
microcatheter, coil, and stent technologies, especially introduction
of low-profile self-expandable stents, have expanded the scope of
endovascular surgery to include the treatment of complex intracra-
nial aneurysms located distal to the circle of Willis.13,20,21 3D
angiographic imaging techniques have facilitated the deciphering
of the complex anatomic relationships between the neck of MCA
aneurysms and the incorporating MCA branches. Improvements
in the hydrophilic coating and microcatheter design technologies

have introduced the low-profile micro-
catheters with enhanced flexibility and
have allowed less traumatic and easier
navigation in small-sized, distal, tortu-
ous vessels. Last, low-profile, self-ex-
pandable stents have enabled the
coiling of wide-neck aneurysms located
in small-sized distal vessels.

The major bifurcation of the MCA
gives rise to 2 or 3 trunks. The insular
segment of the MCA includes the
trunks that lie on and supply the insula.
The greatest branching of the MCA
occurs at the anterior part of the insula,
which is distal to the genu.16 Six to 11
stem arteries arise from the trunks, and
each stem artery gives rise to 1–5 corti-
cal arteries. Therefore, there are many
bifurcation points in the insular seg-
ment, and the insular segment MCA
aneurysms usually arise from these
bifurcations. Therefore, insular segment
MCA aneurysms frequently have a
complex neck morphology that incor-
porates the stem arteries or proximal
parts of the cortical branches. The pro-
tection of the incorporating branches is
a technical concern for the treatment of
insular segment aneurysms. In our

cases, we used low-profile, self-expandable stents to protect the
incorporating branches during coiling of insular segment aneur-
ysms. In the current study, the stent deployment and coiling proce-
dures were successfully completed in all patients. We did not
observe any technical complications. Thus, the results of the current
study demonstrate that stent-assisted coiling with low-profile, self-
expandable stents is a feasible technique for the endovascular treat-
ment of insular segment MCA aneurysms.

In the current study, coiling with the assistance of a low-pro-
file stent achieved immediate postprocedural complete aneurysm
occlusion in 81.5% of patients. We observed a complete aneu-
rysm occlusion rate of 92.6% during a mean follow-up period of
19.5months. The angiographic results of the current study indi-
cate that stent-assisted coiling provides an effective and durable
treatment for MCA aneurysms located within the M2 segment.
In a meta-analysis, Brinjikji et al22 included 12 case series to
investigate the angiographic outcomes of the MCA aneurysms
treated with various endovascular methods. Approximately 50%
of the aneurysms had been ruptured. They found that 82.4% of
the MCA aneurysms were completely occluded during an imme-
diate postprocedural angiographic follow-up. However, 9.6% of
the aneurysms showed recanalization that required retreatment
during the follow-up period. Most aneurysms included in this
meta-analysis had been treated by primary coiling, and in only
20.4% of the cases had adjunctive endovascular devices such as
stents been used. Several studies have demonstrated that the re-
currence risk of aneurysms treated with stent-assisted coiling is
lower than that of aneurysms treated with simple coiling or

FIG 1. An adult patient with a recurrent right insular segment MCA aneurysm. A, DSA image
shows a saccular aneurysm located distal to the MCA genu (arrowhead) in the insular segment of
the right MCA. Two cortical branches arise from its neck. B, Postprocedural DSA image after the
primary coiling procedure reveals complete occlusion of the aneurysm. C, Follow-up DSA after
the primary coiling shows coil compaction and recanalization of the sac. D, The immediate post-
procedural DSA image that was obtained following the stent-assisted coiling shows complete
occlusion of the aneurysm. A self-expandable stent is deployed into one of the cortical branches
(arrows). E and F, 36-month follow-up DSA images demonstrate the stable occlusion of the aneu-
rysm (white arrow) and the patency of the cortical branches arising from its neck.

AJNR Am J Neuroradiol 43:560–67 Apr 2022 www.ajnr.org 563



balloon-remodeling techniques.23,24 In an animal study,
Raymond et al24 showed that stent-assisted coiling provided
more stable treatment than simple coiling. Deployment of a self-
expandable stent into the parent artery provides a mechanical
scaffold that assists in achieving a dense coil mesh inside the an-
eurysm sac, which prevents recanalization. Furthermore, self-ex-
pandable stents have hemodynamic effects that remodel the

arterial blood flow in the parent artery and reduce the hemody-
namic stress on the aneurysm neck. Therefore, the flow-remodel-
ing effect of the stents promotes the thrombosis of aneurysms
and prevents recanalization.

Johnson et al25 investigated the angiographic and clinical out-
comes of 100 MCA aneurysms treated with a stent-assisted coil-
ing technique using laser-cut self-expandable stents. In this study,

FIG 2. An adult patient with a left insular segment MCA aneurysm. A–C, Preprocedural DSA and 3D reconstructed angiography images show an
insular segment MCA aneurysm with a very complex morphology. Two cortical stem arteries of the superior trunk originate from the neck and
the superior-medial wall of the aneurysm sac. D and E, Immediate postprocedural nonsubstracted angiography images show the deployment of
a self-expandable braided stent (arrowheads) into the stem artery that arises from the neck, extending proximally to the superior trunk. The sac
of the aneurysm is partially coiled. Only the lateral compartment of the aneurysm sac is coiled to sustain the patency of the stem artery arising
from the superior-medial wall of the sac. The arrow shows the coil mesh inside the aneurysm sac. F, Immediate postprocedural DSA image
shows the patency of 2 stem arteries that arise from the neck (black arrow) and sac of the aneurysm (white arrow). H and K, Thirty-six-month
follow-up DSA images demonstrate complete occlusion of the aneurysm. L, Follow-up MR image (FLAIR) shows a small cortical infarction
(arrow) in the left frontal operculum. The mRS score of the patient was 1 during the clinical follow-up.
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only 5% of the aneurysms were ruptured. They found a complete
aneurysm occlusion rate of 90.4% at the 6-month angiographic
follow-up. The retreatment rate was 4.7%. In a recent study,
Hanel et al26 investigated the angiographic and clinical outcomes
of patients with MCA aneurysms that were treated with stent-
assisted coiling using laser-cut open-cell stents. In their study,
most aneurysms were located at the MCA bifurcation, and only
8.6% were located within the insular segment. They reported a
complete aneurysm occlusion rate of 80.8% at the end of a 12-
month follow-up period, whereas 5.7% of their patients were
retreated.

The long-term angiographic outcomes of the current study
are slightly better than those of previous endovascular studies
that have reported the results of MCA aneurysms. In our study, 2
aneurysms with partial neck and sac filling at the immediate post-
procedural angiography progressed to complete occlusion during
the follow-up period. None of the aneurysms recanalized or
required retreatment. In most of our cases, we used self-expanda-
ble braided stents. Compared with self-expanding laser-cut stents,
braided stents have a lower porosity and higher metal coverage
ratios. The relatively high mesh density of braided stents provides
a relatively high flow-diversion capacity.27 The high flow-

diversion capacity of the braided stents lowers the risk of recana-
lization and enables the progressive thrombosis of partially coiled
aneurysms. The use of self-expandable braided stents in most of
our cases might have contributed to the favorable angiographic
outcomes in our series. All aneurysms except 1 were unruptured
in our study. The rupture status of the aneurysms might have
also contributed to the good angiographic and clinical outcomes
in our patients.

Microsurgical treatment of unruptured insular segment MCA
aneurysms has not been specifically studied previously. A stand-
ard or modified pterional approach reportedly suffices for the
surgical treatment of insular aneurysms.3 The surgical results of
insular MCA aneurysms are similar to those of bifurcation aneur-
ysms.18 Therefore, for practical purposes, the results of microsur-
gery for insular segment aneurysms can be analyzed within the
context of MCA bifurcation aneurysms. In a large case series
including 716 patients with 750 unruptured MCA aneurysms,
Nussbaum et al28 demonstrated that microsurgery achieved com-
plete aneurysm occlusion in 92% of their cases. In another large
case series, Rodriguez-Hernandez et al7 investigated the results of
microsurgery for ruptured and unruptured MCA aneurysms.
They reported a postoperative complete aneurysm occlusion rate

FIG 3. A 35-year-old male patient with a right insular segment MCA aneurysm. A and B, Preprocedural 3D-reconstructed angiography and DSA
images show a wide-neck saccular aneurysm (arrow) located at the superior trunk of the right MCA. Three stem arteries arise from the aneu-
rysm neck. C, Intraprocedural DSA shows that one of the branches arising from the aneurysm neck is catheterized for stent placement (black
arrowhead) and another microcatheter is jailed inside the aneurysm for coiling (white arrowhead). D and E, Immediate postprocedural DSA and
nonsubstracted angiography images show that the aneurysm is coiled (white arrow) after the deployment of an open-cell self-expandable
Neuroform Atlas stent into one of the stem arteries arising from the neck, which extends proximally to the superior trunk (arrowheads). F, A
24-month follow-up DSA image demonstrates the complete occlusion of the aneurysm and patency of all the MCA branches.
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of 98.3%. None of their patients required retreatment during a
mean follow-up period of 3.9 years. Although the follow-up pe-
riod of the current study is considerably shorter, the long-term
angiographic outcomes of our patients are comparable with the
results of patients with MCA aneurysms treated with microsur-
gery in previous studies.

The safety of stent-assisted coiling treatment for MCA bifurca-
tion aneurysms has been demonstrated in previous studies.
Vendrell et al29 assessed the angiographic and clinical outcomes of
49 patients with 52 MCA aneurysms treated with a stent-assisted
coiling procedure. They reported a procedure-related morbidity
rate of 3.8%. Johnson et al25 reported a morbidity rate of 1% and a
mortality rate of 1% for the stent-assisted coiling procedure used to
treat MCA aneurysms. In a recent study, Hanel et al26 reported a
permanent morbidity rate of 8.5% after Neuroform Atlas stent-
assisted coiling of MCA aneurysms.

No mortality was observed in the current study. We observed
asymptomatic intraprocedural and delayed thromboembolic com-
plications in 2 patients (11.1%). These complications resulted in a
minor morbidity in 1 patient (3.7%). Nussbaum et al28 reported a
2.8% treatment-related complication rate after the microsurgical
treatment of unruptured MCA aneurysms. The morbidity rate of
the current study is comparable with the morbidity rates that had
been previously reported for MCA aneurysms treated with stent-
assisted coiling or microsurgical clipping. The favorable clinical
outcomes in the current study demonstrate that stent-assisted coil-
ing is a relatively safe treatment method for MCA aneurysms
located within the insular segment.

The main safety concern of stent-assisted coiling treatment
for insular segment complex MCA aneurysms might be the
necessity of catheterizing small-sized distal arteries. The maneu-
vers for catheterization and navigation in small-sized insular
branches with rigid microcatheters may produce a potential risk
of vessel injury. To decrease this risk, we used low-profile micro-
catheters with soft distal tips for both stent delivery and coiling,
and we did not experience any vessel injury induced by the cathe-
terization maneuvers.

The risk of thromboembolic complications produced by the
implantation of stents into small-sized vessels might be another
concern. Introduction of low-profile self-expandable stents has
been a major step in the evolution of endovascular aneurysm sur-
gery. Several previous studies demonstrated the feasibility and
safety of implantation of these low-profile stents into small-sized
distal arteries.12,13 In a recent study, Kim et al30 investigated the
safety of stent-assisted coiling of unruptured aneurysms using
low-profile stents in small-sized vessels. They found a procedure-
related morbidity in 4.5% without mortality. To reduce the risk
of thromboembolic complications, we performed preoperative
thrombocyte function tests to ensure sufficient antiaggregant ac-
tivity levels in our patients. Furthermore, precise control of blood
pressure and activated clotting time during the entire endovascu-
lar procedure might reduce the risk of intraprocedural throm-
boembolic events. Prevention of catheter-induced vasospasm is
another important issue for the avoidance of intraprocedural
thromboembolic complications. Intra-arterial nimodipine infu-
sion during the endovascular operation impedes microcatheter-
induced vasospasm.

There are some limitations of the current study. The main li-
mitation of this study is the retrospective nature of the study
design. Unblinded authors were the individuals who evaluated
the postprocedural and follow-up angiographic images of this
study. The decision for endovascular therapy in each case was
made by the institutional neurovascular teams. Therefore, the
effects of a selection bias cannot be excluded from the results
of this study. Other limitations are the small number of patients
and the relatively short angiographic follow-up duration. Because
of the small number of patients, we could not investigate the
potential effects of the stent types on the angiographic outcomes.
Furthermore, the current study investigated the outcomes of in-
sular segment MCA aneurysms. The results of this study cannot
be generalized for distal MCA aneurysms located at the opercular
(M3) or cortical (M4) segments.

CONCLUSIONS
The results of this retrospective case series demonstrate that stent-
assisted coiling with a low-profile self-expandable stent is a feasible
and relatively safe technique for endovascular treatment of insular
segment MCA aneurysms. Additionally, it provides an effective
and durable treatment for insular segment MCA aneurysms.

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 Meta-analysis of Combined Aspiration Catheter and Stent
Retriever versus Stent Retriever Alone for Large-Vessel

Occlusion Ischemic Stroke
D.A. Schartz, N.R. Ellens, G.S. Kohli, S.M.K. Akkipeddi, G.P. Colby, T. Bhalla, T.K. Mattingly, and M.T. Bender

ABSTRACT

BACKGROUND: The efficacy of combined aspiration catheter and stent retriever compared with stent retriever alone for the treat-
ment of large-vessel occlusion acute ischemic stroke is unclear.

PURPOSE: Our aim was to conduct a systematic literature review and meta-analysis on several metrics of efficacy comparing aspi-
ration catheter and stent retriever with stent retriever alone.

DATA SOURCES: MEDLINE and the Cochrane Library Databases were searched. Randomized controlled trials and case-control and
cohort studies were included.

STUDY SELECTION: Ten comparative studies were included detailing a combined 1495 patients with aspiration catheter and stent
retriever and 1864 with stent retrievers alone.

DATA ANALYSIS: Data on first pass effect (TICI 2b/2c/3 after first pass), final successful reperfusion (modified TICI $2b), and 90-
day functional independence (mRS # 2) were collected. Meta-analysis was performed using a random-effects model.

DATA SYNTHESIS: There was a pooled composite first pass effect of 40.8% (611/1495) versus 32.6% (608/1864) for aspiration cathe-
ter and stent retriever and stent retriever alone, respectively (P, .0001). Similarly, on a meta-analysis, aspiration catheter and stent
retriever were associated with a higher first pass effect compared with stent retriever alone (OR ¼ 1.63; 95% CI, 1.20–2.21; P ¼ .002;
I2 ¼ 72%). There was no significant difference in composite rates of successful reperfusion between aspiration catheter and stent
retriever (72.8%, 867/1190) and stent retriever alone (70.8%, 931/1314) (P ¼ .27) or on meta-analysis (OR ¼ 1.31; CI, 0.81–2.12; P ¼ .27;
I2 ¼ 82%). No difference was found between aspiration catheter and stent retriever and stent retriever alone on 90-day functional
independence (OR ¼ 1.02; 95% CI, 0.77–1.36; P ¼ .88; I2 ¼ 40%).

LIMITATIONS: This study is limited by high interstudy heterogeneity.

CONCLUSIONS: On meta-analysis, aspiration catheter and stent retriever are associated with a superior first pass effect compared
with stent retriever alone, but they are not associated with statistically different final reperfusion or functional independence.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; ASR ¼ combined aspiration catheter and stent retriever; BGC ¼ balloon-guide catheter; eTICI ¼ expanded
TICI; mTICI ¼ modified TICI; FPE ¼ first pass effect; LVO ¼ large-vessel occlusion; SR ¼ stent retriever

There are several different techniques used for the endovascular
treatment of acute ischemic stroke (AIS) secondary to large-ves-

sel occlusion (LVO), including mechanical thrombectomy via a
stent retriever (SR), direct contact aspiration using a large-bore

intermediate catheter, and a combined approach using a contact

aspiration catheter with a stent retriever (ASR). SR is a well-estab-

lished, safe technique for AIS and often results in high rates of suc-

cessful recanalization.1 Similarly, contact aspiration is a commonly

used technique. The Contact Aspiration vs Stent Retriever for

Successful Revascularization (ASTER) trial compared contact aspira-

tion with SR alone and found no significant difference in final reper-

fusion or first pass effect (FPE) between the 2 methods.2 FPE is an

increasingly used metric, expressed as the achievement of complete

recanalization with a single use/pass of a thrombectomy device.3

Recent studies have also investigated the efficacy of ASR, which
theoretically should synergize the positive thromboembolic

Received November 9, 2021; accepted after revision January 11, 2022.

From the Departments of Imaging Sciences (D.A.S.) and Neurosurgery (N.R.E., G.S.K.,
S.M.K.A., T.B., T.K.M., M.T.B.), University of Rochester Medical Center, Rochester, New
York; and Department of Neurological Surgery (G.P.C.), University of California Los
Angeles, Los Angeles, California.

Please address correspondence to Matthew T. Bender, MD, University of Rochester
School of Medicine and Dentistry, University of Rochester Medical Center, 601
Elmwood Ave, Rochester, NY 14642; e-mail: matthew_bender@urmc.rochester.edu
http://dx.doi.org/10.3174/ajnr.A7459

568 Schartz Apr 2022 www.ajnr.org

https://orcid.org/0000-0002-6220-9577
https://orcid.org/0000-0001-6901-1160
https://orcid.org/0000-0002-0192-581X
https://orcid.org/0000-0003-4717-4369
https://orcid.org/0000-0002-3376-0933
https://orcid.org/0000-0002-9211-4392
https://orcid.org/0000-0003-2949-5521
https://orcid.org/0000-0002-5101-0431
mailto:matthew_bender@urmc.rochester.edu


retrieval mechanisms of SR and contact aspiration. However,
results have been mixed. While some studies have shown that
ASR results in superior technical and clinical outcomes,4-6 other
studies have shown no such benefits.7-9 The recently completed
Combined Use of Contact Aspiration and the Stent Retriever
Technique Versus Stent Retriever Alone for Recanalisation in
Acute Cerebral Infarction (ASTER2) trial compared ASR with SR
and found no difference in the final reperfusion, but multiple sec-
ondary reperfusion end points favored ASR.9 Thus, the efficacy of
ASR compared with SR alone is unclear. The aim of this study was
to complete a systematic literature review and meta-analysis to bet-
ter evaluate how ASR compares with SR in LVO AIS.

MATERIALS AND METHODS
Literature Search and Eligibility Criteria
A Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA)–guided systematic literature review and
meta-analysis was conducted to investigate the efficacy of pri-
mary ASR verses SR alone for the treatment of LVO AIS.
Institutional review board approval was not required because the
data were obtained from already published studies and are pub-
licly obtainable.

The MEDLINE and Cochrane Databases were searched up to
September 2021 using the following search terms: “Aspiration
Catheter” AND “Mechanical Thrombectomy” AND “Stroke,”
“Aspiration Catheter” AND “Stent Retriever” AND “Stroke,”
“Aspiration” AND “Stent Retriever” AND “Stroke,” “Aspiration”
AND “Mechanical Thrombectomy” AND “Stroke.” The
MEDLINE software removed duplicated studies between queries;
results from the Cochrane Database were cross-referenced with the
MEDLINE results, and duplicates were excluded. Only comparative
studies with internal controls were included in this analysis (eg,
directly compared efficacy metrics of ASR and SR within same
study cohort). Each study from the literature search was screened
on the basis of the title alone or abstract, with further reading of the
article if there was uncertainty about preliminary inclusion. Studies
had to be written in English for inclusion and to include .18
patients within the cohort. Both randomized controlled trials and
observational studies were included in the quantitative synthesis.
For inclusion, studies had to describe the use of primary combined
aspiration catheter and stent retriever as a treatment technique;
those that used adjunct aspiration/or SR as a rescue therapy were
not included in this analysis. Similarly, for the SR studies, SR had to
be used as a primary technique. After the initial screening process,
all of the studies were more rigorously assessed for possible final
inclusion by 2 independent reviewers for confirmation of data with
disagreements settled by consensus. Inclusion of at least one of the
main outcomemeasures described below was an additional require-
ment for inclusion in the meta-analysis.

Outcome Measures
Three primary outcome measures were evaluated to compare the
efficacy of ASR and SR alone for ischemic stroke of the anterior cir-
culation. FPE was measured on the basis of the internal metric for a
successful first pass as dictated for each individual study, which
included expanded TICI (eTICI) $2b, eTICI $2c, or modified
TICI (mTICI) 3 only. For the sake of this study, FPE also included

modified FPE (eg, achieved mTICI 2b after the first pass) if that
was what was reported as FPE in the study. In other words, some
studies described modified FPE or the equivalent (eg, “successful
reperfusion”) as an eTICI $2b, while in other studies, only mTICI
2c/3 cases were considered a successful first pass. However, because
they were internally controlled, both types were included in the
FPE analysis. The final TICI score following endovascular interven-
tion was used as a surrogate for successful reperfusion. Studies had
to describe a final TICI score of either eTICI $2c or mTICI $2b,
and both were grouped and included in the successful reperfusion
analysis. All studies had to delineate the exact TICI score for inclu-
sion in this analysis and the FPE analysis. Ninety-day functional in-
dependence (mRS 0–2) was also investigated as a primary outcome.
A study had to detail at least one of these outcome measures to be
included in the quantitative synthesis. Subgroup analyses based on
the TICI definition of the primary outcome measures of FPE and
successful reperfusion were also completed. Studies that defined an
outcome measure by TICI 3 and mTICI 2c/3 scores were grouped
together, whereas those that defined an outcome with mTICI $2b
were grouped together. Last, a secondary composite outcome mea-
sure included the 90-day mortality rate.

Results Synthesis and Statistical Analysis
Forest plots for each of the primary outcome measures of FPE,
successful reperfusion, and 90-day functional independence were
constructed with corresponding ORs. A random-effects model
was used to calculate the pooled OR for each analysis using a
Mantel and Haenszel method. All forest plots and corresponding
statistical analyses including tests of heterogeneity were calculated
using Review Manager (RevMan computer program, Version
5.4; https://review-manager.software.informer.com/5.4/). A x 2 test
(completed using GraphPad Prism 9 software; GraphPad Software)
was used to assess statistical significance for overall composite dif-
ferences in efficacy rates and secondary outcome measures.

Bias and Heterogeneity Assessments
Statistical heterogeneity was assessed using the Cochran Q statis-
tic and described using the I2 measure and P value. An I2 of
.50% and .75% was used as a benchmark for moderate and
considerable heterogeneity, respectively. A heterogeneity P value
. .10 was used to indicate statistically nonsignificant heterogene-
ity. An assessment of potential publication bias was also com-
pleted for each analysis using funnel plots and the Egger test,
implemented using MedCalc statistical software (https://www.
medcalc.org). An Egger test P value , .10 was used to indicate
significant publication bias.

RESULTS
Systematic Literature Search
From MEDLINE and Cochrane Databases, 484 studies resulted
from our search after the removal of duplicates. Two articles were
found on the basis of screening references based on a supplemen-
tary literature review. Fourteen articles that potentially met the full
inclusion criteria were more rigorously assessed. Four of these
articles were eventually not included for the following reasons: One
study did not adequately specify the TICI score from those treated,
2 studies had ,18 patients in each treatment arm, and 1 study
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described only M2 occlusions and not LVO. As a result, 10 studies
describing a total of 1495 patients having undergone ASR and 1864
having undergone SR met the final inclusion criteria for the quanti-
tative synthesis (Fig 1).4-13 Of these studies, 1 was a multicenter
randomized controlled trial, 1 was a multicenter prospective regis-
try study, 4 were single-center retrospective studies, 1 was a single-
center prospective study, and 3 were multicenter retrospective stud-
ies. A review of the characteristics of the included studies can be
seen in the Table.

Meta-analysis
From the 10 included comparative
studies, there were 1495 patients hav-
ing undergone ASR and 1864 having
undergone SR. The criteria for FPE
were achievement of mTICI 2c/3 in 8
studies, and in 2 studies, it was defined
as TICI $2b. Regarding FPE results,
the pooled composite rates were
40.8% (611/1495) versus 32.6% (608/
1864) for ASR and SR, respectively
(P, .0001). On meta-analysis, pri-
mary ASR was also associated with a
higher FPE compared with primary
SR (OR ¼ 1.63; 95% CI, 1.20–2.21; P
¼ .002) (Fig 2). A subgroup analysis
was completed on the basis of TICI
criteria and the FPE definition. Both
the mTICI 2c/3 subgroup (8 studies,
2947 patients) and the TICI $2b sub-
group (2 studies, 412 patients) signifi-
cantly favored ASR over SR with an
OR of 1.47 (95% CI, 1.04–2.07; P ¼
.03) and 1.63 (95% CI, 1.20–2.21;
P, .0001), respectively (Fig 2).

Successful final reperfusion was
defined as mTICI $2b in 7/9 (1698
patients) of the included studies, and as
mTICI 2c/3 in the other 2/9 studies
(806 patients). There was no significant
difference in composite rates between
ASR (72.8%, 867/1190) and SR (70.8%,
931/1314) (P¼ .27) regarding successful
reperfusion. This was similarly the case
on a meta-analysis comparing ASR and
SR (OR ¼ 1.31; 95% CI, 0.81–2.12; P ¼
.27) (Fig 3). However, on subgroup
analysis based on the TICI score reper-
fusion definition, ASR had a signifi-
cantly higher odds of achieving
successful final reperfusion when
defined as mTICI $2b compared with
SR alone (OR ¼ 1.64; 95% CI, 1.04–
2.50; P ¼ .03), whereas in studies that
defined reperfusion as mTICI 2c/3,
there was no difference between ASR
and SR (OR ¼ 0.72; 95% CI, 0.22–2.39;
P¼ .59) (Fig 3).

For the last main outcome measure of functional independ-
ence (ie, 90-day mRS of 0–2), there was no significant difference
in reported composite rates between ASR (42.5%, 293/690) and
SR (45.9%, 360/784) (P ¼ .19), which was also the same on the
meta-analysis (OR ¼ 1.02; 95% CI, 0.77–1.36; P ¼ .88; I2 ¼ 40%)
(Fig 4). The 90-day mortality rates from those studies that
reported it were also investigated. Overall, the composite mortal-
ity rates between ASR and SR were not significant at 17.9% (117/
651) verses 16.8% (132/787), respectively (P¼ .58).

FIG 1. PRISMA literature review flow diagram.

Characteristics of studies included within quantitative synthesis

Study Design
ASR
(No.)

SR
(No.)

BGC Use
(No.)

Hesse et al, 201812 Multicenter, retrospective 184 102 100
Colby et al, 201910 Single center, retrospective 106 215 49.5
Hafeez et al, 202011 Single center, retrospective 51 57 100
Kim et al, 20206 Single center, retrospective 42 49 100
Meder et al, 202113 Single center, retrospective 37 33 0
Lapergue et al, 20219 Multicenter, randomized

controlled trial
203 202 93

Okuda et al, 20215 Multicenter, retrospective 240 128 98.6
Blasco et al, 20217 Multicenter, retrospective 128 273 100
Mohammaden et al, 20218 Single center, prospective 165 255 100
Di Maria et al, 20214 Multicenter, prospective 339 550 21.3
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Assessment of Heterogeneity and Bias
An assessment of interstudy heterogeneity among the included
studies was completed and described using the I2 and heterogene-
ity P values. For the primary FPE analysis, there was moderate
heterogeneity among the included studies (I2 ¼ 72%, P ¼ .0002).
Regarding the successful recanalization analysis, there was con-
siderable interstudy heterogeneity (I2 ¼ 82%, P, .001). There
was nonsignificant low heterogeneity among the studies included
in the functional outcome analysis (I2 ¼ 40%, P ¼ .88). The
Egger test was used to assess potential publication bias for the pri-
mary outcome measures. Significant publication bias was found

in the functional independence analysis (P ¼ .05). There was no
significant publication bias in the FPE analysis (P ¼ .75) or the
reperfusion analysis (P¼ .68).

DISCUSSION
This was the first meta-analysis to evaluate the efficacy between
ASR compared with SR alone for the treatment of AIS. The cur-
rent literature comprises retrospective studies and a single
randomized controlled trial. On pooled quantitative synthesis,
ASR was associated with a superior first pass success rate (OR ¼

FIG 3. Forest plot for final reperfusion analysis. M-H indicates Mantel and Haenszel.

FIG 2. Forest plot for FPE analysis. M-H indicates Mantel and Haenszel.
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1.63, P ¼ .002). However, there was no significant difference
between ASR and SR regarding final reperfusion, functional inde-
pendence, or 90-day mortality.

The headlines emerging from randomized trials suggest simi-
lar final reperfusion with varying technical approaches to endo-
vascular thrombectomy. The ASTER randomized clinical trial
compared primary contact aspiration with primary SR and found
no difference in final successful revascularization rates.2 The
recent ASTER2 randomized controlled trial similarly investigated
the efficacy of ASR verses SR alone and also found no difference
in final reperfusion rates of eTICI$2c (64.5% versus 57.9%, P ¼
.17).9 However, the absolute difference of 6.6% in ASTER2 did
exceed the minimal clinically important differences, believed to
be between 3.1% and 5%.14 The authors acknowledged that a
treatment effect of 15% was expected, so ASTER2 may have sim-
ply been underpowered.

Although the primary end point did not, several relevant sec-
ondary end points in ASTER2 favored ASR over SR alone. ASR
was superior at achieving eTICI 2b/2c/3 (86.2% versus 72.3%,
P, .001) and eTICI 2c/3 (59.6% versus 49.5%, P ¼ .04) after the
assigned initial intervention alone, which could be repeated up to
3 times.9 There was a trend toward improved FPE with ASR
(40.9% versus 33.7% eTICI 2c/3, P ¼ .12; 53.7% versus 44.6%
eTICI 2b50/2c/3, P ¼ .06), though this did not reach statistical
significance. An additional study of 1832 patients found that
combined thrombectomy and thromboaspiration resulted in a
superior FPE compared with SR alone, and in those patients in
whom FPE was achieved, a significantly better outcome and 90-
day mortality result was observed.4 In the present meta-analysis,
no difference in final reperfusion was observed (P ¼ .27), but
achievement of TICI 2b/2c/3 after first pass was superior in the
ASR group (OR ¼ 1.63, Fig 2). However, while there was no sig-
nificant difference in final reperfusion overall, subgroup analysis
based on the reperfusion definition revealed that ASR was supe-
rior at achieving mTICI 2b/3 (OR ¼ 1.61, P ¼ .03). Given that
there was no significant difference in mTICI 2c/3 (Fig 3), this
finding seems to suggest that the mTICI 2b/3 subgroup result
was likely due to a higher proportion of mTICI 2b final
reperfusion.

There has been a movement toward making FPE the primary
outcome of trials of endovascular thrombectomy. This has largely
been on the basis of reduced complications associated with fewer
passes15 and superior outcomes if complete reperfusion is
achieved after the first pass.16 FPE also has statistical advantages:

Outcomes that are evenly distributed between good and bad are
more sensitive in demonstrating the salutary and detrimental
effects of procedural variation. A previous meta-analysis showed
that FPE and modified FPE rates after endovascular thrombec-
tomy generally were 28% and 45%, respectively.17 Final reperfu-
sion in most LVO series was$80%, which may limit the ability to
detect differences resulting from technical variation.18 Moreover,
final reperfusion is necessarily reported as intention-to-treat, given
the technical crossover that occurs in second, third, and subse-
quent passes. FPE, by contrast, more closely represents the results
of a single embolectomy technique. ASTER2 required 3 attempts
with identical techniques,9 though in retrospective series crossover
occurs in as high as 30%–45% of cases.5,7

Given that ASR is associated with superior FPE and that FPE
is associated with better outcomes, it was surprising that ASR was
not also associated with superior clinical results on the meta-anal-
ysis. A possible explanation is that many studies, including
ASTER2, required the use of a balloon-guide catheter (BGC) in
both treatment arms.5,9 BGCs arrest flow, reducing clot fragmen-
tation and distal emboli.19 Mechanistic overlap was observed
from the introduction of intermediate aspiration catheters: Kurre
et al20 reported a reduction (14.6% to 3.3%) of distal emboli by
adding an intermediate aspiration catheter to the SR without the
use of a BGC. Bourcier et al21 showed that a BGC does not confer
better reperfusion and clinical outcomes compared with no BGC
when used with combined SR and contact aspiration. Given the
overlapping mechanism of a BGC and distal aspiration, it is plau-
sible that the requirement of BGCs in studies comparing ASR
and SR functionally diluted the effect of the intermediate aspira-
tion catheter. This possibility could explain why the ASTER2 trial
did not achieve a significant difference in final reperfusion, and
why it may have been underpowered. Additionally, the outcome
measure we investigated was 90-day mRS, but it is possible that
the outcome differences between ASR and SR are more granular
—that is, they may be limited to short-term issues and complica-
tions that resolve by day 90: temporary physical deficits, pro-
longed hospital stay, increased discharge to rehabilitation
facilities, and/or higher procedural costs because rescue techni-
ques may be required. These possibilities are an avenue for future
studies and should be considered in future trial design.

This study has several limitations. First, there is a degree of
heterogeneity in regard to the embolectomy technique, including
the required use of a BGC, which may function as a confounding
variable. Most studies in the analysis required or primarily used a

FIG 4. Forest plot for functional independence (90-day mRS of 0–2). M-H indicates Mantel and Haenszel.
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BGC with their technique,5-9,11 whereas in some studies, it was
more variable or did not necessitate a BGC for inclusion in the
analysis.4,10,13 Additionally, there has been only 1 randomized
controlled trial to date; thus, the data in the literature are limited
to single or multicenter retrospective/prospective analyses, which
are prone to biases inherent to their study design. Furthermore,
the definition of FPE and final reperfusion varied among studies:
Some defined them as achievement of mTICI 2c/3, and others, as
reaching eTICI $2b. Although we included only comparative
studies with internal controls and completed subgroup analysis
based on outcome definition to compensate for this difference,
the results should still be interpreted within this context.

An additional limitation is that this study compared only 2
techniques without association with any other variables that
could alter their efficacy. For example, clot composition was not
considered but has been shown to influence FPE in thrombec-
tomy.22 Similarly, this study did not account for the presence of
a positive susceptibility vessel sign, which has also been shown
to predict and influence the success of thrombectomy.23 In fact,
the ongoing Vesair Balloon Confirmatory Trial (VECTOR) is
investigating how positive susceptibility vessel sign occlusions
might influence the efficacy of a first-line SR combined with
contact aspiration versus contact aspiration alone.24 Moreover,
thrombus positioning was also not considered even though
thromboaspiration success has been shown to be influenced by
the interface angle between the clot and thrombectomy device.25

Last, we also observed a moderate-to-considerable degree of inter-
study heterogeneity within the FPE and recanalization analyses,
likely, in part, due to the aforementioned limitations. Thus,
the results described here should be interpreted with these
considerations.

CONCLUSIONS
The current literature indicates that ASR results in a superior
FPE compared with SR alone. Despite no significant difference in
final recanalization overall, subgroup analysis suggests that ASR
may result in superior final reperfusion when defined as mTICI
$2b. Nonetheless, there was no significant difference in func-
tional outcomes between the 2 techniques. Further research
should focus on variables that account for differences between
ASR and SR, such as the use of a BGC, among others.

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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CT-Guided C2 Dorsal Root Ganglion Radiofrequency
Ablation for the Treatment of Cervicogenic Headache: Case

Series and Clinical Outcomes
J.L. Chazen, M. Roytman, E.S. Yoon, T.K. Mullen, and D.R. Lebl

ABSTRACT

SUMMARY: Cervicogenic headache is a secondary headache syndrome attributable to upper cervical spine pathology.
Osteoarthritis of the lateral atlantoaxial joint with resultant C2 dorsal root ganglion irritation is an important and potentially treat-
able cause of cervicogenic headache. In this case series, we present 11 patients with cervicogenic headache who underwent C2 dor-
sal root ganglion thermal radiofrequency ablation. Radiologists should be familiar with this efficacious procedure and technical
considerations to avoid complications.

ABBREVIATIONS: DRG ¼ dorsal root ganglion; RF ¼ radiofrequency; RFA ¼ radiofrequency ablation; VAS ¼ visual analog scale

Cervicogenic headache is a secondary headache syndrome at-
tributable to upper cervical spine pathology, with an esti-

mated prevalence of up to 4% of the general population and 20%
of patients with chronic headache.1 Due to the convergence of
upper cervical segment nociceptive afferents with the trigeminal
complex, pain from the upper cervical nerves may be referred to
the occipital, orbital, frontal, and/or parietal regions.2 Potential
culprit nerves include the greater occipital nerve, lesser occipital
nerve, and third occipital nerves, with the greater and lesser occi-
pital nerves both receiving contributions from the C2 dorsal root
ganglion (DRG).3,4 While cervicogenic headaches may occur from
a variety of pathologies (including tumor, fracture, infection, and
inflammatory arthritis), osteoarthritis of the lateral atlantoaxial
joint with resultant C2 DRG irritation is an important and poten-
tially treatable cause of cervicogenic headache.5 Image-guided
pulsed or thermal radiofrequency ablation (RFA) of the C2 DRG
has been described with high response rates.6-9 We report clinical
outcomes of a series of 11 patients in whom C2 DRG thermal
RFA was performed using a CT-guided technique.10

Case Series
Institutional review board approval was obtained for this retro-
spective case series from the Hospital for Special Surgery and

Weill Cornell Medicine IRBs. Patient characteristics and out-
comes are described in the Online Supplemental Data. All 11
patients were diagnosed with cervicogenic headache after clinical
evaluation and met the International Classification of Headache
Disorders diagnostic criteria for having cervicogenic headache.11

All patients underwent preprocedural cervical MR imaging and
demonstrated asymmetric T2 hyperintense edema within the
C1–C2 lateral atlantoaxial joint, ipsilateral to the site of neck and
occipital distribution pain (Fig 1).

From February 2019 through October 2021, eleven C2 DRG
RFAs were performed. Cases were performed by a neuroradiologist
with a Certificate of Added Qualification and 9 years of postfellow-
ship experience and a musculoskeletal radiologist with 3 years of
postfellowship experience. There were 4 men and 7 women in the
cohort, with a mean age of 77 (SD, 7.8) years (median, 77 years;
range, 62–90years) (Online Supplemental Data). The C2 DRG
RFA procedural technique and contraindications have been
described previously.10 In brief, the patient is placed supine on the
CT gantry and a noncontrast scan of the craniocervical junction is
acquired with a CT grid in place. All patients were offered moderate
sedation for the ablation procedure. A suitable entry site to target
the C2 DRG is planned at the base of C2; it is critical to place the
needle below the C1 ring just above the C2 lateral mass to avoid the
traversing the V3 segment of the vertebral artery. By means of inter-
mittent CT guidance, a 22-ga radiofrequency (RF) cannula with a
5-mm active tip (Abbott) is advanced to the C2 DRG (Fig 2). A
small amount of nonionic iodinated contrast can be injected to con-
firm the appropriate position (Fig 3). Following sensory testing at
50Hz up to 2 V to confirm the appropriate distribution of stimula-
tion, thermal RFA can then be performed for 90 seconds at 80° cen-
tigrade (Abbott NeuroTherm; Greyline Medical). A C2 nerve block
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is then performed using a 1:1 mixture of 1mL preservative-free
dexamethasone, 10mg/mL, and 0.5% bupivacaine; the needle is
removed and sterile dressing applied. Patients are observed for 1
hour and discharged home.

The mean preprocedural visual analog scale (VAS) pain score
was 8 of 10. The mean postprocedural pain score was 2 of 10.
(Table) There was a statistically significant reduction in the mean

VAS score as determined by a 2-tailed Wilcoxon signed-rank test
(P= .003). There were no major procedural complications. Three
of 11 patients reported paresthesia in the occipital distribution
with numbness and tingling. The mean follow-up was 10.4
months (range, 1–33months). Most patients reduced or ceased
the use of oral analgesics and reported improvement in lifestyle
activities. All patients reported that they would undergo the pro-
cedure again if pain symptoms returned.

DISCUSSION
Cervicogenic headache can have a variety of causes, and an accu-
rate diagnosis is required to guide management.12 Significant
overlap exists between cervicogenic headaches and other primary
and secondary headache disorders, including migraine headache,
tension-type headache, and occipital neuralgia.2 Occipital neural-
gia, another secondary headache syndrome with occipital pain as
a key feature, differs from cervicogenic headaches in that it is
characterized by paroxysmal shooting or stabbing pain over the
posterior scalp, typically radiating from the suboccipital region
toward the vertex.4 In this cohort, patients were screened using
cervical MR imaging and only considered for ablation if C1–C2
lateral mass bone marrow edema was present ipsilateral to the
site of occipital distribution pain.

Patients with cervicogenic headaches may respond to local an-
esthetic blockade of the occipital nerves (greater occipital nerve,

FIG 1. Sagittal STIR image (patient 11) of the cervical spine showing T2
hyperintense bone marrow edema (arrows) in the lateral atlantoaxial
(C1–C2) articulation.

FIG 2. Intraprocedural axial CT image (patient 10) showing placement
of a 22-ga RFA cannula at the expected location of the C2 DRG. The
needle tip lies just above the C2 pedicle. The vertebral artery is safely
located lateral to the C2 vertebral body at this level (asterisk).

FIG 3. Intraprocedural axial CT image (patient 8) showing contrast
injection surrounding the left the C2 DRG (arrow).

Patient outcome
Age
(Yr) Female

VAS Pre-
Ablation

VAS Post-
Ablation

VAS
Reductiona

Mean 77 64% 8.2 1.9 77%
SD 7.8 1.7 1.6

a Statistically significant reduction in mean VAS as determined by the Wilcoxon
signed-rank test (P, .05).
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third occipital nerve, or both). The C2 DRG is the principal nerve
root that contributes to the greater and lesser occipital nerves,
providing an ideal target for ablation, because it only provides
sensory innervation.13,14

Patients should be considered for C2 DRG RFA if they
present with cervicogenic headaches and have failed conserva-
tive treatment options, including physical therapy and medica-
tion therapy. Diagnostic injections may be performed to
exclude a peripheral occipital nerve entrapment. MR imaging
of the cervical spine should be performed to evaluate the facet
joints and upper cervical nerve roots. In the authors’ experi-
ence, a C2 nerve block without RFA does not provide sus-
tained clinical relief, and the authors do not require a C2 block
before performing C2 RFA. However, it is not unreasonable to
consider a C2 anesthetic block to confirm the pain generator
in cases in which it may be unclear.

Pre- or intraprocedural CT angiography may be performed to
ensure a safe procedural approach. Vascular injury and vascular
variants have been reported.15,16 The authors do not routinely
perform vascular imaging before or during C2 ablation.
However, preprocedural cervical MR imaging was always
reviewed with attention to the vertebral artery and branch vessel
flow voids.

Conventional (thermal) RFA generates sustained high tem-
perature surrounding the active tip of an insulated cannula,
resulting in neurodestruction. Pulsed RF is an alternative to
thermal RF and has advantages, including a decreased poten-
tial for local thermal injury and a decreased incidence of post-
procedural inflammation. However, pulsed RF is typically less
efficacious than thermal ablation, with patients experiencing a
shorter duration of pain relief, often necessitating repeat
procedures.17

Periprocedural inflammation can cause significant pain and
may be distressing for patients. C2 RFA was followed by a C2
DRG nerve block in our cohort using a nonparticulate steroid
mixed with a long-acting anesthetic (1mL of preservative-free
dexamethasone, 10mg/mL, and 0.5% bupivacaine). Clinical
improvement of pain may take 2–4weeks after the ablation but
appears to be durable with thermal RFA. None of the patients in
this case series had recurrent symptoms during the study period.

No major complications were encountered. No patients in
this cohort went on to surgical fusion during the study period.
Adverse effects from the procedure include numbness and pares-
thesia in the occipital distribution. However, all patients indicated
they would undergo the procedure again if symptoms returned
and numbness did not negatively impact quality of life. Potential
risks include intra-arterial or intrathecal puncture and injection
of medication, CSF leak, spinal cord puncture, and vertebral ar-
tery injury with a risk of stroke.18

Surgical C1–C2 fusion may be considered for patients who
fail or have a suboptimal clinical response to C2 RFA. In refrac-
tory cases of severe degenerative arthropathy of the C1–C2 artic-
ulation, a technique for surgical fusion was described by Goel and
Laheri19 and popularized by Harms et al.20 Patients with severe
degenerative atlantoaxial arthropathy often have already lost a
significant amount of cervical spine rotational motion, making
surgical fusion for pain relief a viable option. In addition to the

benefit of the elimination of motion around the C2 DRG, direct
surgical decompression may be performed; however, nerve root
compression is often dynamic. Implantation of cervical interfacet
spacers into the C1–C2 joint has been described as a technique
for indirect decompression (restoration of C2 foraminal height)
with successful results.21

In conclusion, CT-guided C2 RFA appears to be a safe and ef-
ficacious procedure for the treatment of cervicogenic headache in
patients with C1–C2 lateral mass bone marrow edema and ipsi-
lateral symptomatology. Further prospective study is necessary to
fully elucidate the durability of this intervention and compare it
with alternative treatment options.

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
HEAD & NECK

A New Frontier in Temporal Bone Imaging: Photon-Counting
Detector CT Demonstrates Superior Visualization of Critical

Anatomic Structures at Reduced Radiation Dose
J.C. Benson, K. Rajendran, J.I. Lane, F.E. Diehn, N.M. Weber, J.E. Thorne, N.B. Larson, J.G. Fletcher,

C.H. McCollough, and S. Leng

ABSTRACT

BACKGROUND AND PURPOSE: Photon-counting detector CT is a new technology with a limiting spatial resolution of #150 mm. In
vivo comparisons between photon-counting detector CT and conventional energy-integrating detector CT are needed to deter-
mine the clinical impact of photon counting-detector CT in temporal bone imaging.

MATERIALS AND METHODS: Prospectively recruited patients underwent temporal bone CT examinations on an investigational pho-
ton-counting detector CT system after clinically indicated temporal bone energy-integrating detector CT. Photon-counting detec-
tor CT images were obtained at an average 31% lower dose compared with those obtained on the energy-integrating detector CT
scanner. Reconstructed images were evaluated in axial, coronal, and Pöschl planes using the smallest available section thickness on
each system (0.4mm on energy-integrating detector CT; 0.2mm on photon-counting detector CT). Two blinded neuroradiologists
compared images side-by-side and scored them using a 5-point Likert scale. A post hoc reassignment of readers’ scores was per-
formed so that the scores reflected photon-counting detector CT performance relative to energy-integrating detector CT.

RESULTS: Thirteen patients were enrolled, resulting in 26 image sets (left and right sides). The average patient age was 63.6 [SD,
13.4] years; 7 were women. Images from the photon-counting detector CT scanner were significantly preferred by the readers in all
reconstructed planes (P, .001). Photon-counting detector CT was rated superior for the evaluation of all individual anatomic struc-
tures, with the oval window (4.79) and incudostapedial joint (4.75) receiving the highest scores on a Likert scale of 1–5.

CONCLUSIONS: Temporal bone CT images obtained on a photon-counting detector CT scanner were rated as having superior spa-
tial resolution and better critical structure visualization than those obtained on a conventional energy-integrating detector scanner,
even with a substantial dose reduction.

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

Photon-counting detector (PCD) CT is an emerging technology
that has substantial promise in improving clinical imaging.1,2

Conventional CT scanners are equipped with energy-integrating
detectors (EIDs) that use a scintillator to convert x-rays into visible
light, which a photodiode converts to an electric signal. EID-CT
requires the use of septa between detector elements, which limit
spatial resolution.3 One CT manufacturer increased the available

spatial resolution of the system by using attenuating filters to
reduce the effective pixel aperture;4 this use results in a decreased
geometric dose efficiency, which requires an increase in the radia-
tion dose to achieve the same noise level as an image without an
attenuating filter (at lower spatial resolution). PCDs, conversely,
directly transform photons into electric signal and record each
individual photon and do not require septa between detector ele-
ments or the use of attenuating filters.5 Hence, PCDs allow more
dose-efficient high-spatial-resolution imaging.6,7 In addition, the
PCD assigns uniform weighting to each detected photon irrespec-
tive of its energy,8 which results in an improved SNR. PCD-CT
also provides decreased beam-hardening artifacts9,10 and reduced
electronic noise.1,11

Zhou et al12 have previously demonstrated, in a cadaver study,
that the lack of attenuating filters with PCD-CT can result in an
approximately 50% dose reduction if other acquisition parame-
ters are kept unchanged. PCD-CT can also improve visualization
of key anatomic structures, which may improve clinical
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diagnoses. On the basis of preliminary work,13 we designed a
temporal bone PCD-CT protocol that uses up to 31% lower radi-
ation dose and a reconstruction kernel with 35% higher cutoff
spatial frequency compared with EID-CT with an attenuating fil-
ter, and a 0.2-mm section thickness, which is half of that used at
EID-CT (0.4mm). The purposes of this pilot study were to com-
pare the capabilities of a PCD-CT system with EID-CT with an
attenuating filter for temporal bone imaging and to provide
examples of PCD-CT temporal bone imaging in patients with
clinical indications.

MATERIALS AND METHODS
Patient Cohort
Patients referred for a clinically indicated temporal bone CT exam-
ination scanned using EID-CT scanners were prospectively
recruited to undergo a research temporal bone CT scan on an
investigational PCD-CT system. Written informed consent was
obtained from all participants for this Health Insurance Portability
and Accountability Act–compliant, institutional review board–
approved study (Mayo Clinic, Rochester, MN, USA). Relevant
clinical data, including but not limited to temporal bone surgical
history and findings on the clinical EID-CT, were abstracted from
the electronic medical record.

CT Protocol
EID-CT scans were performed on a third-generation EID-CT
system (SOMATOM Force; Siemens) using a ultra-high-resolu-
tion mode (120 kV; mean volume CT dose index = 51.5 [SD, 3.8]
mGy; pitch= 0.35, rotation time= 1 second), according to our
routine clinical protocol, which uses a Ur77 reconstruction kernel
and 0.4-mm section thickness (the minimal section thickness for
this CT system).11 The ultra-high-resolution protocol uses an
attenuating filter.

The research PCD-CT scan was performed on an investiga-
tional PCD-CT system (SOMATOM Count Plus; Siemens;
120 kV, mean volume CT dose index = 35.6 [SD, 1.7] mGy,
pitch= 1.0–1.2, rotation time= 1 second) using the high-resolu-
tion mode (120 � 0.2mm collimation) with a dedicated sharp
Hr84 kernel and the smallest section thickness of 0.2mm that is
not possible on the EID-CT system. The in-plane detector pixel
size of the PCD-CT system is 0.275mm,3,14,15 which translates to
0.151mm at the isocenter. PCD-CT scans were performed at a
31% lower radiation dose compared with EID-CT (mean volume
CT dose index = 35.6 versus 51.5 mGy). The dose-reduction fac-
tor for PCD-CT was determined by using phantom experiments
and previously reported data13 that showed lower image noise on
PCD-CT relative to EID-CT when the section thickness and ker-
nel are matched between the 2 systems.

Image Review
CT images were reconstructed in axial, coronal, and Pöschl
planes using the smallest available section thickness (0.2mm for
PCD-CT and 0.4mm for EID-CT). Two neuroradiologists, each
with .10 years of experience (J.I.L. and F.E.D.), independently
evaluated paired PCD-CT and EID-CT images on a 2-monitor
workstation (syngo via; Siemens).

The images on the viewing workstation were arranged in 2
rows of 3 panels on each of the 2 monitors, with a subject’s
right temporal bone on the left monitor and the left temporal
bone on the right monitor. Axial, coronal, and Pöschl plane
images from EID-CT or PCD-CT were randomly assigned to
either the upper or lower row, with all information relating to
the scanner type, acquisition settings, or image-reconstruc-
tion parameters hidden from the reader. For each temporal
bone side, readers were instructed to compare the upper and
lower rows for each imaging plane, evaluating the visualiza-
tion of each of 7 critical anatomic structures. Readers were
allowed to pan and zoom as needed, as well as to double-
click on any image so that it filled the monitor for closer
inspection.

Specific directions were provided regarding the plane that
should be used to evaluate each anatomic structure: axial plane,
round window, incudomalleolar joint, modiolus; coronal plane,
oval window, scutum; Pöschl plane, modiolus; incudostapedial
joint. If present, ossicular prostheses were evaluated in the best
visualized plane.

Images on the lower row were scored using a 5-point Likert
scale: 1 = inferior resolution with degraded visualization,
2 = slightly inferior resolution without affecting visualization,
3 = equivalent resolution and visualization, 4 = slightly superior
resolution without affecting visualization, and 5 = superior spa-
tial resolution with improved visualization. Readers were
encouraged to make free text comments. After all anatomic
structures were scored, an overall image-quality score consider-
ing image sharpness, noise level, and artifacts was provided
using the 5-point Likert scale.

Additional oblique reformatted images were created by a non-
reader neuroradiologist (J.C.B.) to demonstrate certain anatomic
structures: the ossicles, ossicular prostheses, and otosclerosis.
These images were not used by the readers as part of the formal
side-by-side PCD-to-EID comparison and, therefore, were not
scored; they were created for illustrative purposes only.

Statistical Analysis
The Likert visualization scores of anatomic structures and the
overall image-quality scores for each temporal bone reflected the
comparative image quality, with a score of 3 indicating equivalent
image quality between the scored (lower) image and the reference
(upper) image. Scores of 1 and 5 represented cases in which one
scanner type demonstrated definite improvement in spatial reso-
lution and visualization or image quality relative to the other
scanner type. Post hoc, the scores were reassigned such that they
reflected PCD-CT impressions relative to clinical routine EID-
CT.

The mean scores for the 2 readers were calculated for each
evaluated critical structure. A 1-sample Wilcoxon rank-sum test
of the overall image quality score was performed to test for signif-
icant asymmetry of the Likert scores with respect to a score of 3
(equivalence) using the mean scores of the readers. Comparisons
were performed for individual readers and anatomic structures in
each plane and across readers and structures. No adjustment was
performed for the left and right temporal bones in the same
patient. A P value# .05 was considered significant under a 2-
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sided alternative. Matlab, Version r2015b (MathWorks), was
used for statistical analysis.

RESULTS
Thirteen patients underwent a clinically indicated temporal
bone scan using the ultra-high-resolution mode of EID-CT fol-
lowed by an investigational PCD-CT scan, yielding 26 temporal
bone datasets (including the left and right temporal bones) for
comparison. The average age was 63.6 [SD, 13.4] years; 7
patients were women (Online Supplemental Data). The clinical
indications for the CT examinations were hearing loss in 10
patients, ear fullness with concern for eustachian tube dysfunc-
tion in 1 patient, and otitis media with a perforated tympanic
membrane in 1 patient. Two patients had a stapes prothesis in
place from a prior surgery; 1 patient was status post resection of
a vestibular schwannoma.

Figure 1 shows the neuroradiologists’ comparison ratings for
PCD-CT relative to EID-CT for each of the 7 critical anatomic

structures. For PCD-CT images assessed by reader one, 47% of
the images received a score of five, 39% received a score of 4, and
13% received a score of 3. Reader 1 gave a score of 2 for the incu-
domalleolar joint (slightly inferior resolution without affecting
visualization) for 1 of 182 PCD-CT images and noted the pres-
ence of artifacts in the free text comment. For PCD-CT images
assessed by reader two, 71% of the images received a score of five,
22% received a score of 4, and 7% received a score of 3.

Of the evaluated critical structures, the oval window received
the highest mean reader score (4.79), followed by the incudosta-
pedial joint (4.75). Additionally, the visualization of semicircular
canal dehiscence was substantially enhanced on the PCD-CT
Pöschl reformats as illustrated in Fig 2.

For overall image quality, PCD-CT received a mean score of
4.92 (SD, 0.27) for reader 1, and 4.54 (SD, 0.50) for reader 2, with
PCD-CT found to be significantly better than EID-CT for overall
image quality (P, .001). In 3 of 13 patients, the readers com-
mented about the presence of minor artifacts (windmill effect in
1 patient) and slightly higher image noise (in 2 patients) on PCD-
CT images; however, this did not substantially impact the visual-
ization of critical structures (the PCD-CT overall image-quality
score in these patients was$4 from both readers).

Images reformatted in oblique planes for illustrative purposes
are shown in Figs 3–6. These images show the ability of PCD-CT
to improve the visualization of ossicular anatomy (Fig 3), provid-
ing a more direct assessment of the incudostapedial joint (Fig 4),
the anatomic relationship between a stapes piston and nearby
structures (Fig 5), and the relationship between the anterior crus
of the stapes and an area of otosclerosis (Fig 6).

DISCUSSION
This study represents one of the first in vivo, side-by-side com-
parisons of PCD-CT and EID-CT in temporal bone imaging. The
results and the illustrative cases convincingly demonstrate
the benefit of PCD-CT with 0.2-mm image thickness relative to
an EID-CT with 0.4-mm image thickness for temporal bone
imaging. In addition, a 31% decrease in the radiation dose was
achieved due to the differences in the technologies. The 2 readers

FIG 1. Readers’ score distribution for spatial resolution and visualization of critical anatomic structures in different reformatted planes (A) and
mean readers’ scores for individual anatomic structures and overall image quality (B). All scores were based on a 5-point Likert scale, comparing
PCD-CT with EID-CT: 1 = inferior resolution with degraded visualization, 2 = slightly inferior resolution without affecting visualization,
3 = equivalent resolution and visualization, 4 = slightly superior resolution without affecting visualization, and 5 = superior spatial resolution with
improved visualization.

FIG 2. Pöschl reformatted images in a patient with superior semicir-
cular canal dehiscence, shown on EID-CT (left) and PCD-CT (right)
images. The PCD-CT image (B) clearly demonstrates 2 discrete regions
of dehiscence (curved arrows). These regions are also identifiable on
conventional EID-CT (A), though the intact adjacent bone is less well-
visualized. The integrity of the roof of the superior semicircular canal
was not formally evaluated in the readers’ study but is shown for il-
lustrative purposes.
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rated the PCD-CT images to be considerably sharper in multiple
planes of reconstruction than those from the EID-CT scanner,
which consequently improved critical structure visualization.

Prior studies have demonstrated noise reduction for temporal
bone imaging using PCD-CT, as well as the radiologists’ prefer-
ence for PCD-CT images relative to EID-CT with an attenuating
filter.12,16,17 Leng et al5 compared PCD-CT images with EID-CT
images in a limited number of patients, covering examples from
lung, joint, vascular, and temporal bone examinations. The authors
reported a 21% noise reduction on PCD-CT temporal bone
images, though only a single axial-plane image is shown as an
example. A study using cadavers reported a 29% dose reduction in

temporal bone imaging on a PCD-
CT scanner, though also without
reformatted examples.16 These pre-
vious studies evaluated temporal
bone images in axial planes at
0.25mm, while the current study
used a 0.2-mm section thickness in
reformatted planes. The current
study also demonstrated a 31%
lower dose on PCD-CT relative to
EID-CT. Further dose reduction
could be achieved using a tin fil-
ter,17,18 which was not available on
the PCD-CT system at the time of
this investigation.

On the basis of our results, we
anticipate that PCD-CT will be espe-
cially advantageous in temporal bone
imaging because precise evaluation of
the anatomically complex region often

requires optimized reformatted imaging at a high spatial resolu-
tion.19 As shown in the illustrative cases of this pilot study, cer-
tain disease entities such as otosclerosis and superior semicircular
canal dehiscence are much better demonstrated on PCD-CT
images. In addition, the investigated PCD-CT technology will
likely lead to improved evaluation of the ossicles in various planes
due to reduced partial volume averaging enabled by the 0.2-mm
section thickness. This improvement will allow better visualiza-
tion of ossicular anomalies, postoperative changes related to os-
sicular prostheses, and the integrity of the incudostapedial
articulation, among other aspects of temporal bone anatomy and
postoperative findings.

FIG 3. Ossicular anatomy, shown on conventional EID-CT (upper row) and PCD-CT (lower row). Reformatted images along the plane of the ten-
sor tympani (A and E) demonstrate the tensor tympani (TT) extending to the upper handle of the malleus (HA); the lateral process (L) of the mal-
leus is also clearly visible. An image reformatted along the long plane of the malleus (B and F) shows its handle (HA), lateral process (L), neck (N),
and head (H). An image reformatted along the length of the stapes (C and G) clearly demonstrates the suprastructure (SS) and both crura. A
“molar tooth” reformatted image (D and H) shows the HA of the malleus, as well as the body (B) and long process (LP) of the incus. These addi-
tional reformatted images were generated by a nonreviewer radiologist to demonstrate certain anatomic features but were not used by the
readers to score image quality.

FIG 4. The incudostapedial joint (arrows), shown on EID-CT (left) and PCD-CT (right) images. The
joint was one of several anatomic structures specifically graded using a 5-point Likert score, with
higher scores favoring the quality of the PCD-CT images. The images reformatted in this plane
were generated by a nonreviewer radiologist to demonstrate certain anatomic features but were
not used by the readers to score image quality.
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The study had limitations. First, no independent reference
standard was used in the readers’ study for diagnostic truth.
Instead, side-by-side blinded comparisons of PCD-CT and EID-
CT images were performed, with scores assigned to 1 of the 2
modalities to assess the relative performance for image spatial reso-
lution and visualization of critical structures. Because our primary

goal
in this study was to demonstrate
improved spatial resolution and visual-
ization from PCD-CT by leveraging
sharper reconstruction kernels and a
smaller section thickness (0.2mm) not
possible or available on EID-CT, we
did not pursue aggressive dose-reduc-
tion strategies. Nonetheless, the overall
image-quality score that reflects both
image noise (a function of radiation
dose) and sharpness showed that both
readers favored PCD-CT images de-
spite a 31% dose reduction.

CONCLUSIONS
The results of this patient study to-
gether with prior phantom and cadav-
eric studies suggest that PCD-CT offers
substantial advantages over EID-CT
with an attenuating filter for imaging
the temporal bone. Temporal bone
imaging seems particularly likely to
benefit from the advantages of PCD-
CT, given the submillimeter size of im-
portant anatomic structures.
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ORIGINAL RESEARCH
HEAD & NECK

Prediction of Wound Failure in Patients with Head and Neck
Cancer Treated with Free Flap Reconstruction: Utility of CT

Perfusion and MR Perfusion in the Early Postoperative Period
Y. Ota, A.G. Moore, M.E. Spector, K. Casper, C. Stucken, K. Malloy, R. Lobo, A. Baba, and A. Srinivasan

ABSTRACT

BACKGROUND AND PURPOSE: Free flap reconstruction in patients with head and neck cancer carries a risk of postoperative com-
plications, and radiologic predictive factors have been limited. The aim of this study was to assess the factors that predict free
flap reconstruction failure using CT and MR perfusion.

MATERIALS AND METHODS: This single-center prospective study included 24 patients (mean age, 62.7 [SD, 9.0] years; 16 men) who
had free flap reconstruction from January 2016 to May 2018. CT perfusion and dynamic contrast-enhanced MR imaging with con-
ventional CT and MR imaging were performed between 2 and 4 days after the free flap surgery, and the wound assessments within
14 days after the surgery were conducted by the surgical team. The parameters of CT perfusion and dynamic contrast-enhanced
MR imaging with conventional imaging findings and patient demographics were compared between the patients with successful
free flap reconstruction and those with wound failure as appropriate. P , .05 was considered significant.

RESULTS: There were 19 patients with successful free flap reconstruction and no wound complications (mean age, 63.9 [SD,
9.5] years; 14 men), while 5 patients had wound failure (mean age, 58.0 [SD, 5.7] years; 2 men). Blood flow, blood volume, MTT, and
time maximum intensity projection (P = .007, .007, .015, and .004, respectively) in CT perfusion, and fractional plasma volume, volume
transfer constant, peak enhancement, and time to maximum enhancement (P = .006, .039, .004, and .04, respectively) in dynamic
contrast-enhanced MR imaging were significantly different between the 2 groups.

CONCLUSIONS: CT perfusion and dynamic contrast-enhanced MR imaging are both promising imaging techniques to predict
wound complications after head and neck free flap reconstruction.

ABBREVIATIONS: AIF ¼ arterial input function; DCE ¼ dynamic contrast-enhanced; EES ¼ extravascular extracellular space; IQR ¼ interquartile range;
Kep ¼ rate transfer constant between EES and blood plasma per minute; Ktrans ¼ volume transfer constant between EES and blood plasma per minute; SCC ¼
squamous cell carcinoma; TME ¼ time to maximum enhancement; tMIP ¼ time maximum intensity projection; Ve ¼ EES volume per unit tissue volume; Vp ¼
fractional plasma volume

Head and neck cancer continues to carry a high risk of morbid-
ity and mortality despite major advances in the fields of oncol-

ogy and surgery.1-3 One of the most impactful advances has been
the ability to perform extensive surgical dissection followed by

microvascular free tissue transfer.4 Free flap viability with careful
wound management is the key in the overall success of the proce-
dure. Within the first 2 weeks after the operation, the flap is per-
fused solely by the anastomosed microvascular bed before
endothelialization, inosculation of the anastomosis flap, and neoan-
giogenesis; thus, it is at highest risk for vascular thrombosis result-
ing in flap failure.5 Multiple large studies have determined a
combined 10%–40% risk of wound complications such as partial
flap necrosis, wound breakdown, and fistula, with approximately
10% requiring surgical exploration in the setting of decreased viabil-
ity.6-8 Several studies have assessed the presurgical risk profile for
the subsequent development of wound complications in head and
neck free flaps such as diabetes, smoking history, preoperative radi-
ation and chemotherapy history, and prolonged surgery time.9-11

A variety of techniques has been used to assess and monitor the
perfusion of free flaps,12 and Doppler ultrasound and skin paddle
monitor have become the most popular methods. However, these
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methods assess only superficial vasculature and are not suitable for
the assessment of the deep tissue vasculature. A single study
assessed the role of CTA in the diagnosis of pedicle vascular steno-
sis in patients with head and neck microvascular free flap recon-
struction and showed a sensitivity of 63% for detecting vascular
pedicle stenosis.13 While CTA can provide additional information
for clinicians to use in the monitoring of flap viability, CTA cannot
assess microperfusion alterations that play a crucial role in flap via-
bility. During the early postoperative period when the flap vascu-
larity is solely dependent on the microvascular anastomoses,
noninvasive tissue-level perfusion imaging may provide predictive
information for the development of wound failure and may also be
used for risk-stratification and treatment protocols. The perfusion
technique has been used for the assessment of microperfusion for
disease differentiation and treatment-response prediction in the
head and neck.14-17 However, there are no studies in the literature
using CT and MR perfusion for the assessment of head and neck
free flap viability in the early postoperative period.

Our study was, therefore, designed to assess predictive factors
for the development of wound complications in patients under-
going free flap reconstruction using CT and MR perfusion.

MATERIALS AND METHODS
The institutional review board of University of Michigan approved
this prospective single-center research study, and informed consent
for participation in this research was obtained from all participants.
Data were acquired in compliance with all applicable Health
Insurance Portability and Accountability Act regulations.

Study Population
We initially enrolled 38 patients at our institution from January
2016 to May 2018, according to the inclusion and exclusion crite-
ria listed below.
Inclusion criteria were as follows:

1. Patients in the early postoperative period (days 2–4) following
free flap reconstruction for head and neck malignancy, non-
functional larynx, or other complications due to previous
radiation therapy

2. Patients considered clinically at high risk for decreased tissue
viability, defined as patients with a history of head and neck
radiation

3. Patients who signed informed consent prior to imaging.

Exclusion criteria were as follows:

1. Patients who tested positive for pregnancy
2. Patients who were are younger than 18 years of age
3. Patients with contraindications to MRI due to noncompatible
devices such as cardiac pacemakers, other implanted elec-
tronic devices, metallic prostheses, or ferromagnetic prosthe-
ses (eg, pins in artificial joints and surgical pins/clips)

4. Patients with contraindications to CT with IV contrast or to
gadolinium administration.

Patient eligibility was confirmed with our inclusion and exclu-
sion criteria, and patients were approached for enrollment in the
study before their operation. While 38 patients consented before
their operation, 14 patients dropped out of the study on the day

of their scheduled scans. All patients were maintained in a reverse
Trendelenburg position during the postoperative period in their
recovery beds to help reduce facial and neck swelling; among the
total 38 patients, the 14 patients who dropped out were unsure if
they could lie flat for longer than 5minutes to tolerate the CT
perfusion and/or dynamic contrast-enhanced (DCE)-MR imag-
ing scans. Therefore, the final inclusion in our study was 24 par-
ticipants (mean age, 62.7 [SD, 9.0] years; 16 men) who had free
flap reconstruction and postsurgery imaging.

Determination of Wound Failure
Patients were hospitalized following their operation at the discre-
tion of the head and neck surgeon. The wound was examined twice
per day by the surgical team, and the status of the wound was elec-
tronically recorded for documentation. Free flap viability was
checked every hour for the first 24 hours, every 2 hours for the sec-
ond 24hours, every 4 hours for postoperative third-to-seventh day,
and every 8hours after the seventh postoperative day. The free flap
was assessed by a variety of methods, including skin paddle evalua-
tion when applicable and external Doppler ultrasound for the
main anastomotic pedicle. The patients were discharged after con-
firmation of a general condition of stability and absence of wound
complications. The patients returned to the outpatient clinic to
have the wound checked 1week after discharge.

Wound failure was assessed by the surgical team during the
hospitalization period and at the first postoperative appointment.
Wound failure was considered “positive” by the following defini-
tions: total flap loss, partial flap loss, wound dehiscence (separa-
tion of skin edges), native skin breakdown, and the presence of a
pharyngocutaneous fistula or the conditions requiring re-opera-
tion such as venous congestion and ecchymosis of a free flap.

Imaging Protocol
All imaging was obtained within 2–4 days following the operation
during the inpatient admission phase.

CT Perfusion Protocol. Axial images were obtained on a 64-sec-
tion MDCT scanner (HD750; GE Healthcare) following the
administration of 75mL of iopamidol injection (Isovue 300;
Bracco) at a 5-mm section thickness, 40-mm z-axis coverage, 50-
second scan duration, 5-second start delay, and 1-second delay
between images. Conventional CT images at 1.25-mm section
thickness were then obtained for the entire neck 35 seconds after
the administration of an additional 75 mL of iopamidol.

DCE-MR Imaging Protocol. Following the acquisition of precon-
trast T1WI and T2WI through the ROI at 3-mm section thick-
ness on a 3T magnet (Ingenia; Philips Healthcare), a DCE-MR
imaging sequence was performed using 3D T1-weighted fast-
field echo. The parameters of 3D T1 fast-field echo were as fol-
lows: TR= 4.6ms; TE= 1.86ms; flip angles = 5°, 10°, 15°, 20°,
and 30°; section thickness = 2.5mm; FOV= 240� 240mm2;
voxel size = 1.0� 1.0� 5.0mm3; NEX= 1; number of slices per
dynamic scan = 48; temporal resolution = 8.4 seconds; and total
acquisition time = 4 minutes and 13 seconds, using a 16-channel
Neurovascular Array Coil (Medrad) with the administration
of gadobenate dimeglumine contrast (MultiHance; Bracco
Diagnostics). An intravenous bolus of 20mL of gadobenate
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dimeglumine was administered using a power injector with a
flow rate of 5.0mL/s through a peripheral arm vein, followed by
a 20-mL saline flush. These techniques were performed for all
patients at a single center (University of Michigan).

The CT and MR imaging were both completed on the same
day for all patients. The MR imaging was completed before the
CT. While the entire free flap was covered on the DCE-MR imag-
ing acquisition in the z-axis, only the central 4 cm demonstrating
the region of anastomosis was covered on the CT perfusion ac-
quisition. At the time of implementation of the study, we did not
have the shuttle mode available on all the CT scanners running
on the MDCT scanner platform at our institution, which could
have increased our z-axis coverage to 8 cm. Hence, we elected to
keep the z-axis coverage to the standard 4 cm on these research
scans to avoid introducing more heterogeneity in the protocols.

Data Analysis
Patient Demographics. The patient demographics were reviewed
from the electronic medical record and included the following in-
formation: age, sex, history of diabetes, history of chronic kidney
disease, history of hypertension, body mass index, the original pa-
thology and its staging, types of surgeries, history of radiation
and chemotherapy, types of free flap, ischemia time (the time
from disconnection of the free flap to the time to connect the flap
to vessels in the neck), and wound infections.

Conventional Imaging Characteristics. All conventional CT and
MR images were reviewed by a board-certified radiologist with
7 years of experience in neuroradiology and a board-certified oto-
laryngologist with 14 years of experience. They were aware of
patients’ demographics but blinded to whether the patients expe-
rienced postoperative complications. With consensus, they eval-
uated imaging characteristics using the following metrics:

1. Fluid collections in the postsurgical area, evaluated on CT
and T2WI, recorded as binary variables (yes/no), and defined
as a low-density area on CT and a hyperintense area on T2WI

2. Pedicle vascular structures within the free flap, evaluated on
postcontrast CT, recorded as binary variables (yes/no), and
defined as enhanced linear or tortuous structures on postcon-
trast CT and T1WI. The presence of venous thrombosis was
recorded if present and recognized.

CT Perfusion Analysis. All analyses in CT perfusion were per-
formed using commercially available software (Olea Sphere,
Version 3.0; Olea Medical). The radiologist with 7 years’ experi-
enced and the otolaryngologist with 14 years’ experience manually
placed 5 separate ROIs on postcontrast head and neck CT scans
with consensus and transferred them to the perfusion maps. The
ROIs were carefully placed in the junctional areas of the free flap in
the head and neck, avoiding placement of the ROIs in fluid collec-
tions or in the areas where streak or other artifacts degraded the
imaging quality. These were not restricted to 1 axial section, were
based on the orientation of the flap, and covered 1–3 axial slices in
all patients. The values of generated CT perfusion parameters
(blood volume, blood flow, TTP, time-to-maximum, MTT, and
time maximum intensity projection (tMIP) of the 5 ROIs were
averaged. We had decided to measure 5 separate ROIs because of

the need to identify different areas of the free flap that may be
affected differentially by perfusion abnormalities. An arterial input
function (AIF) was calculated automatically using cluster analysis
techniques, and deconvolution of the AIF was performed with a
time-insensitive block-circulant singular-value decomposition.18

While this process was automated, the corresponding density time
curves that demonstrated a rapid increase in density with sharp
peaks were deemed appropriate and accurate for analysis.

DCE-MR Imaging Analysis. All quantitative analyses in DCE-MR
imaging were performed busing the OleaSphere 3.0 software per-
meability module, which is based on the extended Tofts model, by
which pixel-based parameter maps are calculated from time-inten-
sity curves. The radiologist with 7 years’ experience and the otolar-
yngologist with 14 years’ experience manually placed 5 separate
ROIs on the conventional T1 postcontrast images and transferred
them to the permeability maps with consensus. The ROIs were
carefully placed in the junctional areas of the free flap in the head
and neck, avoiding placement in fat tissues and fluid collections or
in the areas where susceptibility artifacts from blood products or
surgical clips degraded the imaging quality. Similar to the CT perfu-
sion analysis, these were not restricted to 1 axial section, were based
on the orientation of the flap, and covered 1–3 axial slices in all
patients. The calculated quantitative parameters were fractional
plasma volume (Vp), extravascular extracellular space (EES) vol-
ume per unit tissue volume (Ve), the volume transfer constant
between EES and blood plasma per minute (Ktrans), and the rate
transfer constant between EES and blood plasma per minute (Kep).

Semiquantitative analysis was also performed using the same
ROIs described above with the Olea Sphere 3.0 software perme-
ability module. The averaged signal intensity within the ROIs was
plotted against time, and time-intensity curves were constructed.
The following parameters were calculated on a pixel-by-pixel ba-
sis from time-intensity curves: area under curve (the relative
quantity of contrast agent across time), peak enhancement (maxi-
mum concentration of contrast agent), wash-in (velocity of
enhancement), washout (velocity of enhancement loss), maxi-
mum signal-enhancement ratio, and time to maximum enhance-
ment (TME). The values of DCE-MR imaging quantitative and
semiquantitative parameters of the 5 ROIs were averaged. The
AIF was individually computed, and AIF curves with a rapid
increase in signal enhancement and a sharp peak followed by
minimal temporal noises were chosen for DCE analysis.
Representative cases of the group with successful flap reconstruc-
tion and the group with wound failure are shown in Figs 1 and 2.

Statistical Analysis
This cohort was divided into 2 groups: the group with successful
free flap reconstruction (group I) and the group with any type of
wound failure (group II, defined as total flap loss, partial flap loss,
wound dehiscence [separation of skin edges], native skin break-
down, the presence of pharyngocutaneous fistula, or a condition
that needed a re-operation such as venous congestion and ecchy-
mosis of a free flap).

As for the patient demographics and conventional imaging
characteristics, age was compared using an unpaired t test, and
body mass index and ischemia time were compared using the
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Mann-Whitney U test. Binary or categoric valuables such as sex,
history of diabetes, history of chronic kidney disease, history of
hypertension, history of radiation and chemotherapy therapy, the
presence of wound infections, fluid collections in the postsurgical
areas, and pedicle vascular structures were compared using the
Fisher exact test between 2 groups.

As for CT perfusion parameters (blood volume, blood flow,
TTP, time-to-maximum, MTT, and tMIP) and DCE-MR imaging
parameters (Vp, Ve, Ktrans, Kep, area under curve, peak enhance-
ment, wash-in, washout, maximum signal-enhancement ratio,
and TME), these were compared using the Mann-Whitney U test
and are described as median (interquartile range [IQR]).

For values that showed statistically significant differences in
CT perfusion parameters and DCE-MR imaging parameters, the
optimal cutoff values in receiver operating characteristic analysis
were determined as a value to maximize the Youden index (sensi-
tivity 1 specificity –1). The diagnostic performances (sensitivity,
specificity, positive predictive value, negative predictive value,
and accuracy) were calculated on the basis of the cutoff values.

All statistical calculations were conducted with R statistical
and computing software (Version 4.1.1; http://www.r-project.
org) in this study. Variables with P, .05 were considered statisti-
cally significant.

RESULTS
Group I was composed of 19 patie-
nts (mean age, 63.9 [SD, 9.5] years;
14 men), and group II had 5 patients
(mean age, 58.0 [SD, 5.7] years; 2 men).
Group II consisted of 1 case of partial
flap loss, 3 cases of pharyngocutaneous
fistula, and 1 case of venous congestion
and ecchymosis of a free flap with a re-
operation.

The partial flap loss occurred 11
days after the operation; pharyngocuta-
neous fistula, 7, 9, and 10days after the
surgery; and venous congestion, 2 days
after the surgery.

The types of free flap were anterolat-
eral thigh free flaps (18/24), radial fore-
arm free flap (1/24), latissimus dorsi
free flap (2/24), gastro-omental free flap
and split thickness skin graft (1/24),
and scapula free flap with latissimus
dorsi (2/24). Three anterolateral thigh
free flaps and 2 scapula free flaps with
the latissimus resulted in wound failure.

The original pathologies were all
irradiated previously. The indications
for free flap reconstruction were re-
currence of the following pathologies
or complications of radiation therapy:
supraglottic squamous cell carcinoma
(SCC) (7/24), recurrent glottic SCC
(6/24), a nonfunctional larynx due to
previous radiation therapy (4/24),
osteoradionecrosis due to previous

radiation therapy (1/24), pharyngocutaneous fistula due to previ-
ous radiation therapy (1/24), recurrent tongue SCC (1/24), recur-
rent hypopharyngeal SCC (1/24), recurrent tonsillar SCC (1/24),
oral cavity SCC (1/24), and soft palate SCC (1/24).

There was no significant difference in numeric or categoric
variables in the patient demographics between the 2 groups. The
patient demographics are shown in the Online Supplemental
Data and Table 1. For conventional imaging characteristics, there
were no significant differences in fluid collections or pedicle vas-
cular structures between the 2 groups (P= .38 and .14).

CT Perfusion
CT perfusion was performed at a median of 3 days after the oper-
ations (IQR, 2–4 days). Blood flow, blood volume, and tMIP were
significantly higher in group I than group II (blood flow: median,
39.1 mL/100mL/min [IQR, 27.9–45.6 mL/100mL/min] versus
16.8 mL/100mL/min [IQR, 14.0–17.1 mL/100mL/min]; P= .007;
blood volume: median, 7.67 mL/100mL [IQR, 6.4–10.7 mL/
100mL] versus 4.58 mL/100mL [IQR, 4.37–5.10 mL/100mL];
P =. 007; tMIP: median, 15.1 [IQR, 14.1–17.2] versus 6.78 [IQR,
4.81–8.74]; P= .004, respectively). MTT was significantly shorter
in group I than in group II (MTT: median, 13.9 seconds [IQR,
12.9–15.6 seconds] versus 16.7 seconds [IQR, 16.5–17.0 seconds];

FIG 1. A 49-year-old male with tonsillar squamous cell carcinoma was treated with glossectomy,
mandibulotomy, and neck dissection. An anterolateral thigh free flap was utilized for treatment of
the soft tissue defect. No wound failure was observed. DCE-MR imaging and CT perfusion were
performed 3 days after the surgery. A, An ROI is placed within the junctional area of the free flap
on contrast enhanced CT. B, Blood volume (mL/100 ml) and C, blood flow (mL/100 ml/min) are cal-
culated and are 7.67 mL/100 ml, 29.7 mL/100 ml/min, respectively. D, An ROI is placed on the per-
meability map within the junctional area of the free flap and DCE-MR imaging parameters are
calculated. E, Vp and F, Ktrans (minute-1) are 0.17 and 0.19 (minute-1), respectively. Red and white
circled areas represent region of interests.
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P= .015). TTP and time-to-maximum were not significantly
different (TTP: median, 32.3 seconds [IQR, 30.6–36.5 seconds]
versus 32.6 seconds [IQR, 32.5–33.9 seconds]; P = .84; time-to-
maximum: median, 7.39 seconds [IQR, 6.29–10.8 seconds]
versus 9.04 seconds [IQR, 8.44–10.3 seconds]; P = .42). Blood

flow, blood volume, MTT, and tMIP
showed areas under the curve rang-
ing from 0.96 to 0.98 between the 2
groups. The mean size of ROIs was
46.3 cm2. Two patients in group I
and 2 patients in group II were
unable to undergo CT perfusion due
to their inability to lie still for the
examination.

MR Perfusion
DCE-MR imaging was performed at a
median 3days after the operations (IQR,
2–4days). Vp, Ktrans, and peak enhance-
ment were higher in group I than in
group II (Vp: median, 0.11 [IQR, 0.06–
0.15] versus 0.03 [IQR, 0.026–0.04];
P= .006; Ktrans: median, 0.21 minute�1

[IQR, 0.18–0.27 minute�1] versus 0.15
minute�1 [IQR, 0.12–0.16 minute�1];
P= .039; peak enhancement: median,
257 [IQR, 167–275] versus 79 [IQR,
76.6–90.7]; P= .004). TME was shorter
in group I than in group II (TME: me-
dian, 102 seconds [IQR, 77.3–118 sec-
onds] versus 143 seconds [IQR, 137–
150 seconds]; P= .04). Ve, Kep, area
under curve, wash-in, washout, and
maximum signal-enhancement ratio
were not significantly different (Ve: me-
dian, 0.37 [IQR, 0.27–0.53] versus 0.28
[IQR, 0.24–0.31]; P= .35; Kep: median,
0.56 [IQR, 0.46–0.74] versus 0.56 [IQR,
0.54–0.58]; P= .97; area under curve:
6.76� 103 [IQR, 4.55–11.7� 103] versus
4.76� 103 [IQR, 4.48–4.80� 103];
P= .49; wash-in: 0.99 [IQR, 0.36–2.60]
versus 1.97 [IQR, 0.31–3.15]; P= .78;
washout: median, 0.16 [IQR, 0.08–1.08]
versus 0.65 [IQR, 0.63–3.25]; P= .09;
maximum signal-enhancement ratio:
median, 97.1 [76.1–141.5] versus 86.9
[74.1–87.5]; P = .50).

Vp, Ktrans, peak enhancement, and
TME showed the areas under the curve
ranging from 0.81 to 0.92 between the 2
groups. The ROI mean size was
43.1 cm2. Three patients in group I
were unable to undergo MR perfusion
due to their inability to lie still for the
examination. A pulsed input pattern
was observed in the AIF curves in all

patients in CT perfusion and DCE-MR imaging. The diagnostic
performances of CT perfusion and DCE-MR imaging parameters
are shown in the Table 2 and Figs 3 and 4. The distribution of CT
perfusion and DCE-MR imaging parameters is shown in the
Online Supplemental Data.

FIG 2. A 52-year-old woman with oral cavity squamous cell carcinoma was treated with mandibu-
lectomy, glossectomy, tracheostomy, and neck dissection. A scapula free flap with latissimus dorsi
was used to cover the soft tissue defect. The complication of venous congestion and ecchymosis
was observed 2 days after the surgery. A, An ROI is placed within the junctional area of the free flap
on contrast enhanced CT. B, Blood volume (mL/100 ml) and C, blood flow (mL/100 ml/min) are cal-
culated and are 4.17 mL/100 ml and 11.3 mL/100 ml/min, respectively. D, An ROI is placed on the per-
meability map within the junctional area of the free flap and DCE-MR imaging parameters are
calculated. E, Vp and F, Ktrans (minute-1) are 0.03 and 0.15 (minute-1), respectively. Red and white circled
areas represent region of interests.

Table 1: Demographic and imaging characteristics differences between the 2 groupsa

Group I Group II P Value
No. of patients 19 5 NA
Sex (male/female) 14:5 2:3 .29
Age (yr) 63.9 (SD, 9.5) 58.0 (SD, 5.7) .20
BMI (kg/m2) 24.1 (22.4–29.3) 21.1 (16.1–24.7) .14
History of smoking 17/19 5/5 1
History of HT 4/19 2/5 .57
History of DM 1/19 2/5 .10
History of previous radiation 19/19 5/5 1
History of previous chemotherapy 13/19 4/5 1
Ischemia time (mins) 60 (45–95) 105 (90–109) .34
Presence of wound infection 1/19 3/5 .10
Presence of fluid collection 7/19 1/5 .38
Presence of pedicle vascular 7/19 4/5 .14
structure (Venous thrombosis: 1/5)

Note:—NA indicates not applicable; BMI, body mass index; HT, hypertension; DM, diabetes mellitus.
a Groups I and II represent the group with successful free flap reconstruction and the group with wound failure,
respectively. Values were described as mean (SD) or median (IQR).

AJNR Am J Neuroradiol 43:585–91 Apr 2022 www.ajnr.org 589



DISCUSSION
Our study aimed to assess the utility of CT perfusion and DCE-MR

imaging for predicting wound failure after free flap reconstructive

head and neck surgery. While patient demographics and conven-

tional imaging characteristics were unable to identify any differences

between group I and group II, CT perfusion and DCE-MR imaging

showed significant differences between the 2 groups in multiple pa-

rameters, with the receiver operating characteristics demonstrating

diagnostic performances ranging from an area under the curve of

0.81 to 0.98. A direct comparison of the results from the 2 techni-

ques was, however, not feasible due to the small sample size.
Prior studies have shown some risk factors related to wound

failure such as a history of smoking, hypertension, elevated creati-
nine levels, wound infection, and chemoradiation therapy.9-11

While the occurrence of wound failure was relatively high (5/24) in
our study, none of the patient demographics or conventional imag-
ing features related to the presence or absence of fluid collection
and pedicle vascular structures were predictive of wound failure. In
only 1 case with flap failure was there an identifiable venous
thrombosis, which was thought to be the cause of the free flap

ischemia.19 This low detectivity of venous thrombosis in our

cohort may be related to the difficulty in identifying venous throm-

bosis due to early timing of the CT/MR imaging acquisition and

the relatively smaller venous outflow anatomy compared with the

larger arterial pedicle. To maximize our chances of identifying

advanced imaging-based parameters that could be helpful for the

prediction of wound failure (and reduce the chances of having

very few wound failures in our outcomes data set that would skew

the results significantly), we had selected a group of patients who

were considered at baseline as high risk for decreased tissue viabil-

ity due to a prior history of chemoradiation (which causes chronic

radiation-induced ischemia and has been identified as the most

important determinant factor of wound failure).10

As for CT perfusion, blood flow, blood volume, and tMIP were
significantly lower and MTT was longer in the group with wound
failure (group II) than in the group with successful free flap recon-
struction (group I). These results may suggest that the vasculature
in the junctional areas within the free flap in the head and neck is
less anastomosed and perfused in group II than in group I in the
early postoperative stage (2–4days). Regarding DCE-MR imaging

Table 2: Diagnostic performance of CT perfusion and DCE-MR imaging in the prediction of wound failure after head and neck free
flap reconstruction

Blood Flow
(mL/100 mL/min)

Blood Volume
(mL/100 mL) MTT (Sec) tMIP Vp Ktrans (min21) Peak Enhancement TME (Sec)

Cutoff 17.3 5.62 16.1 10.7 0.06 0.15 155 113
Sensitivity 1 1 1 1 1 0.80 1 1
Specificity 0.94 0.88 0.88 0.94 0.81 0.94 0.81 0.69
PPV 0.75 0.60 0.60 0.75 0.63 0.80 0.63 0.50
NPV 1 1 1 1 1 0.94 1 1
Accuracy 0.95 0.90 0.90 0.95 0.86 0.91 0.86 0.76
AUC 0.96 0.96 0.96 0.98 0.92 0.82 0.91 0.81

Note:—PPV indicates positive predictive value; NPV, negative predictive value; AUC, area under the curve.

FIG 3. Receiver operating characteristic curves of CT perfusion pa-
rameters that showed statistically significant differences between
groups I and II. AUC indicates area under the curve.

FIG 4. Receiver operating characteristic curves of DCE-MR imaging
parameters that showed statistically significant differences between
groups I and II. AUC indicates area under the curve.

590 Ota Apr 2022 www.ajnr.org



parameters, Vp and Ktrans were significantly lower in group II than
in group I. Similar to CT perfusion results, these may also indicate
reduced microperfusion and permeability in group II. Moreover,
TME and peak enhancement, which are based on the time-intensity
curve and can represent local perfusion alterations, were also differ-
ent between the 2 groups: Group II showed lower peak enhance-
ment with a longer TME than group I. This finding is consistent
with the results of Vp and Ktrans and likely implies a prolonged
transit of a smaller amount of contrast in hypoperfused free flaps.

One prior study using MR perfusion for postoperative moni-
toring showed an optimal detectivity of reduced blood flow after
the operation in cutaneous, subcutaneous, and muscle tissue
areas including 10 patients with tissue defects in various body
regions.20 Our study specifically focused on head and neck free
flaps and was able to show the utility of both CT perfusion and
MR perfusion in identifying an early postoperative hypoperfused
state that may be a risk factor for wound failure. Together, these
findings suggest that patients who have normal perfusion param-
eters on CT /MR imaging in the early postoperative period, as
our study showed, may be candidates for early discharge from
hospitalization or could return to a normal diet earlier than
patients with abnormal parameters.

Our study has several limitations. While this study was pro-
spective, it included only a relatively small population from a single
institution, and some patients were unable to undergo CT or MR
perfusion. However, even with the relatively small numbers, we
were able to identify differences in CT and MR perfusion between
the 2 groups studied. We were not able to compare the predictive
performance between CT perfusion and DCE-MR imaging due to
the small number of patients in this pilot study. Larger trials that
incorporate more patients would be needed to study which of the
2 modalities (CT versus MR perfusion) is more robust and which
of the parameters in each technique provides the best differentia-
tion of the 2 groups. Second, we were unable to measure the perfu-
sion in the entire free flap because a very large number or area of
ROIs would be needed to cover all slices that contained the free
flap. However, we mitigated this potential bias by focusing on the
junctional area of the free flap that is most likely to fail after an
operation and used 5 separate ROIs in all patients to cover as
much of the junction as possible. Last, there was a significant drop-
out of patients from the study after enrollment due to their per-
ceived inability to lie flat for the scans; this could be an impediment
in routinely performing these scans for all postoperative patients,
and some may require general anesthesia to tolerate the scans.

CONCLUSIONS
Parameters derived from CT perfusion and DCE-MR imaging
can both serve as imaging biomarkers to predict wound compli-
cations after head and neck free flap reconstruction.

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
HEAD & NECK

Revisiting CT Signs of Unilateral Vocal Fold Paralysis: A
Single, Blinded Study

M.H. Bashir, C. Joyce, A. Bolduan, V. Sehgal, M. Smith, and S.J. Charous

ABSTRACT

BACKGROUND AND PURPOSE: Several CT findings are thought to be indicative of vocal cord paralysis; however, these signs have
never been validated in a blinded fashion. This study attempts to compare and validate these signs and determine their accuracy
in predicting vocal cord paralysis.

MATERIALS AND METHODS: A retrospective chart review was performed, and CT scans from patients with known unilateral vocal
cord paralysis and known normal vocal cord movement were reviewed by 3 radiologists who were blinded to the status of the
patients’ laryngeal function. The scans were reviewed and scored for 8 accepted signs of vocal cord paralysis as well as for predict-
ing a final diagnostic conclusion. Statistical analysis using odds ratios for signs and the Fleiss k for criterion agreement among the
radiologists was performed for diagnostic accuracy.

RESULTS: The presence of medial displacement of the posterior ipsilateral vocal fold margin and ipsilateral laryngeal ventricular di-
lation yielded the greatest positive predictive value. Other signs demonstrated high specificity, but interrater discrepancy was
greater than expected and diminished the reliability of these signs in predicting vocal cord paralysis. Overall, sensitivity and nega-
tive predictive values were low.

CONCLUSIONS: Predicting vocal cord paralysis on the basis of CT findings is not as accurate or straightforward in prospectively
predicting vocal cord paralysis as implied in prior studies.

ABBREVIATION: UVFP ¼ unilateral vocal fold paralysis

Unilateral vocal fold paralysis (UVFP) is a relatively common
disease process frequently seen by otolaryngologists. A de-

finitive diagnosis of UVFP is dependent on visualization of the
glottis; therefore, the exact incidence is not known.1 Patients with
UVFP most commonly present with dysphonia, dyspnea, and
dysphagia, all of which may be sudden or gradual in onset.2 This
disease process develops as a result of injury to the vagus nerve or
recurrent laryngeal nerve, a branch of the vagus nerve. Up to 40%
of cases are idiopathic.3 UVFP can result from an injury at any
point along the nerve as it courses from the jugular foramen to
the mediastinum, around the subclavian artery on the right or
the aortic arch on the left, and finally through the tracheoesopha-
geal grooves before entering the larynx at the cricothyroid joint.

There are a variety of etiologies of UVFP, with iatrogenic injury
historically being the leading cause, followed by malignancy and
idiopathic, neuropathy, trauma, and inflammatory etiologies.4 In
the absence of a history of a neck or cervical spinal operation, la-
ryngeal trauma, or known malignancy, the standard diagnostic
work-up includes CT from the skull base through the mediastinum
to assess a lesion along the course of the nerve. Although cord
palsy is often diagnosed clinically, up to 30% of cases may be
asymptomatic and clinically unsuspected.5 There are many imag-
ing signs to suggest vocal cord paralysis with varying degrees of
sensitivity and specificity (Table 1).4-7 Representative examples of
these signs are presented in Fig 1. Of note, the 3 most specific signs
of cord palsy reported in the literature include dilation of the laryn-
geal ventricle, medial deviation and thickening of the aryepiglottic
fold, and dilation of the piriform sinus.6

Although laryngoscopic evaluation by an otolaryngologist
remains the criterion standard to establish the definitive diagnosis
of vocal cord paralysis, the presence of these signs noted inciden-
tally on CT may cause the interpreting radiologist to question
vocal cord paralysis in examinations ordered for other indica-
tions. This issue may result in significant expense, psychological
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stress, and physical discomfort for the patient in obtaining a de-
finitive diagnosis through evaluation by an otolaryngologist. To
our knowledge, all previous studies have evaluated the usefulness
of CT signs (Table 1) in patients with a known, laryngoscopi-
cally-established diagnosis of vocal cord paralysis. This article
tests the utility of these signs by blinding the interpreting radiol-
ogists to randomized CT scans of patients with and without
UVFP. Thus, we attempted to identify the most useful signs for
prospectively raising concern for UVFP.

MATERIALS AND METHODS
Patient Characteristics and Study Setting
A retrospective chart review of patients from Loyola University
Medical Center in Maywood, Illinois between 2009 and 2019 was
performed on 2 groups of patients. One group consisted of
patients diagnosed with unilateral vocal cord paralysis with a con-
firmatory laryngoscopy performed by an attending otolaryngolo-
gist ,3 months before a CT neck soft-tissue examination. Only
patients with complete, unilateral vocal cord paralysis were
included; patients with hypomobile vocal fold movement or bilat-
eral vocal cord paralysis were not included. The other group con-
sisted of patients with normal vocal cord movement, which was
also confirmed on laryngoscopy by an attending otolaryngologist
,3 months before a CT neck soft-tissue examination. Of note,
neck CTs were performed at many institutions, given the nature
of our tertiary center, and followed various protocols, but
included examinations were performed with #3-mm section
thickness, and coronal and sagittal reformats were also available.

Patients were excluded from the study if they had any of the
following: prior radiation therapy to the neck, laryngeal/pharyn-
geal cancer, a history of laryngeal/pharyngeal trauma, a history of
a laryngeal/pharyngeal operation, and intubation or a tracheos-
tomy tube at the time of imaging. CT scans were evaluated by 3
radiologists, including 2 neuroradiologists with Certificates of
Added Qualification with 5 and 22 years’ experience, respectively,
and 1 neuroradiology fellow. All 3 were blinded as to in which
group the patient belonged. Radiologists indicated the presence
and absence of each of the 8 UVFP signs as described in Table 1:
1) dilation of the ipsilateral pyriform sinus, 2) medial rotation of
the ipsilateral aryepiglottic fold, 3) thickening of the ipsilateral
aryepiglottic fold, 4) dilation of the ipsilateral laryngeal ventricle,
5) medial displacement of the posterior aspect of the ipsilateral
true vocal fold, 6) the mushroom sign, 7) anterior displacement
of the ipsilateral arytenoid cartilage, and 8) loss of the subglottic
arch. The 3 radiologists met to review and discuss how to evaluate
the various CT signs before the study initiation. Differences in
the assessment of the presence of a criterion were resolved via
consensus of the radiologists. The final radiologic diagnosis of
vocal cord paralysis was based on majority consensus.

Statistical Analysis
Patient demographics were presented overall and stratified by an
otolaryngologist’s diagnosis of UVFP based on the laryngoscopic
examination (reference standard). Variables were compared
between those with and without UVFP on the basis of the lar-
yngoscopic examination using a t test for age and a x 2 test for

Table 1: CT signs of UVFP as previously described4-7

Indirect CT Signs of UVFP
1 Dilation of the ipsilateral pyriform sinus
2 Medial rotation of the ipsilateral aryepiglottic fold
3 Thickening of the ipsilateral aryepiglottic fold
4 Dilation of the ipsilateral laryngeal ventricle
5 Medial displacement of the posterior aspect of the ipsilateral true vocal fold
6 Mushroom sign,4 ipsilateral laryngeal ventricle dilation with medialization of the posterior cord margin combined with contralateral

anterior subglottic air to generate a mushroom appearance on axial imaging
7 Anteromedial displacement of the ipsilateral arytenoid cartilage
8 Loss of the ipsilateral subglottic arch

FIG 1. CT findings of UVFP images from 2 patients with proven left UVFP. A, Coronal CT image demonstrates dilation of the left laryngeal ventri-
cle (star) and loss of the subglottic arch (arrow). B, Axial CT image demonstrates medial positioning of the left posterior vocal fold margin
(arrow). C, Axial CT image demonstrates anterior positioning of the left arytenoid cartilage (arrow). D, Axial CT image demonstrates rotation
and thickening of the left aryepiglottic fold and enlargement of the left pyriform sinus (star). E, Axial CT image demonstrates the mushroom
sign, tilting toward the left (star).
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sex. CT scan criterion agreement among the 3 raters was assessed
using the Fleiss k . Data were summarized for each patient to
determine the CT findings by a majority of radiologists, and odds
ratios were estimated for the CT finding associated with the refer-
ence standard for UVFP. Measures of diagnostic accuracy (sensi-
tivity, specificity, positive predictive value, and negative
predictive value) were used as a part of the analytic approach.
Combinations of CT findings were considered using best subsets
logistic regression, and candidate models were compared using
likelihood ratios tests. For the final chosen model, goodness of fit
was assessed, and adjusted odds ratios were presented for CT
findings associated with UVFP. Analyses were performed using
SAS, Version 9.4 (SAS Institute).

RESULTS
A total of 147 patients met the inclusion criteria for this retro-
spective study. Four of these patients could not be evaluated due
to the breath-hold examination (n=2) and motion (n=2).
Therefore, a total of 143 patients could be analyzed. The mean
age was 63 (SD, 15) years, and half were women (n=72, 50.3%).

Those with vocal cord paralysis were older (66 [SD, 14] years ver-
sus 56 [SD, 15] years, P, .001), and most had paralysis on the
left (n=76, 73.1%) (Table 2).

Agreement between raters was highest for findings of ipsilateral
pyriform dilation (k = 0.77; 95% CI, 0.68–0.86) and the aryepiglot-
tic fold medial and rotated (k = 0.66; 95% CI, 0.56–0.75), followed
by medial displacement of the postipsilateral cord margin (k =
0.54; 95% CI, 0.42–0.65), ipsilateral laryngeal ventricle dilation
(k = 0.50; 95% CI, 0.39–0.61), and anteromedial displacement of
the ipsilateral arytenoid cartilage (k = 0.46; 95% CI, 0.34–0.57).
Agreement was poor-to-fair for less frequently detected findings,
including aryepiglottic fold thickening (k = 0.32), the mushroom
sign (k = 0.19), and subglottic arch loss (k = 0.15). The final diag-
nosis of UVFP had moderate agreement (k = 0.58; 95% CI, 0.48–
0.69) (Table 3).

The sensitivity and specificity of the imaging criteria were
evaluated on the basis of consensus of radiologists. The criteria
with the highest levels of sensitivity included medial displacement
of the posterior margin of the ipsilateral vocal fold (78.8%), dila-
tion of the ipsilateral laryngeal ventricle (69.2%), and dilation of

the ipsilateral pyriform sinus (68.3%).
The 3 signs with the highest degree of
specificity also demonstrated higher
positive predictive values: mushroom
sign (97.4%), loss of the subglottic
arch (97.4%), and thickening of the ip-
silateral aryepiglottic fold (94.9%), and
anteromedial displacement of the ipsi-
lateral arytenoid cartilage (89.7%). The
negative predictive value was low
across all signs. When the radiologists
were asked to make a final diagnosis
of UVFP based on all radiographic
findings, the final diagnosis had a sen-
sitivity of 68.0% (70/103) in detecting
a UVFP and a specificity of 64.1% (25/
39), with a positive predictive value of
83.3% (70/84) (presented in Tables 4
and 5, respectively).

A 2-variable model that included
medial displacement of the postipsilat-
eral cord margin and ipsilateral laryn-
geal ventricle dilation was identified

Table 2: Patient characteristics by true UVFP status

Overall (n = 143) UVFP (n = 104) No UVFP (n = 39) P Value
Age (mean) (SD) (yr) 62.9 (14.5) 65.5 (13.5) 56.0 (15.0) ,.001
Sex (No.) (%)
Male 71 (49.7) 48 (46.2) 23 (59.0) .1
Female 72 (50.3) 56 (53.8) 16 (41.0)
Laterality (No.) (%)
Left 76 (53.1) 76 (73.1) – –

Right 28 (19.6) 28 (26.9) – –

No paralysis 39 (27.3) – 39 (100.0) –

Note:— indicates not applicable.

Table 3: Agreement of radiologic diagnoses
Diagnosis j (95% CI)

Dilation of ipsilateral pyriform sinus 0.77 (0.68–0.86)
Medial rotation of ipsilateral aryepiglottic fold 0.66 (0.56–0.75)
Thickening of ipsilateral aryepiglottic fold 0.32 (0.17–0.47)
Anteromedial displacement of ipsilateral arytenoid cartilage 0.46 (0.34–0.57)
Medial displacement of posterior aspect of ipsilateral vocal fold 0.54 (0.42–0.65)
Mushroom sign 0.19 (0.09–0.29)
Dilation of ipsilateral laryngeal ventricle 0.50 (0.39–0.61)
Loss of subglottic arch 0.15 (0.00–0.30)
Final diagnosis of paralysis 0.58 (0.48–0.69)

Table 4: Radiologic diagnoses to predict vocal cord paralysis
Majority Positive

(No.) (%) Sensitivity Specificity
Positive

Predictive Value
Negative

Predictive Value
Dilation of ipsilateral pyriform sinus 91 (63.6%) 68.3% 48.7% 78.0% 36.5%
Medial rotation of ipsilateral aryepiglottic fold 76 (53.1%) 60.6% 66.7% 82.9% 38.8%
Thickening of ipsilateral aryepiglottic fold 19 (13.3%) 16.3% 94.9% 89.5% 29.8%
Anteromedial displacement of ipsilateral
arytenoid cartilage

42 (29.4%) 36.5% 89.7% 90.5% 34.7%

Medial displacement of posterior aspect of
ipsilateral vocal fold

100 (69.9%) 78.8% 53.8% 82.0% 48.8%

Mushroom sign 9 (6.3%) 7.7% 97.4% 89.9% 28.4%
Dilation of ipsilateral laryngeal ventricle 87 (60.8%) 69.2% 61.5% 82.8% 42.9%
Loss of subglottic arch 7 (4.9%) 5.8% 97.4% 85.7% 27.9%
Final diagnosis of paralysisa 84 (59.2%) 68.0% 64.1% 83.3% 43.0%

a n = 142: omitted 1 tie (1 positive, 1 negative, 1 missing value).
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as an improvement over univariable models and the acceptable
goodness of fit (x 2=0.26, P= .62). Models with additional parame-
ters did not show statistically significant improvement. On the basis
of this model, the odds of UVFP were higher for those with medial
displacement of the postipsilateral cord margin (adjusted OR= 3.09;
95% CI, 1.32–7.24) and with ipsilateral laryngeal ventricle dilation
(adjusted OR= 2.40; 95% CI, 1.03–5.55) (Table 6). Based on the
presence of either finding, this model provides a combined sensitiv-
ity and specificity of 86.5% and 41.0%, respectively. The presence of
both findings demonstrates 61.5% sensitivity and 74.4% specificity
(Table 7).

DISCUSSION
This is the first study to help identify UVFP on CT prospectively,
using signs established as helpful in prior studies.4-7 As shown in
our study, agreement among the radiologists was not as high as
expected, suggesting a subjectivity in the evaluation based on vary-
ing thresholds. The surprising lack of objectivity of the various
other signs diminishes their usefulness in prospectively predicting
vocal cord paralysis. For example, although the mushroom sign
and the loss of the subglottic arch sign were the most specific, they
were also rated the lowest in the radiologists’ agreement. Their
poor interrater reliability minimizes their usefulness (Fig 2).

In our study, the presence of medial displacement of the pos-
terior ipsilateral vocal fold margin and ipsilateral laryngeal ven-
tricular dilation combined yielded a positive predictive value of
87% and a specificity of 74%. These signs also had good agree-
ment among the interpreting neuroradiologists, which is impor-
tant if these signs are to be used to raise concern for UVFP and

thus initiate further evaluation by an otolaryngologist. Most
interesting, our findings are somewhat different from those in the
study of Chin et al,6 in which the authors retrospectively eval-
uated 40 patients with the knowledge of UVCP (but did not
know the laterality). While they found dilation of the laryngeal
ventricle to be a very useful sign, they also found medial deviation
and thickening of the aryepiglottic fold as well as dilation of the
piriform sinus to be as helpful. These latter 2 signs were also help-
ful in our study but did not reach statistical significance.

Our study demonstrates that it is much less straightforward to
prospectively raise concern for UVFP compared with interpreting
examinations when a laryngoscopic diagnosis of UVFP is con-
firmed. If medial displacement of the posterior ipsilateral vocal
fold margin and ipsilateral laryngeal ventricular dilation are pres-
ent, concern should be raised for UVFP prospectively and a thor-
ough evaluation of the course of the vagus and recurrent
laryngeal nerves from the skull base through the mediastinum
should be performed on the available neck CT examination.
Mimics of UVFP should also be excluded when possible.4

Limitations to our study include uneven distribution of
patients with UVFP versus healthy controls, excluding patients
with bilateral vocal cord paralysis, and agreement between neuro-
radiologists. Despite meeting beforehand to discuss how to evalu-
ate the various CT signs, discerning the presence or absence of
some signs proved subjective in this study, largely due to varying
thresholds for calling the presence of a sign for each neuroradiol-
ogist based on their own experience. Imaging findings of a high
vagal nerve palsy were not included in our study. Additional,
albeit less common, signs of UVFP such as subglottic fullness and
a widened vallecula5 were also not included in our study.

Table 5: Radiologist-versus-otolaryngologist diagnosis of vocal
cord paralysis

Radiologist,
Majority

Otolaryngologist
Vocal Cord
Paralysis

No Vocal Cord
Paralysis

Vocal cord paralysis 70 (49.3) 14 (9.9)
No vocal cord
paralysis

33 (23.2) 25 (17.6)

Table 6: Model to predict vocal cord paralysis from radiology
findings

Odds Ratio (95%
CI)

P
Value

Medial displacement of posterior
aspect of ipsilateral vocal fold

3.09 (1.32–7.24) .009

Dilation of ipsilateral laryngeal
ventricle

2.40 (1.03–5.5) .04

Table 7: Predictive value by combination of positive radiology
findings

No. Sensitivity Specificity PPV NPV
CT finding
Either finding 113 86.5% 41.0% 79.6% 53.3%
Both findings 74 61.5% 74.4% 86.5% 42.0%

Note:—PPV indicates positive predictive value; NPV, negative predictive value.

FIG 2. Radiologists’ subjectivity on a single axial postcontrast CT scan
demonstrates questionable findings of the mushroom sign. This was
read by 2 radiologists as negative for this sign and by 1 radiologist as
positive for the sign with the left side as the affected side. By lar-
yngoscopic examination, this patient did indeed have left-sided vocal
fold paralysis.
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CONCLUSIONS
It is not as accurate or straightforward to prospectively predict vocal
cord paralysis based on CT findings as previously implied in prior
studies. CT scan sensitivity and negative predictive value are low for
vocal cord paralysis. Because the implied diagnosis of vocal cord pa-
ralysis necessitates further work-up, expense, and procedures, care
must be taken to translate suspicious findings appropriately.
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ORIGINAL RESEARCH
HEAD & NECK

Extraocular Muscle Enlargement in Growth Hormone–
Secreting Pituitary Adenomas

B. Coutu, D.A. Alvarez, A. Ciurej, K. Moneymaker, M. White, C. Zhang, and A. Drincic

ABSTRACT

BACKGROUND AND PURPOSE: While Graves disease is the most common cause of extraocular muscle enlargement, case reports
have also associated growth hormone-secretory pituitary adenomas with this same phenomenon. We investigated the prevalence
and response to treatment of extraocular muscle enlargement in patients with growth hormone-secretory pituitary adenomas.

MATERIALS AND METHODS: We retrospectively reviewed extraocular muscle sizes using MR imaging in patients with growth
hormone–secretory pituitary adenomas who underwent a transsphenoidal surgical resection compared with a matched control
group with nonsecretory pituitary adenomas. Descriptive and comparative statistics were used to evaluate patient characteristics
and extraocular muscle sizes between the 2 groups.

RESULTS: We identified 16 patients who presented with growth hormone–secreting pituitary adenomas and underwent transsphe-
noidal surgical resection from 2010 to 2019. The average diameter of the extraocular muscle at the time of diagnosis for the group
with growth hormone-secretory pituitary adenomas was larger than that in the control group (4.7 versus 3.8mm, P, .001). Nine
patients achieved insulin-like growth factor 1 level normalization at a median of 11.5months before their most recent MR imaging
evaluation. The average size of the extraocular muscles of patients who achieved a normalized insulin-like growth factor 1 was
smaller compared with those that did not (difference, 0.7mm; 95% CI, 0.3–1.2 mm; P, .001), approaching the size of extraocular
muscle in the control group.

CONCLUSIONS: We describe a high prevalence of extraocular muscle enlargement in patients with growth hormone–secreting pi-
tuitary adenomas. Additionally, we note that the size of extraocular muscles decreased with associated improvement in the bio-
chemical control of acromegaly.

ABBREVIATIONS: EOM ¼ extraocular muscle; GH ¼ growth hormone; IGF-1 ¼ insulin-like growth factor 1; TED ¼ thyroid eye disease; TSS ¼ transsphenoi-
dal surgical; ULN ¼ upper limit of normal

Acromegaly is an uncommon disease, with an incidence of 3–
4 per million per year, characterized by excessive secretion

of growth hormone (GH)–inducing organomegaly.1 A GH-
secreting pituitary adenoma causes 95% of described cases of
acromegaly.2 The features of such disease are related to excessive
growth due to elevated GH and insulin-like growth factor 1 (IGF-
1). This, in turn, leads to stimulation of growth of many tissues,
including skin, bone, viscera, and epithelial tissue leading to

features such as prognathism, macroglossia, goiter, arthropathy,
cardiomyopathy, skin tags, and colon polyps.3

Although a rare presentation of the disease process, acrome-
galy is associated with clinically relevant growth of orbital struc-
tures resulting in proptosis, increased corneal thickness, and even
total ophthalmoplegia.4 The current literature is limited to case
reports describing the association between acromegaly and extra-
ocular muscle (EOM) enlargement, which, in turn, is related to
the duration of the disease process as measured by levels of GH
and IGF-1.5 This unrecognized finding of EOM enlargement on
imaging studies may lead a clinician to performmultiple diagnos-
tic tests investigating other causes of EOM enlargement such as
thyroid eye disease (TED) associated with Graves disease or other
inflammatory/neoplastic processes.

There is limited knowledge regarding the prevalence of EOM
enlargement in patients with GH-secreting pituitary adenomas,
the correlation of IGF-1 and EOM enlargement, or the efficacy of
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adenoma-directed treatment to halt or reverse EOM enlargement
in this patient population. We present our institutional data to
contribute to the understanding of this phenomenon.

MATERIALS AND METHODS
Study Design
We undertook a single-institution retrospective review of EOM
size at diagnosis and last follow-up in patients with GH-secreting
adenomas as measured by MR imaging. All included patients
underwent MR imaging at the time of diagnosis and routinely at
follow-up as per their managing physicians. We matched these
patients (1:1) with patients with nonsecretory pituitary adeno-
mas. This study was approved by our institutional board.

Patient Selection
We included consecutive patients from 2010 to 2019 who under-
went a transsphenoidal surgical (TSS) resection for a GH-secret-
ing pituitary adenoma. Patients were excluded if they had a
history of Graves disease or signs/symptoms of TED, including
the presence of laboratory-detected thyroid abnormalities (ele-
vated Free T4). Patients were excluded if they could not undergo
MR imaging. We matched (1:1) a control group of patients with
nonsecretory pituitary adenomas to the patients with GH-secret-
ing adenomas on the basis of age, sex, type of definitive treat-
ment, and date of definitive treatment. All patients in the control
group had clinically nonfunctioning pituitary adenomas. Patients
were not included in the control group if they had, at any point,
abnormal IGF-1 levels, which may be associated with a GH-secre-
tory adenoma or treatment-associated hypopituitarism. Standard
hormonal replacement of hypopituitarism did not cause exclu-
sion in either group.

Laboratory Evaluation
IGF-1 was evaluated using quantitative chemiluminescent immu-
noassay. Laboratory assessment was outsourced to ARUP
Laboratories (www.aruplab.com). The IGF-1 upper limit of nor-
mal (ULN) was defined as 2 SDs above the associated laboratory
value adjusted by sex and age as presented by Shimon et al.6,7 A
corresponding z score was reported with the IGF-1 laboratory
value. A z score is the number of SDs that a given result is above
(positive score) or below (negative score) the age- and sex-
adjusted population mean. Results that are within the IGF-1 ref-
erence interval will have a z score between �2.0 and12.0. IGF-1
laboratory findings were identified as abnormal if they were out-
side the above-stated reference range or had an associated z score
of .2.0. A GH-secretory status of a pituitary adenoma was diag-
nosed per the following criteria: patients with a presenting IGF-1
of .1.2 times the ULN or between 1.0 � ULN and 1.2 � ULN
with a serum GH nadir of.1m/l on oral glucose tolerance testing
with associated symptoms of acromegaly. IGF-1 normalization
(remission) following an operation and/or salvage management
was defined as #1.0 � IGF-1 ULN in 2 different serum
collections.

Treatment
All patient management took place at an academic medical cen-
ter. Treatment decision and techniques were based on the most

current international acromegaly management guidelines,8 and
recommendations for adjuvant and salvage therapy were as per
the managing neurosurgeon, radiation oncologist, and endocri-
nologist. All patients underwent a TSS resection. Radiation ther-
apy was recommended for partial resection or identification of
recurrent disease and was delivered in conventional fractionation
(4500–5400 cGy in 25–30 fractions) or using a stereotactic radio-
surgery technique (1400–2200 cGy in 1 fraction). Indications for
salvage endocrine therapy included an elevated IGF-1 level or
symptoms of acromegaly. Endocrine therapy included cabergo-
line, somatostatin receptor ligands, and pegvisomant.

Treatment-Response Evaluation
Patients were regularly evaluated for evidence of recurrent tumor
with routine follow-up MR imaging every 6–12months accord-
ing to the Endocrine Society guidelines. Laboratory evaluation
included IGF-1 level, random GH level, cortisol level, thyroid lev-
els (thyroid stimulating hormone, T3, and T4), and other pitui-
tary hormones as indicated. The response of EOM enlargement
to treatment was evaluated by comparing the patient’s most
recent MR imaging (following treatment completion) with their
MR imaging at the time of diagnosis.

MR Imaging Technique
Patients underwent MR imaging of the sella for the initial evalua-
tion or routine follow-up of their pituitary adenoma. MR imaging
examinations were performed using 1.5T and 3T systems. The
retrospective nature of the study and the various clinical setups
did not allow standardization of sequences. The imaging proto-
cols included coronal and sagittal T1-weighted image acquisitions
of the pituitary gland, cavernous sinus, and orbital structures.
The 2 most common protocols (encompassing 78.1% of the ret-
rospectively reviewed MR images) were an inversion recovery
protocol performed on a 1.5T system (section thickness/gap
thickness = 1.0–2.0/1.0–2.0mm; TR/TE/TI = 2000/8.7–20.0/800
ms) and a fast spin-echo protocol performed on a 3T system (sec-
tion thickness/gap thickness = 2.5–3/3–3.5mm; TR/TE = 400–
500/8.4–20.0 ms).

EOMMeasurement
MR images were processed with Change HealthCare Radiology
Solutions, Version 12.4.1 (https://www.changehealthcare.com/
enterprise-imaging/radiology/radiology-solutions), within which
the annotation distance tool was used for measurements. The
short-axis diameter of each muscle was measured at its maxi-
mum.9 Measurements were performed on magnified images to
improve the accuracy of the measurements, with the same magni-
fication for all MR images. A board-certified neuroradiologist
(M.W.) and an endocrine fellow (D.A.A) analyzed the images in-
dependently and were found to have concordant measurements
of EOM size. Physicians performing the measurements were not
blinded to individual patient factors. Measurements of the diame-
ter of the superior oblique muscle were found to be discordant
between independent measurers and across patients and were
thus removed from this analysis.
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Statistical Analysis
Descriptive statistics were performed by calculating the frequen-
cies of categoric variables and the median and range for continu-
ous variables. Patient characteristics were compared using an
independent-samples t test and a x 2 test. The level of significance
was set at a P value , .05. EOM enlargement was defined as a
greater than the 95% confidence interval of the control group.
Statistical analysis was performed using SPSS software, Version
26 (IBM).

RESULTS
We identified 16 patients who presented with GH-secreting pitui-
tary adenomas who underwent TSS resection from 2010 to 2019
(Online Supplemental Data). The median patient age at the time
of the operation was 44 years (range, 25–62 years). Five patients
(31%) were men and 11 (69%) were women. The median IGF-1
at diagnosis was 2.15 times the upper limit of the normal (range,
1.06–3.57). The median size of the identified pituitary adenoma
at diagnosis was 19.5mm (range, 7–42mm), with 9 patients
(56%) presenting with cavernous sinus involvement and optic
chiasm abutment/compression. Nine patients (56%) were identi-
fied as having pituitary adenomas that co-secreted prolactin. All
patients underwent TSS resection of their adenoma, and residual
disease was identified on immediate postoperative MR imaging
(representing a resection of local relapsed tumor) in 12 patients
(75%). No patients reported symptoms of ophthalmoplegia, or-
bital pain, or diplopia; however, 6 patients (37.5%) reported head-
aches, 2 patients (12.5%) reported epiphora, and 2 patients
(12.5%) reported bitemporal hemianopsia.

At a median follow-up of 37.4 months (range, 12.5–126.0
months), 14 patients (87.5%) with GH-secreting adenomas had a
normalized IGF-1 level. Four patients (25%) had a normalized
IGF-1 level within 3months of the operation without additional
medical management. The median time from diagnosis to salvage
therapy, including salvage radiation therapy or endocrine therapy,

was 14.7 months (range, 0–
117.2months). Twelve patients (75%)
underwent salvage medical therapy
including cabergoline (56%), lanreotide
(50%), and pegvisomant (19%). Seven
patients (44%) underwent salvage radi-
ation therapy at a median 21.4months
(range, 4.1–117.2months) after the
operation.

The control group consisted of 16
patients matched for age and sex at
the time of definitive local therapy.
Compared with the patients with GH-
secreting pituitary adenomas, the con-
trol group had larger pituitary adeno-
mas at the time of diagnosis (19.5
versus 30.0mm, P ¼ .02). Consistent
with the selection process, the patients
with GH-secretory pituitary adenomas
had a higher IGF-1/ULN (2.15 versus
0.44, P, .01) and a higher rate of pro-
lactin co-secretion (56% versus 0%,

P, .01) than the control group. There were no differences
between the GH-secretory and control groups in the rate of cav-
ernous sinus involvement (56% versus 75%, P ¼ .458), optic
chiasm abutment or compression (56% versus 63%, P ¼ 1.00),
Resection of local relapsed tumor as defined by gross residual dis-
ease identified on immediate postoperative imaging (75% versus
56%, P ¼ .458), or the rate of salvage radiation therapy (44% ver-
sus 63%, P¼ .287).

In patients with GH-secretory adenomas, the EOM size is
positively correlated with IGF-1/ULN at diagnosis. The Pearson
correlation of the relationship is 0.599 (P¼ .014). The average di-
ameter of the EOM at the time of diagnosis for the group with
GH-secretory pituitary adenomas was larger than that in the con-
trol group (4.7mm; 95% CI, 4.4–4.9mm versus 3.8mm; 95% CI,
3.6–3.9, P, .001) (Fig 1). The medial rectus muscles demon-
strated the greatest difference in size between the group with GH-
secretory pituitary adenomas compared with the control group
(difference, 1.2mm; 95% CI, 0.7–1.6mm; P, .001) (Table 1).
Fourteen patients (87.5%) with GH-secretory pituitary adenomas
had average EOM diameters greater than the 95% confidence
interval of the control group. There was no association between
cavernous sinus involvement and ipsilateral extraocular muscle
enlargement (3.8 versus 3.7mm, P¼ .660).

The median time interval from their initial MR imaging to the
most recent follow-up MR imaging was 32.5months for the GH-
secretory pituitary adenoma group compared with 74.8months
for the control group (P ¼ .126) (Table 1). At the time of the
most recent MR imaging, all patients had undergone resection of
their pituitary adenoma and 9 patients (56.3%) had met acrome-
galy remission criteria. Of the 9 patients who met the remission
criteria, the median time from IGF-1 normalization to the most
recent MR imaging was 11.5months. At the most recent MR
imaging following treatment, the enlargement of EOMs in
the GH-secretory group compared with the control group per-
sisted (4.3 mm; 95% CI, 4.0–4.4.5mm versus 3.6mm; 95% CI,

FIG 1. In patients with GH-secretory adenoma, EOM size is positively correlated with IGF-1/ULN
at diagnosis. The Pearson correlation of the relationship is 0.599 (P = .014).
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3.5–3.8mm; P, .001). However, patients with GH-secretory pitu-
itary adenomas overall achieved a decrease in the size of EOM
from their first MR imaging to their most recent MR imaging (dif-
ference, �0.4mml 95% CI, �0.7–0.0mm; P ¼ .037) (Table 2).
While the lateral and inferior rectus muscles had a decrease in
size (�0.6 and �0.4 mm, respectively), the decrease in size of
the superior rectus muscle did not achieve statistical significance
(�0.4 mm, P ¼ .075) and no decrease in the size of the medical
rectus muscle was appreciated (�0.2 mm, P¼ .546).

Of the 9 patients who achieved IGF-1 normalization before
their most recent MR imaging, average EOM sizes were smaller
compared with the group that did not achieve IGF-1 normal-
ization (0.7 mm; 95% CI, 0.3�1.2 mm; P, .001) (Table 3). The
EOM size of patients who achieved IGF-1 normalization
approached that of the control population (Fig 2). Achieving
IGF-1 normalization before the most recent MR imaging was
associated with a lower average IGF-1/ULN at diagnosis (dif-
ference, 0.88; 95% CI, 0.23–1.53; P ¼ .010). Four patients

(25%) with GH-secretory pituitary adenomas experienced fur-
ther growth of their EOM diameter at the time of their most
recent MR imaging (relative change, 0.5mm; range, 0.0–
1.2mm), of whom only 1 patient did not achieve a normalized
IGF-1 by the time of the last follow-up.

DISCUSSION
This is the first study that has systematically reported the preva-
lence of EOM enlargement in patients with GH-secretory pitui-
tary adenomas compared with a control group. Most patients
(87.5%) with GH-secretory pituitary adenomas with or without
other symptoms of acromegaly had EOM enlargement compared
with the control group. Normalization of IGF-1 was associated
with a decrease in EOM size. An analysis of the duration of IGF-1
normalization and the timing of follow-up imaging suggested
that EOM size approaches the average size of the matched cohort,
given sufficient time for biochemical control. Limited follow-up
and persistent elevation of IGF-1 levels in a subset of the popula-

tion with the most recent MR imaging
may limit our observation that EOM
size did not decrease in the entire
cohort after surgical resection. There
is scant description on the prevalence
and management of EOM enlarge-
ment associated with acromegaly in
the published literature. Pozzo et al10

described a series of 10 patients with
acromegaly, in which 8 patients had
extraocular muscle enlargement iden-
tified on CT. Apart from this case se-
ries, we identified 4 published case
reports of 6 patients (age range, 23–
60 years) with symptomatic EOM
enlargement associated with acrome-
galy published from 1962 to 2013.
Associated symptoms at the time of
presentation included proptosis, pto-
sis, epiphora, and lower eyelid edema.
Our study contributes to the published
literature of acromegaly-associated ex-
traocular enlargement detectable by
MR imaging.10-13

Clinically identified EOM enlarge-
ment even in the setting of a GH-
secretory pituitary adenoma has his-
torically required an expensive and

Table 2: Change in size of EOMs with time of patients with GH-secreting pituitary
adenomas

Muscle Initial Size (95% CI) Final Size (95% CI) Change (95% CI) P Value
Superior rectus (mm) 4.7 (4.4–5.0) 4.3 (4.0–4.6) �0.4 (�0.9–0.0) .075
Medial rectus (mm) 4.8 (4.4–5.2) 4.6 (4.3–5.0) �0.2 (�0.7–0.4) .546
Lateral rectus (mm) 4.5 (4.1–4.8) 3.9 (3.6–4.2) �0.6 (�1.0–�0.1) .013
Inferior rectus (mm) 4.8 (4.4–5.3) 4.2 (3.8–4.6) �0.7 (�1.2–�0.1) .024
Average (mm) 4.7 (4.4–4.9) 4.3 (4.0–4.5) �0.4 (�0.7–0.0) .037

Table 1: EOM sizes at the time of diagnosis and at time of most recent MR imaging eval-
uation of patients with GH-secreting pituitary adenomas compared with nonsecretory
pituitary adenomas

Characteristic
GH-secretory

(95% CI)
Nonsecretory

(95% CI)
Difference
(95% CI)

P
Value

Initial size (mm)
Superior
rectus

4.7 (4.4–5.0) 4.0 (3.6–4.3) 0.7 (0.3–1.2) .002

Medial rectus 4.8 (4.4–5.2) 3.7 (3.4–3.9) 1.2 (0.7–1.6) ,.001
Lateral rectus 4.5 (4.1–4.8) 3.6 (3.3–3.9) 0.9 (0.5–1.4) ,.001
Inferior rectus 4.8 (4.4–5.3) 4.0 (3.8–4.3) 0.8 (0.3–1.3) .003
Average 4.7 (4.4–4.9) 3.8 (3.6–3.9) 0.9 (0.6–1.2) ,.001
Final size (mm)
Superior
rectus

4.3 (4.0–4.6) 3.9 (3.5–4.2) 0.4 (�0.1–0.9) .088

Medial rectus 4.6 (4.3–5.0) 3.5 (3.2–3.7) 1.1 (0.8–1.6) ,.001
Lateral rectus 3.9 (3.6–4.2) 3.5 (3.2–3.7) 0.4 (0.1–0.8) .026
Inferior rectus 4.2 (3.8–4.6) 3.7 (3.5–4.0) 0.5 (0.0–0.9) .048
Average 4.3 (4.0–4.5) 3.6 (3.5–3.8) 0.7 (0.4–0.9) ,.001

Table 3: Patients with GH-secretory pituitary adenomas who did or did not achieve a normalized IGF-1 level before their most
recent MR imaging

Characteristic
Normalized IGF-1 (95% CI)

(n = 9)
Elevated IGF-1 (95% CI)

(n = 7)
Difference
(95% CI)

P
Value

Extraocular muscle size at most recent MR imaging
(mm)

3.9 (3.6–4.2) 4.7 (4.3–5.0) 0.7 (0.3–1.2) ,.001

Average IGF-1/ULN at diagnosis 1.9 (1.5–2.3) 2.8 (2.3–3.4) 0.9 (0.2–1.5) .010
Size of pituitary adenoma (mm) 19.1 (15.9–22.3) 23.9 (17.4–30.3) 4.7 (�2.1–11.6) .170
Average duration of elevated IGF-1 (mo) 20.4 (12.4–28.5) 39.3 (18.8–59.9) 18.9 (�2.3–40.1) .078
Average time between initial and final MR
imaging (mo)

52.8 (26.1–79.4) 39.9 (19.7–60.1) �12.9 (�45.0–19.1) .417
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time-consuming investigation of a differential diagnosis includ-
ing TED. Our findings further support the association between
EOM size and GH-secretory pituitary adenomas and suggest that
beyond obtaining free T4 and thyroid-stimulating hormone
measurements (which is a part of routine assessment of patients
with pituitary adenomas), further evaluation of EOM enlarge-
ment may be of low clinical yield. Furthermore, our findings sug-
gest the reversibility of the EOM size with effective adenoma-
directed surgical and appropriate salvage medical management.
Nevertheless, the reversibility of GH-associated organomegaly is
debated because the Acromegaly Consensus Conference has
reported that in patients with acromegaly, comorbidities may not
remit even when full biochemical control is achieved.5,14,15

Although the most common cause of EOM enlargement is
Graves disease–associated TED, our study demonstrates a high
prevalence of EOM among patients with GH-secretory pituitary
adenomas. A retrospective analysis of 60 patients with nonthyroi-
dal enlarged EOMs performed by Patrinely et al16 demonstrated
that only 3% of the cases were caused by acromegaly. However,
the pathophysiology of EOM enlargement is largely under-
studied. In TED, overexpression of the insulin–like growth factor
1 receptor in fibroblasts and T-cells may lead to overactivation of
T-cells playing an important part in the development of EOM
enlargement across disease processes. It is hypothesized that IGF-
1 promotes inflammation by cytokine activation and hyaluronic
acid deposition, which causes edema and enlargement of the
EOM. This process might also explain the EOM enlargement
phenomenon that we identified in GH-secretory pituitary adeno-
mas. To this point, the use of a novel medication recently
approved for clinically active TED, teprotozumab, an insulin–like
growth factor 1 receptor inhibitor, has demonstrated clinical
improvement in diplopia and proptosis compared with a placebo,
further confirming the importance of insulin–like growth factor 1
receptor expression and activity in such disease.17

In our study, we describe EOM
enlargement in patients with GH-secre-
tory pituitary adenomas relative to a
control group, given the lack of norma-
tive measurements of orbital structures
byMR imaging. Ozgen8,18 proposed cri-
teria for the diameters of normal EOMs
on MR imaging, with a proposed nor-
mal mean for diameters of the EOM as
follows: medial rectus, 4.0mm; lateral
rectus, 3.7mm; superior group, 4.4mm;
inferior rectus, 4.8mm; and superior
oblique, 3.2mm. Measurements were
similar to previously proposed norma-
tive measurements of the EOM by CT
imaging.18 However, EOM measure-
ments can differ depending on race and
the measurement technique. Our aver-
age measurements of the control
group’s lateral rectus muscles (lateral
rectus, 3.6mm; 95% CI, 3.3–3.9mm)
were less than the proposed normal
means.

We recognize that our study has limitations. The retrospective
nature and limited number of patients and short follow-up period
limit the wide application of these results. We limited our analysis
to objective radiologic findings rather than clinical findings,
including measured proptosis and self-reported patient symp-
toms, which may have greater clinical implications. Furthermore,
patients were evaluated using variable MR imaging protocols, not
all of which included thin slices through the EOM. Finally, fol-
low-up of the cohort of patients with abnormal IGF-1 levels may
reveal further normalization of EOM size beyond what is
reported in this study. Despite these limitations, we believe that
this study contributes to our understanding of the effects of acro-
megaly on EOM thickness and both the incidence and reversibil-
ity of this finding.

CONCLUSIONS
Notwithstanding the limitations of this study, we identified a strong
association between EOM enlargement and the GH-secretory status
of pituitary adenomas. We conclude that further investigation of al-
ternative causes of EOM enlargement may be of limited clinical
utility in this population. Our data also suggest the potential revers-
ibility of EOM enlargement with pituitary adenoma–directed treat-
ment with salvage management indicated on the basis of IGF-1
elevation. These findings warrant further investigation with larger
observation studies because they might assist in patient care and
reduce the cost of extraneous testing.
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Therapeutics/WellCare, Comments: Advisory Board for Corcept Therapeutics on
Cushing disease (it was .2 years ago), advisory board for WellCare (Medicaid)
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FIG 2. EOM size in patients who achieved normalization of the IGF-1 before their most recent
MR imaging. The average EOM size appears to decrease as the duration (months) of IGF-1 normal-
ization increases. The alternating dashed/dotted line represents the average EOM size (4.7mm)
in patients who did not achieve IGF-1 normalization before their most recent MR imaging. The
dashed line represents that average EOM size (3.6mm) in patients without acromegaly at the
time of their most recent MR imaging.
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ORIGINAL RESEARCH
PEDIATRICS

Radiomics Can Distinguish Pediatric Supratentorial
Embryonal Tumors, High-Grade Gliomas, and Ependymomas

M. Zhang, L. Tam, J. Wright, M. Mohammadzadeh, M. Han, E. Chen, M. Wagner, J. Nemalka, H. Lai,
A. Eghbal, C.Y. Ho, R.M. Lober, S.H. Cheshier, N.A. Vitanza, G.A. Grant, L.M Prolo, K.W. Yeom, and A. Jaju

ABSTRACT

BACKGROUND AND PURPOSE: Pediatric supratentorial tumors such as embryonal tumors, high-grade gliomas, and ependymomas
are difficult to distinguish by histopathology and imaging because of overlapping features. We applied machine learning to uncover
MR imaging–based radiomics phenotypes that can differentiate these tumor types.

MATERIALS AND METHODS: Our retrospective cohort of 231 patients from 7 participating institutions had 50 embryonal tumors,
127 high-grade gliomas, and 54 ependymomas. For each tumor volume, we extracted 900 Image Biomarker Standardization
Initiative–based PyRadiomics features from T2-weighted and gadolinium-enhanced T1-weighted images. A reduced feature set was
obtained by sparse regression analysis and was used as input for 6 candidate classifier models. Training and test sets were randomly
allocated from the total cohort in a 75:25 ratio.

RESULTS: The final classifier model for embryonal tumor-versus-high-grade gliomas identified 23 features with an area under the
curve of 0.98; the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 0.85, 0.91, 0.79, 0.94,
and 0.89, respectively. The classifier for embryonal tumor-versus-ependymomas identified 4 features with an area under the curve
of 0.82; the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 0.93, 0.69, 0.76, 0.90, and
0.81, respectively. The classifier for high-grade gliomas-versus-ependymomas identified 35 features with an area under the curve
of 0.96; the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 0.82, 0.94, 0.82, 0.94, and
0.91, respectively.

CONCLUSIONS: In this multi-institutional study, we identified distinct radiomic phenotypes that distinguish pediatric supratentorial
tumors, high-grade gliomas, and ependymomas with high accuracy. Incorporation of this technique in diagnostic algorithms can
improve diagnosis, risk stratification, and treatment planning.

ABBREVIATIONS: AUC ¼ area under the curve; EP ¼ ependymoma; GLCM ¼ gray-level co-occurrence matrix; HGG ¼ high-grade glioma; LR ¼ logistic
regression; NPV ¼ negative predictive value; PNET ¼ primitive neuroectodermal tumor; PPV ¼ positive predictive value; WHO ¼ World Health Organization;
XGB ¼ extreme gradient boosting; LASSO ¼ least absolute shrinkage and selection operator

Pediatric supratentorial embryonal tumors, high-grade glio-
mas (HGGs), and ependymomas (EPs) can be difficult to

differentiate by both imaging and histopathology because of
overlapping features.1,2 Given the vastly different treatment
approaches and prognoses, accurate diagnosis of these entities
is extremely important; however, it requires advanced immu-
nohistochemistry and molecular analyses, which have substan-
tial practical barriers of availability, timeliness, and cost.3-5

Embryonal tumors of the CNS are highly malignant, undiffer-
entiated, or poorly differentiated tumors of neuroepithelial ori-
gin, a category that has continuously evolved during the past few
decades, reflecting an improving understanding of tumor biol-
ogy.1,6 The nomenclature of supratentorial HGG has also
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changed across the years, including major updates in the 2021
World Health Organization Classification of CNS Tumors
(WHO CNS5), with separation of “adult-type” and “pediatric-
type” gliomas and further subgrouping based on specific genetic
mutations. The term “anaplastic astrocytoma” has been discon-
tinued, and “glioblastoma” is no longer used in the pediatric con-
text.7 Supratentorial EPs have been shown to be biologically
distinct from the more common infratentorial counterparts, with
different cells of origin and specific genetic mutations.8,9

Supratentorial embryonal tumors, HGGs, and EPs all demon-
strate aggressive behavior, and routine histopathology may be
unreliable in accurately differentiating these tumor types.

Recent advances in machine learning and computer vision in
medicine offer a new potential for precision in oncology whether
it is classification of the tumor subgroup or prognosis. For exam-
ple, feature extraction, such as radiomics, enables mining of high-
dimensional, quantitative image features that facilitate data-driven,
predictive modeling. With such approaches, computational algo-
rithms assign probabilities for diagnoses based on quantitative
analyses of tumor voxels on imaging.10,11 Prior studies have used
various machine learning approaches to separate the different pos-
terior fossa tumors in children, to predict the molecular subtypes
for pediatric medulloblastomas and adult high-grade gliomas, and
for development of prognostic biomarkers for various tumors.12-19

Here, we present a large multi-institutional cohort of pediatric
supratentorial tumors for MR imaging–based radiomics analysis,
in an attempt to identify quantitative imaging features and radio-
mic profiles that can help distinguish these tumors types.

MATERIALS AND METHODS
Study Population
We performed a multi-institutional, retrospective study after
institutional review board approval (No. 51059) at participating
institutions (Online Supplemental Data) with a waiver of consent.
Stanford served as the host institution and executed site-specific
data-use agreements. The inclusion criteria were consecutive
patients with pathologically confirmed supratentorial embryonal
tumors, HGGs, and EPs spanning 2003–2021, nineteen years of
age or younger, and with preoperative MR imaging that included
both axial T2-weighted and gadolinium-enhanced T1-weighted
sequences. For this retrospective study, the original tumor type
assignments were based on the older WHO classifications. The
HGG group included anaplastic astrocytomas (grade III) and
glioblastomas (grade IV); both terms have been discontinued in
the 2021 WHO Classification. All supratentorial EPs, regardless
of the pathologic grade (grade II or III), were included in the
study. We excluded patients if the MR imaging was nondiagnos-
tic or had artifacts.

Imaging Techniques
MR imaging brain scans were performed on 1.5 or 3T MR imag-
ing scanners across centers using the following vendors: GE
Healthcare, Siemens, Philips Healthcare, and Toshiba Canon
Medical Systems. The T2-MR imaging sequence parameters were
the following: T2 TSE clear/sensitivity encoding, T2 FSE, T2
PROPELLER, T2 BLADE (Siemens), T2 DRIVE sensitivity
encoding (TR/TE = 2475.6–9622.24/80–146.048 ms); section

thickness = 1–5mm, 0.5- or 1-mm skip; matrix ranges = 224–
1024 � 256–1024. T1-MR imaging sequences comprised T1
MPRAGE, T1 axial MRI 3D brain volume, T1 fast-spoiled gradi-
ent recalled, T1 echo-spoiled gradient echo, and T1 spin-echo
(section thickness = 0.8–1.2mm; matrix = 256–512�256–512).

Feature Extraction and Reduction
One blinded neuroradiology attending physician (reader 1, K.W.Y.)
independently segmented the volumetric whole-tumor boundary
on both T2-MR imaging and T1-MR imaging, inclusive of solid,
cystic, and hemorrhagic components, excluding perilesional edema.
The T2-MR imaging was used as the baseline for tumor segmenta-
tion, and the ROI was manually overlaid onto the T1-MR imaging.
A second blinded neuroradiology attending physician (reader 2, A.
J.) confirmed tumor boundary delineation. Normalization was per-
formed by normalizing the intensities by centering at the mean
(SD), with a scaling factor of 100. Isotropic voxel resampling was
performed to 1� 1� 1 mm3. A bin width of 10 was used for gray-
level discretization in both normalized MR images. Both the nor-
malization and resampling elements are further detailed in the
Online Supplemental Data. From each tumor volume, we extracted
1800 (900 each from T2-MR imaging and T1-MR imaging) Image
Biomarker Standardization Initiative–based20,21 PyRadiomics features
(2.2.0.post71gac7458e; https://aim.hms.harvard.edu/pyradiomics)
using the Quantitative Image Feature Pipeline (Online Supple-
mental Data).22 Extracted features underwent sparse regression
analysis by a least absolute shrinkage and selection operator
(LASSO) on RStudio 1.2.5033 (https://www.rstudio.com/products/
rstudio/download/; Online Supplemental Data). We conducted
feature selection from the entire cohort given our relatively small
data set size and addressed this potential limitation by performing
internal cross-validated LASSO (glmnet package; https://glmnet.
stanford.edu/articles/glmnet.html) to obviate overfitting.

Binary Classifier Training and Testing
For each binary classifier model, we first conducted feature reduc-
tion using the extracted feature set and clinical variables (age at di-
agnosis and sex) as input. The corresponding reduced feature set
was then submitted to train 6 candidate classifiers to identify the
best-performing algorithm. The 6 candidate classifiers included
support vector machine, logistic regression (LR), k-nearest neigh-
bor, random forest, extreme gradient boosting (XGB), and neural
net. Training and test sets were randomly allocated from the total
cohort in a 75:25 ratio. The training cohort underwent resampling
to correct for sample imbalance. Embryonal tumors were desig-
nated as the positive class in classifiers containing such pathologies.
For the classifier between EP and HGG, EP was designated as the
positive class. Optimal classifier parameters were estimated by a
grid search (Online Supplemental Data). The relative influences of
imaging features were calculated for the optimal classifiers, namely,
feature coefficients for LR and percentage gain for tree-based
classifiers.

Single-Stage Multiclass Classifier Model
To compare the performance of multiple individual binary primary
models (embryonal tumor versus HGG; embryonal tumor versus
EP; EP versus HGG) with that of a single multiclass model, we used
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the same 6 candidate classifiers to perform amulticlass classification
across the 3 tumor groups: embryonal tumor, HGG, and EP.

Statistical Analysis
A P value , .05 was considered statistically significant for all
analyses. We calculated sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), and area under the
curve (AUC) for each classifier. The accuracy confidence interval
was compared with the no-information rate, which was calcu-
lated from the prevalence of the more populous class within a bi-
nary pairing (Wald statistic). Confidence intervals were obtained
by bootstrapping the test sets for 2000 random samples. Classifier
development was performed using Python 3.8.5 (https://www.
python.org/downloads/release/python-385/). Feature reduction
and statistics were calculated with RStudio 1.2.503.

RESULTS
Patient Cohort
Of the 271 patients who were shared by participating sites, 231
met the final inclusion criteria. Reasons for exclusion were lack of
either axial plane T2-MR imaging or T1-MR imaging or artifacts.
A few patients were excluded due to infratentorial tumor loca-
tion. There were 50 (21.6%) embryonal tumors, 127 (55.0%)
HGGs, and 54 (23.4%) EPs, with pathologic subtypes as detailed

in the Online Supplemental Data. The mean ages at diagnosis
were 69.3, 138.1, and 87.3months, respectively.

Embryonal Tumor and High-Grade Glioma Classifier
The subsequent classifier for embryonal tumor and HGG identi-
fied 23 features (Online Supplemental Data). These features
entailed 1 clinical feature (age), 9 from T1-MR imaging, and 13
from T2-MR imaging, including 6 first-order, 2 shape, and 14
textural features (8 gray-level co-occurrence matrix [GLCM], 5
gray-level size zone, 1 gray-level run length matrix). Among the 6
classifier models, LR showed highest performance (AUC = 0.98)
(Online Supplemental Data) with a sensitivity, specificity, PPV,
NPV, and accuracy of 0.85, 0.91, 0.79, 0.94, and 0.89, respectively.
The top 3 relevant features included age, T2-cluster shade
(GLCM), and T2-mean (first-order intensity, Fig 1, and Online
Supplemental Data). Accuracy was significantly higher than the
no-information rate (P, .001). Metrics from all 6 classifier mod-
els are provided in the Online Supplemental Data.

Embryonal Tumor and Ependymoma Classifier
In the binary classifier for embryonal tumor versus EP, LASSO
regression identified 4 relevant Image Biomarker Standardization
Initiative features, with 2 from T1-MR imaging and 2 from T2-MR
imaging (Online Supplemental Data), including 3 first-order features
and 1 textural feature (1 GLCM). Among the 6 classifier models,

FIG 1. Density plots of the top 3 features, including age at diagnosis (A), T2-Cluster Shade (B), and T1-Mean Intensity (C). D, Bar plot measuring
the relative influence as calculated by LR of the top 10 reduced features for the binary classifier trained to distinguish embryonal tumors and
high-grade gliomas.
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XGB had the best performance (AUC = 0.82) (Online Supplemental
Data). The top 3 relevant features included T2-kurtosis (first-order),
T1-informational measure of correlation (GLCM), and T1-skewness
(first-order, Fig 2 and Online Supplemental Data). Sensitivity, speci-
ficity, PPV, NPV, and accuracy were 0.93, 0.69, 0.76, 0.90, 0.81,
respectively. Accuracy was statistically greater than the no-informa-
tion rate (P= .001). Metrics from all 6 classifier models are provided
in Online Supplemental Data.

Ependymoma and High-Grade Glioma Classifier
Finally, a classifier performed for HGG and EP identified 35 fea-
tures (Online Supplemental Data), including 1 clinical feature, 16
from T1-MR imaging, and 18 from T2-MR imaging, including 8
first-order, 1 shape, and 25 textural features (11 GLCM, 10 gray-
level size zones, 4 gray-level run length matrix). Among the 6
classifier models, neural net showed the highest performance
(AUC = 0.96) (Online Supplemental Data) with a sensitivity,
specificity, PPV, NPV, and accuracy of 0.82, 0.94, 0.82, 0.94, and
0.91, respectively. The top 3 relevant features included T1-mean
(first-order intensity), T1-cluster shade (GLCM), and T2-maxi-
mal correlation coefficient (GLCM, Fig 3, and Online
Supplemental Data). Accuracy was statistically higher than the
no-information rate (P, .001). Metrics from all 6 classifier mod-
els are provided in the Online Supplemental Data.

Single-Stage Embryonal Tumor, High-Grade Glioma,
Ependymoma Classifier
The performance of this multiclass classifier was inferior to the
above-described binary classifiers, and the metrics stemming
from this model are included in the Online Supplemental Data.

DISCUSSION
In this multi-institutional study, we constructed machine learn-
ing classifiers to identify MR imaging–based radiomics pheno-
types that distinguish supratentorial embryonal tumors, HGG,
and EP. Our study represents the largest study to date on imaging
of pediatric supratentorial tumors and the first one to apply
radiomics.

Histopathologic features of embryonal tumors, HGG, and EP
can overlap and require immunohistochemistry and/or molecular
profiling for accurate diagnosis. Also, recent clinical trials have
reported that rates of discordance between central and site patho-
logic review range between 28% and 38%, further highlighting the
difficulties in accurate pathologic diagnosis.1,4,8,23 The diagnosis of
embryonal tumors from other entities is particularly challenging. In
the past, the histologically diagnosed category of primitive neuroec-
todermal tumors (CNS-PNET) was considered synonymous with
embryonal tumors. However, molecular profiling using genome-

FIG 2. Density plots of the top 3 features, including T2-kurtosis (A), T1-skewness (B), and T1-information measure of correlation (C). D, Bar plot
measuring the relative influence as calculated by XGB of the 4 reduced features for the binary classifier trained to distinguish embryonal tumor
and ependymoma.
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wide DNAmethylation of CNS-PNETs has revealed that this group
comprises disparate entities including embryonal tumors as well as
nonembryonal tumors such as HGG and EP, thereby leading to dis-
continuation of the term CNS-PNET in the WHO Classification.1,2

The supratentorial embryonal tumors include a broad group
termed “CNS embryonal tumors (not otherwise specified)” and
some more specific entities like embryonal tumors with multilay-
ered rosettes.6 In addition to these, supratentorial embryonal
tumors have traditionally included atypical teratoid/rhabdoid
tumors and pineoblastomas.6,8 Supratentorial embryonal tumors
represent approximately 15% of CNS neoplasms in children and
are biologically distinct frommedulloblastomas.24

High-grade gliomas constitute 8%–12% of all pediatric CNS
neoplasms, and one-third of these are supratentorial.3,25 The
2021 WHO CNS5 places adult and pediatric HGG in separate
categories, which are further subdivided on the basis of a complex
spectrum of genomic abnormalities.7 In contrast to adult-type
HGGs, pediatric HGGs are typically IDH wild-type and demon-
strate histone mutations in more than half the cases.26

Ependymomas constitute 10% of all primary CNS neoplasms in
children, and 40% are supratentorial with most in a parenchymal
location.24,27,28 Supratentorial EPs are now identified as geneti-
cally distinct from infratentorial and spinal EPs; WHO CNS5 has
introduced genetically defined subgroups of ZFTA fusion-posi-
tive and YAP1 fusion-positive for supratentorial EPs, with the
former demonstrating more aggressive clinical behavior.7,8

Histopathologic grading of EPs has been controversial with
regard to its reproducibility and clinical significance. Although
EPs can be either grade II or III, the clinical outcome is poorly
correlated with tumor grade; therefore, all EPs regardless of the
grade were included in this study.29

There are only a few published studies on the imaging appear-
ance of pediatric supratentorial high-grade tumors.27,30-34 The only
study comparing the imaging features of supratentorial embryonal
tumors with other high-grade tumors (HGG and EP) concluded
that it is not possible to distinguish these entities by conventional
MR imaging.30 A prior report compared the MR imaging findings
of CNS-PNET not otherwise specified with ependymoblastomas
and ependymomas, and although the authors found some differen-
ces on imaging, their conclusion was that precise distinction is not
feasible.35 All of these high-grade tumors have overlapping imaging
appearances and typically present as large, heterogeneous, diffu-
sion-restricting, hemispheric, or ventricular masses with variable
cystic and necrotic changes. Enhancement is usually present but
can vary in extent and intensity.24

Our radiomic models demonstrated high predictive accuracy
for each of the embryonal tumor versus HGG, embryonal tumor
versus EP, and HGG versus EP classifiers. The final model for
embryonal tumor versus HGG selected age as one of the domi-
nant contributors, which is congruent with the reported propen-
sity of embryonal tumors to occur in younger children, and
HGG, in the adolescent age group.24 The other 2 models selected

FIG 3. Density plots of the top 3 features, including T1-mean (A), T1-cluster shade (B), and T2-maximal correlation coefficient (C). D, Bar plot
measuring the relative influence as calculated by LR of the top 10 reduced features for the binary classifier trained to distinguish ependymomas
and high-grade gliomas.
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purely MR imaging–based radiomic features. One of the advan-
tages of the radiomics technique is that it allows identification of
specific computational features that drive model prediction, thus
offering some transparency compared with the “black box” na-
ture of deep learning. For the embryonal tumor-versus-HGG
classifier, the embryonal tumors demonstrated more balanced T2
voxel intensities around the mean intensity and were overall
brighter on T1 postcontrast imaging (Fig 1). For the embryonal
tumor-versus-EP classifier, the embryonal tumors demonstrated
overall darker voxel intensities on T2, while EPs had more homo-
geneous texture on T1 postcontrast images (Fig 2). The perform-
ance of the embryonal tumor-versus-HGG model was stronger
compared with the embryonal tumor-versus-EP model. For the
HGG-versus-EP classifier, EPs were overall brighter with more
balanced signal intensities around the mean on T1 postcontrast
images and had a more “complex” texture involving a greater
proportion of brighter intensities on T2-weighted images (Fig 3).

Examples of model-derived probability output are shown on
test cohorts of supratentorial embryonal tumors, EP, and HGG
that did not participate in training (Fig 4), showing strong dis-
crimination for these binary classifiers. Due to overlap in macro-
scopic features of these malignant supratentorial tumors (eg, a
wide range in size, morphology, and enhancement/intensity fea-
tures), independent binary classifiers that specifically targeted fea-
ture separation for embryonal tumor versus HGG, embryonal
tumor versus EP, and HGG versus EP were found predictive over
a single multiclass classifier.

We note several limitations, including the small cohort size of
each tumor type related to its relative rarity. Nevertheless, our

cohort represents the largest imaging study of supratentorial
tumors to date with data pooled frommultiple institutions. There
were institutional differences in MR imaging acquisition techni-
ques, sequence availability, and image quality; however, we iden-
tified discriminating features that are retained despite diverse
imaging protocols and vendors that may facilitate future general-
izability and usability across centers. While the use of an inde-
pendent institution outside of training would be desirable to
show model generalization, this was not feasible due to uneven
distribution of the tumor types across institutions. A future
larger cohort study could build on our pilot results and further
examine the robustness of radiomics-based separation of these
supratentorial tumors. Additional imaging sequences such
ADC and DWI, which may have predictive information, were
excluded to preserve a robust sample size. We extracted radio-
mics features from isolated tumors and thus did not incorporate
spatial relationship. Future design could consider combining
radiomics and deep learning approaches that can intake whole-
brain MR imaging for feature extraction and thereby assimilate
tumor spatial features. While we performed intensity normaliza-
tion and isotropic voxel resample, incorporation of other pre-
processing steps would be desirable to further enhance the
reproducibility and generalization of MR imaging–based radio-
mics classification.

A common limitation of radiomics lies in replicability when
obscure algorithms are used for feature extraction. Thus, we used
the publicly available PyRadiomics package to compute features,
as defined by the Imaging Biomarker Standardization Initiative,
for future reproducibility.20

FIG 4. Examples of model-derived probability output are shown on test cohorts of supratentorial embryonal tumors (EMB), EP, and HGG that
did not participate in training. Due to overlap in macroscopic features of these malignant supratentorial tumors (eg, a wide range in size, mor-
phology, and enhancement/intensity features), independent binary classifiers that specifically targeted feature separation for EMB versus EP (A,
XGB), EMB versus HGG (B, LR), and HGG versus EP (C, Neural network [NN]) were found predictive over a single multiclass classifier. Examples of
the same EMB tumors that were separately submitted into XGB and LR models are shown (asterisk) and show strong EMB discrimination against
EP and HGG, respectively. In 1 example, the same EP tumor could be distinguished from EMB (yellow arrow) but was not predictive against HGG
(gray arrow). ATRT indicates atypical teratoid/rhabdoid tumors; ETMR, embryonal tumor with multi-layered rosettes; NB, CNS neuroblastoma;
NOS, not otherwise specified.
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CONCLUSIONS
Accurate pathologic diagnosis of supratentorial tumors often
requires advanced immunohistochemistry and molecular analy-
ses. These techniques are not readily available outside a handful
of brain tumor centers and can be prohibitively expensive. Also,
final diagnosis may take multiple weeks and is often not avail-
able for initial surgical and treatment planning. Conventional
MR imaging is also of limited utility in distinguishing these
tumors. Our MR imaging–based radiomic phenotypes demon-
strated high accuracy and provided a rapid, readily available
tool that can help provide a more accurate imaging diagnosis or
a narrower differential diagnosis. This result in conjunction
with initial histopathology can be more effective in guiding the
surgery, treatment planning, and prognostication and can
improve the overall outcomes of these patients. In recent years,
standardization of quantitative image features by the radiology
and bioinformatics community now enables potential deploy-
ment of such image-derived variables with fidelity in the clinical
environment across centers. Pediatric embryonal tumors,
HGGs, and EPs also have a wide and complex spectrum of
genomic features involving several oncogenic pathways that can
further affect the therapeutic strategies, and noninvasive dis-
tinction among these would be the next frontier for machine
learning–based imaging techniques.

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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Different from the Beginning: WMMaturity of
Female and Male Extremely Preterm Neonates—

A Quantitative MRI Study
V.U. Schmidbauer, M.S. Yildirim, G.O. Dovjak, K. Goeral, J. Buchmayer, M. Weber, M.C. Diogo, V. Giordano,
G. Mayr-Geisl, F. Prayer, M. Stuempflen, F. Lindenlaub, V. List, S. Glatter, A. Rauscher, F. Stuhr, C. Lindner,

K. Klebermass-Schrehof, A. Berger, D. Prayer, and G. Kasprian

ABSTRACT

BACKGROUND AND PURPOSE: Former preterm born males are at higher risk for neurodevelopmental disabilities compared with female
infants born at the same gestational age. This retrospective study investigated sex-related differences in the maturity of early myelinating
brain regions in infants born ,28weeks’ gestational age using diffusion tensor– and relaxometry-based MR imaging.

MATERIALS AND METHODS: Quantitative MR imaging sequence acquisitions were analyzed in a sample of 35 extremely preterm
neonates imaged at term-equivalent ages. Quantitative MR imaging metrics (fractional anisotropy; ADC [10�3mm2/s]; and T1-/T2-
relaxation times [ms]) of the medulla oblongata, pontine tegmentum, midbrain, and the right/left posterior limbs of the internal
capsule were determined on diffusion tensor– and multidynamic, multiecho sequence–based imaging data. ANCOVA and a paired t
test were used to compare female and male infants and to detect hemispheric developmental asymmetries.

RESULTS: Seventeen female (mean gestational age at birth: 261 0 [SD, 11 4] weeks1days) and 18 male (mean gestational age at
birth: 261 1 [SD, 11 3] weeks1days) infants were enrolled in this study. Significant differences were observed in the T2-relaxation
time (P ¼ .014) of the pontine tegmentum, T1-relaxation time (P ¼ .011)/T2-relaxation time (P ¼ .024) of the midbrain, and T1-relaxa-
tion time (P ¼ .032) of the left posterior limb of the internal capsule. In both sexes, fractional anisotropy (P [$] , .001/P [#] ,
.001) and ADC (P [$] ¼ .017/P [#] ¼ .028) differed significantly between the right and left posterior limbs of the internal capsule.

CONCLUSIONS: The combined use of various quantitative MR imaging metrics detects sex-related and interhemispheric differences
of WM maturity. The brainstem and the left posterior limb of the internal capsule of male preterm neonates are more immature
compared with those of female infants at term-equivalent ages. Sex differences in WM maturation need further attention for the
personalization of neonatal brain imaging.

ABBREVIATIONS: FA ¼ fractional anisotropy; GA ¼ gestational age; ICC ¼ intraclass correlation coefficient; MDME ¼ multidynamic multiecho; PLIC ¼
posterior limb of the internal capsule; PMA ¼ postmenstrual age; T1R ¼ T1-relaxation time; T2R ¼ T2-relaxation time

Brain myelination begins prenatally and reaches completion in
the third decade of life.1 The biochemical composition of the

myelin sheath causes T1- and T2-weighted MR imaging signal

intensity characteristics, which allow the radiologic evaluation of
the humanWMmaturation.2-4

Preterm delivery interferes with regular brain maturation and
leads to delays in myelin development.5 Since prematurity is asso-
ciated with future neurologic and cognitive impairment,6-9 the
neuroradiologic assessment of brain myelination is paramount to
evaluate the risk of potential disabilities in later life. Despite MR
imaging being the current standard of reference for neonatal
brain imaging, subjective radiologic assessments are limited by
the visually subtle effects of small myelin quantities on T1-/T2-
weighted MR imaging contrasts.1,4,5,10 Hence, subtle myelin-
related signal intensity changes may escape conventional, qualita-
tive MR imaging evaluations.5

Diffusion tensor– and relaxometry-based mapping techniques
provide objective, quantitative metrics for cerebral develop-
ment.11-13 Recent multidynamic multiecho (MDME) sequence-
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acquisition strategies provide a variety of MR imaging con-
trasts and quantitative maps based on a single scan of ,6
minutes.14-16 Therefore, SyMRI-based (SyntheticMR) MDME
postprocessing (postprocessing time, ,1minute) makes tis-
sue-specific T1-/T2-relaxation time (T1R/T2R) metrics avail-
able in a clinically acceptable time.16 The capability to quantify
myelination in the neonatal brain using diffusion tensor pa-
rameters (fractional anisotropy [FA] and ADC) and relaxation
properties (T1R and T2R) has been demonstrated in previous
investigations.12,17

Sex and gestational age (GA) at birth have an impact on
WM maturation and on the neurodevelopmental outcome of
former preterm neonates.5,8,17,18 Evidence suggests that male
infants born before 28weeks’ gestation are at the highest risk of
severe cognitive impairment.8,9,18,19 This investigation was con-
ducted to prove that prematurity affects brain maturation dif-
ferently in females and males at early developmental stages.
Thus, diffusion tensor– and relaxometry-based mapping
approaches were applied to detect sex-related maturity differen-
ces of early myelinating brain regions in a sample of former
extremely preterm neonates. In addition, quantitative imaging
markers were used to assess hemispheric asymmetries in brain
development in both female and male infants. Relationships
between diffusion tensor parameters and tissue-specific relaxa-
tion time metrics with regard to brain myelination processes
were elucidated.

MATERIALS AND METHODS
Ethics Approval
The local ethics commission approved the protocol of this retro-
spective study. All parents/guardians provided written, informed
consent for neonatal MR imaging before scanning and agreed to
the scientific use of the data.

Study Sample
Between June 2017 and August 2020, brain MR imaging was per-
formed in 73 extremely preterm infants (GA at birth: ,281 0
[weeks 1 days]) at the Department of Neuroradiology of a tertiary
care hospital. All infants were referred for neuroimaging by the
Department of Neonatology of the same hospital. At Vienna General
Hospital, Medical University of Vienna, brain MR imaging (imaging
at approximately term-equivalent age) is performed routinely in for-
mer extremely preterm infants. After a review of the imaging data by
1 neonatal neuroimaging expert with 15years’ experience, all neo-
nates with brain scans with pathologic findings were excluded from
this study. Thus, only infants without intracranial pathologic brain
imaging findings were included (Table 1). At the time of imaging,
none of the included infants presented with neurologic symptoms.

Neonatal MR Imaging, Quantitative Sequence, and MR
Imaging Data Postprocessing
Before MR imaging, infants were fed or slightly sedated (chloral
hydrate, 30–50mg/kg, or chloral hydrate, 30mg/kg, combined

Table 1: Demographics and characteristics of included neonates

Extremely Preterm Neonatesa (n = 35)
Unpaired T Testb/Fisher Exact TestcFemale (n = 17) Male (n = 18)

Neonatal characteristics
GA at birth (weeks1days)d 261 0, SD¼ 11 4;

R ¼ 231 3–271 6
261 1, SD¼ 11 3;
R ¼ 231 4–271 6

P ¼ .787

Vaginal delivery n ¼ 3 n ¼ 2 P ¼ .658
Caesarean delivery n ¼ 14 n ¼ 16 P ¼ .658
Birth weight (g)d 773, SD¼ 250;

R ¼ 480–1500
918, SD¼ 241;
R ¼ 530–1300

P ¼ .091

Singleton pregnancy n ¼ 10 n ¼ 12 P ¼ .733
Multiple pregnancy n ¼ 7 n ¼ 6 P ¼ .733
Surfactant received n ¼ 17 n ¼ 18 P. .999
PMA at MR imaging
(weeks1days)d

371 4, SD¼ 21 1;
R ¼ 341 0–431 4

371 0, SD¼ 11 2;
R ¼ 351 1–401 2

P ¼ .283

Maternal characteristics
Maternal age at delivery (yr)d 33, SD¼ 5; R ¼ 22–40 30, SD¼ 6; R ¼ 19–38 P ¼ .145
Presence of pre-eclampsia n ¼ 5 n ¼ 2 P ¼ .228
Presence of GDM n ¼ 1 n ¼ 0 P ¼ .486
Presence of IAIe n ¼ 2 n ¼ 2 P. .999

Neonatal mortality risk
CRIB II scoredd 11, SD¼ 2; R ¼ 7–16 11, SD¼ 3; R ¼ 8–17 P ¼ .928

Neonatal diagnosesf

Perinatal asphyxiag n ¼ 4 n ¼ 6 P ¼ .711
Patent ductus arteriosus n ¼ 3 n ¼ 0 P ¼ .104
Necrotizing enterocolitis n ¼ 1 n ¼ 1 P. .999
Bronchopulmonary dysplasia n ¼ 3 n ¼ 3 P. .999
Retinopathy of prematurity n ¼ 9 n ¼ 7 P ¼ .505

Note:—CRIB II indicates Clinical Risk Index for Babies II; GDM, gestational diabetes mellitus; IAI, intra-amniotic infection (corioamnionitis).
a Born before 28weeks’ gestation (routine MR imaging of the preterm neonatal brain at approximately term-equivalent age).
b Applies to metric data.
c Applies to categoric variables.
d Data presented as mean (SD) and range (R).
e Based on clinical presentation, placental histology, bacterial culture, and blood markers of inflammation.
f Neonates could be represented in multiple rows (.1 condition).
g Based on clinical presentation, Apgar scores, umbilical cord pH, and first blood gas analysis (pH, base excess, and lactate) (absence of asphyxia-induced brain injury).
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with midazolam, 0.1mg/kg) and bedded in a vacuum mattress.
All neonates were imaged using a standardized neonatal MR
imaging protocol (Online Supplemental Data) on an Ingenia
(Philips Healthcare) 1.5T MR imaging system equipped with a 32-
channel head coil. An axial MDME sequence and an axial diffusion
tensor imaging sequence (flip angle ¼ 90°) (Table 2) were acquired
to obtain quantitative data. By applying 2 repeated acquisition
phases (phase 1: saturation of 1 section by a section-selective satura-
tion pulse [flip angle ¼ 120°]; and phase 2: generation of a series of
spin echoes for another section by section-selective excitation pulses
[flip angle ¼ 90°] and section-selective refocusing pulses [flip
angle ¼ 180°]), the MDME sequence acquires information about
T1R/T2R parameters of the investigated tissue.16,20,21 The MDME
sequence postprocessing software SyMRI (Version 11.2) was used
to generate quantitative T1R-/T2R-based maps. Diffusion tensor
data were postprocessed using the IntelliSpace Portal (Version 10;
Philips Healthcare).

Determination of Quantitative Parameters
Diffusion tensor parameters (FA; ADC [10�3mm2/s]) and tissue-
specific relaxation time metrics (T1R [ms]; T2R [ms]) were quan-
tified in infratentorial and supratentorial neonatal brain regions,
which are characterized by advanced states of myelination.1 ROI
placement was performed manually on diffusion tensor–based
data and SyMRI-generated maps (Fig 1) by 2 different raters
(rater 1, with 3 years’ experience and rater 2, with 2 years’ experi-
ence with neonatal neuroimaging). To ensure maximal overlap
across diffusion tensor and relaxation time measures, we con-
ducted a multisection approach. Therefore, for each brain section
of interest, 2 separate ROIs were drawn at different levels (per-
formed by both raters in a consensus reading): medulla oblongata
(ROI 1: level of the inferior olive; ROI 2: level of the dorsal col-
umn nuclei); pontine tegmentum (ROI 1: level of the locus coeru-
leus; ROI 2: level of the superior olive); midbrain (ROI 1: level of
the superior colliculus/intercollicular area; ROI 2: level of the in-
ferior colliculus); and right/left posterior limbs of the internal
capsule (PLICs) (ROI 1: level of the foramen of Monro; ROI 2:
level of the third ventricle). On the basis of both ROI drawings
for each section, the mean values of FA, ADC, T1R, and T2R
were calculated. If the implementation of a multisection approach

was not possible (ie, multiple contiguous slices were not pro-
vided, poor delineability of ROIs), 2 separate measures were
obtained on 1 appropriate section.

Statistical Analysis
Two groups were defined for statistical analyses: female and male
neonates. SPSS Statistics for Macintosh (Version 25.0; IBM) was
used for statistical analyses at a significance level of a ¼ 5%
(P, .05). Metric data are expressed as means (SD). To summa-
rize the overall agreement of the quantitative parameters deter-
mined by both raters, we calculated an intraclass correlation
coefficient (ICC) for each ROI. ICC values $0.75 were consid-
ered strong agreement.22 In case of strong concordances, the
results of rater 1 were presented. If there were no strong concor-
dances, the results of both raters were reported. To detect differ-
ences in FA, ADC, T1R, and T2R of the medulla oblongata,
pontine tegmentum, midbrain, right PLIC, and left PLIC between
the groups, we performed an ANCOVA. GA at birth; mode of
delivery; birth weight; singleton/multiple pregnancy; receipt of
surfactant; postmenstrual age (PMA) at MR imaging; maternal
age at delivery; presence of pre-eclampsia, gestational diabetes,
and chorioamnionitis; Clinical Risk Index for Babies II score;23

and neonatal diagnoses (Table 1) were defined as covariates to
correct for possible confounding effects. An unpaired t test (met-
ric data) and a Fisher exact test (categoric variables) were used to
detect between-group differences in these variables (Table 1). A
paired t test was used to assess differences in FA, ADC, T1R, and
T2R between the right and left PLICs in both female and male
infants. Within both groups, a Pearson correlation analysis was
performed to detect relationships between FA and T1R, FA and
T2R, ADC and T1R, and ADC and T2R. Multiple-comparison
correction was waived due to the small sample size and the
increased risk of type II error.24

RESULTS
A total of 35/73 (48%) neonates (female: n ¼ 17; mean GA at
birth: 261 0 [SD, 11 4] weeks1days; mean PMA at MR imag-
ing: 371 4 [SD, 21 1] weeks1days; male: n ¼ 18, mean GA at
birth: 261 1 [SD, 11 3] weeks1days; mean PMA at MR imag-
ing: 371 0 [SD, 11 2] weeks1days) were included in this study
(Table 1). The remaining 38/73 (52%) infants were not enrolled
due to pathologic brain MR imaging findings (hemorrhage, n ¼
35; periventricular leukomalacia, n ¼ 2; and arteriovenous mal-
formation, n¼ 1).

ICC Analysis
For relaxation time metrics, ICC values ranged between 0.831
(95% CI, 0.249–0.948) and 0.986 (95% CI, 0.962–0.995).

For diffusion tensor parameters, ICC values ranged between
0.604 (95% CI, –0.001–0.852) and 0.994 (95% CI, 0.982–0.998).
There were no strong correlations between the ADC values deter-
mined by both raters in the right/left PLICs (0.743; 95% CI,
0.270–0.908; 0.604; 95% CI, –0.001–0.852) of females and in the
medulla oblongata (0.713; 95% CI, 0.068–0.902) and the pontine
tegmentum (0.605; 95% CI, –0.038–0.851) of male preterm neo-
nates (Online Supplemental Data).

Table 2: Quantitative MR imaging sequences

MDME DTI
TR (ms) 3309 2435
TE (ms) 13; 100 88
Acquired voxel
size (mm)

0.89 � 1.04 � 4.00 2.41 � 2.48 � 2.50

FOV (mm) 200 � 165 � 109 164 � 164 � 100
Echo-traina/EPI factorb 10 33
Pixel/Hz 1.366/159.0 5.310/40.9
Sense factor 2 2
Gap (mm) 1 0
Slice number 22 40
b-value (s/mm2) 0/800
Directional resolution 32
Acquisition time (min) 05:24 05:26

Note:—MDME indicates multidynamic multiecho.
a Applies to MDME sequence.
b Applies to diffusion tensor imaging sequence.

AJNR Am J Neuroradiol 43:611–19 Apr 2022 www.ajnr.org 613



Differences between Female and Male Neonates
Significant differences between female and male infants were

observed in T2R (P ¼ .014) of the pontine tegmentum, T1R (P ¼
.011) and T2R (P ¼ .024) of the midbrain, and T1R (P ¼ .032) of

the left PLIC.
Based on FA (P ¼ .529), ADC (rater 1: P ¼ .651; rater 2: P ¼

.844), T1R (P ¼ .073) or T2R (P ¼ .099) of the medulla oblongata;

FA (P ¼ .464), ADC (rater 1: P ¼ .100; rater 2: P ¼ .581), or T1R

(P¼ .124) of the pontine tegmentum; FA (P¼ .200) or ADC (P¼

.828) of the midbrain; FA (P¼ .167), ADC (rater 1: P¼ .809; rater

2: P ¼ .675), T1R (P ¼ .073), or T2R (P ¼ .226) of the right PLIC;

and FA (P ¼ .244), ADC (rater 1: P ¼ .511; rater 2: P ¼ .072), or

T2R (P ¼ .443) of the left PLIC, no significant differences were

observed between female and male infants (Figs 2 and 3).

Hemispheric Asymmetries of the PLIC
Female Neonates. There were significant differences in FA
(P, .001) and ADC (rater 1: P ¼ .017; rater 2: P, .001) of the

FIG 1. ROI placement is demonstrated on an SyMRI-generated T2-weighted MR imaging contrast (A, B, E, F, I, J,M, N) (TR = 4500ms; TE = 100ms;
axial plane) and a diffusion tensor map superimposed on a T2-weighted turbo spin-echo sequence–based image (C, D, G, H, K, L, O, P) (TR =
3000ms; TE =140ms; axial plane) of a female infant (GA at birth: 241 4 weeks1days; PMA at MR imaging: 391 2 weeks1days). For each investi-
gated brain region, 2 separate ROIs were defined at different levels: right/left PLIC (ROI 1: level of the foramen of Monro [A and C]; ROI 2: level
of the third ventricle [B and D]); midbrain (ROI 1: level of the superior colliculus/intercollicular area [E and G]; ROI 2: level of the inferior colliculus
[F and H]); pontine tegmentum (ROI 1: level of the locus coeruleus [I and K]; ROI 2: level of the superior olive [J and L]); and medulla oblongata
(ROI 1: level of the inferior olive [M andO]; ROI 2: level of the dorsal column nuclei [N and P]).

614 Schmidbauer Apr 2022 www.ajnr.org



FIG 2. The boxplots show sex-related differences in T1-/T2-relaxation time metrics (ms) (A and B) and diffusion tensor parameters (FA; ADC
[10�3mm2/s]) (C and D) (determined by rater 1 at term-equivalent ages) of the neonatal medulla oblongata, pontine tegmentum, and midbrain.
The black bar indicates mean values. Significant differences (arrows) were observed in T1R (P = .011) of the midbrain (A), T2R (P = .014) of the pon-
tine tegmentum, and T2R (P = .024) of the midbrain (B) between female and male neonates.
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FIG 3. The boxplots show differences in T1-/T2-relaxation time metrics (ms) (A and B) and diffusion tensor parameters (FA; ADC [10�3mm2/s]) (C
and D) (determined by rater 1 at term-equivalent ages) between both sexes and the right/left posterior limbs of the internal capsule (rPLIC/
lPLIC). The black bar indicates mean values. Significant sex-related differences (arrow) were observed in T1R (P = .032) of the lPLIC (A). In both
sexes, FA (P [$], .001/P [#], .001) and ADC (P [$] = .017; P [#] = .028) differed significantly (arrows) between the rPLIC and lPLIC (C and D).
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left compared with the right PLIC, characterized by higher FA
values and lower ADC values (left PLIC). The T1R (P ¼ .140)
and T2R metrics (P ¼ .563) did not reveal significant differences
between the right and left PLICs.

Male Neonates. There were significant differences in FA
(P, .001) and ADC (P ¼ .028) of the left compared with the
right PLIC, characterized by higher FA values and lower ADC
values (left PLIC). The T1R (P ¼ .162) and T2R metrics (P ¼
.740) did not reveal significant differences between the right and
left PLICs (Fig 3).

Relationships between Diffusion Tensor and Relaxation
Time Metrics
In female infants, there were significant correlations between the
ADC and T1R values in the medulla oblongata (r ¼ –0.507, P ¼
.038) and the midbrain (r¼ –0.516, P¼ .034).

In male infants, there were significant correlations between
the ADC and T2R values in the right (r ¼ 0.484, P ¼ .042) and
left PLICs (r¼ 0.492, P¼ .038) (Online Supplemental Data).

DISCUSSION
This study investigated sex-related brain maturity differences at
an early stage of development using quantitative MR imaging.
Relaxometry-based mapping revealed a more advanced state of
brainstem maturation in female compared with male extremely
preterm infants at term-equivalent ages. Moreover, on the basis
of T1R, myelination appeared more advanced in the left PLIC in
females compared with males. Furthermore, diffusion tensor–
based metrics detected advanced maturational stages of the left-
sided compared with the right-sided internal capsule regions.
However, diffusion tensor and relaxation parameters did not
show consistent relationships, which might indicate that both
modalities respond to different molecular aspects of myelinogen-
esis. Therefore, the combined use of diffusion tensor– and relaxa-
tion property–derived metrics detects subtle characteristics of
WMmaturation.

Before 30weeks’ GA, brainstem structures (brachium con-
junctivum, medial longitudinal fascicle, medial lemniscus, central
tegmental tract, and statoacoustic system) already show remark-
able myelination, whereas the PLIC has maximum quantities of
myelin supratentorially.1,25 The T1R decreases as premyelination
processes occur.26-28 These are characterized by interactions
between isolated myelin components and H2O molecules.26-28 In
the course of myelinogenesis, the entry of organic compounds
into the myelin sheath results in further T1R shortening.1 A study
in an animal model proved that female sex hormones stimulate
the anchoring of proteins into the myelin bilayer.29 Thus, estro-
gen and progesterone appear to promote myelin formation.
Based on T2R, there were significant differences between both
sexes at the level of the pontine tegmentum and the midbrain. As
opposed to T1R, T2R shortening occurs as fully developed myelin
sheaths progressively tighten.26-28 Because brain myelination pro-
gresses caudally to rostrally, pronounced T2 shortening in the
female brainstem appears credible, while maturity-related effects
on T2R may have remained limited in supratentorial regions.1

Although diffusion-based MR imaging has been proved to

visualize gonadal hormone–related maturity differences in WM
in an animal model, the quantitative approach applied in this
study did not reveal significant results.30 Although ADC values
decrease at the stage of premyelination,31,32 this parameter seems
insensitive to sex-related maturity differences. In contrast to
ADC metrics, the FA responds to advanced states of myelin de-
velopment,32 possibly explaining the limited ability to detect reli-
able maturity differences between female and male preterm
infants.

On the basis of diffusion tensor metrics, myelination appears
more advanced in the left compared with the right PLIC in both
sexes. This finding is in keeping with descriptions in the litera-
ture.28 Using diffusion tensor imaging, Dubois et al28,33 demon-
strated left-right asymmetries in the infant brain in favor of
left-sided projection tracts. Because somatosensory pathways
develop rapidly, extensive myelination is detectable in the PLIC
at the beginning of the third trimester of pregnancy, while fully
developed myelin sheaths are not detectable before 44weeks’
postconceptional age.25,33,34 This fact could explain the absence
of considerable T2R shortening in the investigated sample.
However, even though sex-related differences were observed in
T1R of left-sided internal capsule regions, relaxometry-based
mapping seems insensitive to hemispheric asynchronies of neo-
natal brain development.

Diffusion tensor and relaxation time metrics appear to charac-
terize various aspects of myelin maturation: The T1R responds
immediately to chemical bonding between H2O molecules and
myelin building blocks; the increase in membrane attenuation
(ADC) and the process of axonal myelin ensheathment (FA) fur-
ther result in the response of diffusion tensor parameters,
whereas tightening of myelin sheaths is required for T2R shorten-
ing to occur.26,31,35 These assumptions are supported by the pre-
sented data, which show that diffusion tensor and relaxation time
metrics are inconsistently associated.

Preterm delivery accounts for delays in myelin develop-
ment.6,7 Our data suggest that brain myelination processes are
more severely affected in former extremely preterm males than
their female counterparts. The combined use of different, quan-
titative MR imaging modalities allows sex-related and hemi-
spheric maturity differences to be identified noninvasively at an
early stage of development. Quantitative MR imaging might
enable physicians to identify infants in need of intensified sup-
port and closer follow-up at an early maturational stage and,
therefore, increase their chance of favorable neurodevelopmen-
tal outcomes. However, this possibility was beyond the scope of
the present investigation and needs to be addressed in the
future.

This study has several limitations. Quantitative imaging
markers were determined only in a limited number of brain
regions. However, the investigation of sex-related characteristics
of premyelinating areas was beyond the scope of this investiga-
tion. Diffusion tensor– and MDME-based imaging data differed
in voxel size and section thickness. Therefore, diffusion tensor
and relaxation time metrics were potentially determined on dif-
ferent slices. Thus, a multisection approach was conducted to
ensure maximal overlap across FA/ADC and T1R/T2R measures.
Even though neonates with brain scans with pathologic findings
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were excluded, there were still infants with (extracranial) condi-
tions that might impact neurodevelopment. Thus, statistical
methods were applied that correct for possible confounding
effects of these conditions. This study did not elaborate on the
future outcomes of the preterm infants included. Nonetheless,
further investigations that link developmental asynchronies/sex-
related differences to the lateralization of brain functions are of
highest interest. Although only homogeneous cohorts of former
preterm born females and males were included in this study, the
investigated sample size was small. However, our data revealed
considerable sex-related maturity differences at an early stage of
human brain development. Nonetheless, sex-related neurodeve-
lopmental differences require further investigation in larger
samples.

CONCLUSIONS
The combined use of diffusion tensor– and relaxometry-based
mapping approaches reveals sex-related maturity differences and
hemispheric asynchronies of WM maturation. Quantitative
imaging markers can detect subtle characteristics of the sequen-
tial process of myelination noninvasively at an early stage of cere-
bral development.

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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Third Trimester Structural and Diffusion Brain Imaging after
Single Intrauterine Fetal Death in Monochorionic Twins:

MRI-Based Cohort Study
M. Segev, B. Djurabayev, E. Hadi, Y. Yinon, S. Rabinowicz, C. Hoffmann, and S. Shrot

ABSTRACT

BACKGROUND AND PURPOSE: Single intrauterine fetal death increases the risk of antenatal brain lesions in the surviving twin. We
evaluated the prevalence of structural brain lesions, biometry, and diffusivity on routine third trimester MR imaging performed fol-
lowing single intrauterine fetal death.

MATERIALS AND METHODS: In a retrospective MR imaging–based cohort study, we compared 29 monochorionic twins compli-
cated with single intrauterine fetal death (14 following laser ablation treatment for twin-to-twin transfusion syndrome, 8 following
selective fetal reduction, and 7 spontaneous) with 2 control cohorts (49 singleton fetuses and 28 uncomplicated twin fetuses). All
fetuses in the single intrauterine fetal death group underwent fetal brain MR imaging as a routine third trimester evaluation.
Structural brain lesions were analyzed. Cerebral biometry and diffusivity were measured and compared.

RESULTS: Brain lesions consistent with the evolution of prior ischemic injury were found in 1 of 29 fetuses, not detected by ultra-
sound. No acute brain infarction, hemorrhage, or cortical abnormalities were found. Supratentorial biometric measurements in the
single intrauterine fetal death group were significantly smaller than those in the singleton group, but not significantly different
from those in the uncomplicated twin group. There were no significant differences in ADC values of the cerebral hemispheres, ba-
sal ganglia, and pons between the single intrauterine fetal death group and either control group.

CONCLUSIONS: Although smaller brain biometry was found, normal diffusivity in surviving twins suggests normal parenchymal
microstructure. The rate of cerebral structural injury was relatively low in our cohort, arguing against the routine use of fetal brain
MR imaging in twin pregnancies complicated with single intrauterine fetal death. Larger prospective studies are necessary to guide
appropriate surveillance protocol and parental counseling in twin pregnancies complicated by single intrauterine fetal death.

ABBREVIATIONS: DC ¼ dichorionic; fbMRI ¼ fetal brain MRI; GA ¼ gestational age; ICC ¼ interclass correlation coefficient; MC ¼ monochorionic; sIUFD
¼ single intrauterine fetal death; TTTS ¼ twin-to-twin transfusion syndrome; US ¼ ultrasound

Monochorionic (MC) twin pregnancies are associated with
increased perinatal morbidity and mortality compared

with singleton or dichorionic (DC) pregnancies.1 This increased
risk is mainly related to placental architecture and vascular anas-
tomoses in the MC placenta, which can result in fetal growth
restriction or twin-to-twin transfusion syndrome. Single intrau-
terine fetal death (sIUFD) occurs in approximately 6% of twin

pregnancies.2,3 This risk is significantly higher, approximately 7-
to 10-fold, in MC compared with DC twin pregnancies.1 sIUFD
considerably increases the surviving cotwin’s risk of mortality
and morbidity.4 This might be related to hypoperfusion of the
surviving twin at the time of the cotwin’s death due to placental
vascular anastomoses. Up to 20% of surviving twins might expe-
rience adverse neurodevelopmental outcomes.2,3,5

Prenatal identification of brain abnormalities in the surviving
cotwin is critical for parental counseling. Expert neurosonography
has a high sensitivity in detecting brain abnormalities.6 However,
there is increasing evidence that fetal brain MR imaging (fbMRI)
provides a more accurate diagnosis of brain abnormalities, specifi-
cally in detecting hemorrhage or acute ischemia.7,8 Relatively few
studies have evaluated the utility of fbMRI for detecting brain
abnormalities in cotwin survivors following sIUFD.4 These studies
have described a range of patterns of cerebral abnormalities, mainly
ischemic or hemorrhagic, in 9%–33% of surviving cotwins.9-12

Received December 23, 2021; accepted after revision February 7, 2022.

From the Section of Neuroradiology (M.S., B.D., C.H., S.S.), Division of Diagnostic
Imaging, Diagnostic Ultrasound Unit of the Institute of Obstetrical and
Gynecological Imaging (E.H.), Department of Obstetrics and Gynecology, and Fetal
Medicine Unit (Y.Y.), Department of Obstetrics and Gynecology, Sheba Medical
Center, Ramat-Gan, Israel; Sackler School of Medicine (Y.Y., C.H., S.S.), Tel Aviv
University, Tel-Aviv, Israel; and Pediatric Neurology Unit (S.R.), The Edmond and
Lilly Safra Children's Hospital, Sheba Medical Center, Ramat Gan, Israel.

Please address correspondence to Shai Shrot, MD, Section of Neuroradiology,
Division of Diagnostic Imaging, Sheba Medical Center, Ramat-Gan, Israel, 2 Sheba
Rd, Ramat Gan, 52621 Israel; e-mail: shai.shrot@sheba.health.gov.il
http://dx.doi.org/10.3174/ajnr.A7475

620 Segev Apr 2022 www.ajnr.org

https://orcid.org/0000-0002-6684-1457
https://orcid.org/0000-0003-1204-1945
https://orcid.org/0000-0002-5678-6802
https://orcid.org/0000-0003-0702-370X
https://orcid.org/0000-0002-7111-035X
https://orcid.org/0000-0002-5339-9495
https://orcid.org/0000-0001-8954-3244
mailto:shai.shrot@sheba.health.gov.il


Relatively small cohorts, nonstandardized timing of fbMRI follow-
ing the sIUFD, and lack of correlation with neurodevelopmental
outcomes limit the incorporation of fbMRI into routine surveillance
following sIUFD.

DWI has been shown to increase the sensitivity of structural
fbMRI in diagnosing ischemic events following sIUFD, especially
in the acute phase.13 In addition, quantitative diffusivity changes
can reflect subtle structural parenchymal changes. Such changes
were reported in various fetal pathologies affecting normal brain
development and maturation, eg, congenital cardiac anomalies
and fetal hydrocephalus.14 The effect of sIUFD on the integrity of
a normal-appearing cotwin’s brain, as assessed by quantitative
diffusivity metrics, has not been described yet.

In Sheba Medical Center, as in other fetal medicine centers, we
routinely perform a third trimester fbMRI on all MC twin fetuses
following sIUFD to detect brain anomalies such as migration and
proliferation disorders.15 Our objectives in the current study were
to determine the utility of our practice by evaluating the prevalence
of brain abnormalities as detected on surveillance third trimester
fbMRI compared with a prenatal targeted ultrasound (US) and to
evaluate the use of quantitative diffusivity measurements in assess-
ing residual brain microstructural changes and brain maturation
in the surviving twin following sIUFD.

MATERIALS AND METHODS
The institutional review board approved this retrospective study.

Study Design and Population
Our fetal brain imaging data base was reviewed for MC twin preg-
nancies following sIUFD managed in our referral center between
February 2017 and June 2020. All patients in the study group
underwent follow-up, which included US evaluation every 2 weeks,
including targeted neurosonography. In 14 pregnancies, sIUFD
occurred following laser ablation treatment for twin-to-twin trans-
fusion syndrome (TTTS); in 8 patients, selective fetal reduction
was performed; and 7 sIUFDs were spontaneous. Control groups
were singleton pregnancies and uncomplicated twin pregnancies
(19 were bichorionic, and 7, MC, with unavailable chorionicity
data in 2 pregnancies), who had fbMRI in the same period for vari-
ous indications with normal brain imaging findings. Inclusion

criteria for the sIUFD group were the
following: 1) MC pregnancy, 2) docu-
mented sIUFD, 3) technically adequate
third trimester fbMRI (gestational age
[GA] ¼ 28–36weeks), and 4) fbMRI
performed as a routine screening test
at least 2 weeks following suspected
sIUFD dating. Exclusion criteria were
the following: unavailable clinical
data and fbMRI performed acutely
(,2weeks) following sIUFD because
of a suspected hypoxic-ischemic event
in the cotwin. Inclusion criteria for
control groups were singleton or
uncomplicated twins with normal
brain structure assessed by third tri-
mester fbMRI with no clinical or labo-

ratory evidence of chromosomal abnormalities or intrauterine
infection.

The indications for MR imaging in the singleton control group
were suspected CNS anomalies on prenatal screening US studies,
not confirmed by MR imaging (n=20), limb abnormalities (n=7),
abnormal outcome in previous pregnancies in siblings (n=8), sus-
pected abdominal vascular abnormalities (n=2), polyhydramnios
(n=2), poor quality of a US study (n=1), a maternal procedure dur-
ing pregnancy (n=3), recessive genetic abnormalities of the parents
(n=1), suspected spinal abnormality (n=3), familial history of CNS
abnormalities (n=1), and exclusion of cerebral hemorrhage in fetal
thrombocytopenia (n=1). In the twins control group, one of the
fetuses was chosen randomly for imaging analysis. The indications
for MR imaging were suspected CNS anomalies on prenatal screen-
ing US studies in one of the fetuses or anomalies not confirmed by
MR imaging (n=12), mild asymmetry (,3mm) or dilation of the
lateral ventricles (,12mm) seen on fetal US (n=8), limb abnormal-
ities (n=2), abnormal outcome in previous pregnancies in siblings
(n=2), twins discordance (n=1), and poor quality of a US study
(n=3). A summary of study groups is presented on Fig 1.

fbMRI
According to our protocol, all mothers had refrained from eating
or drinking fluids containing sugar for 4 hours before the MR
imaging examination. At our institution, a single administration
of low-dose diazepam before imaging is used routinely to
decrease fetal motion during the scan. Scans were obtained using
a 3T MR imaging system (Ingenia 3T, Philips Healthcare, or
Magnetom Prisma 3T, Siemens). Acquisition parameters for the
Philips scanner were the following: a single-shot fast spin-echo
T2-weighted sequence in 3 orthogonal planes, with a section
thickness of 3mm and no gap, using a flexible coil (16-channel
body coil). The FOV was determined by the size of the fetal head
and ranged from 230 to 290mm. Other parameters were the fol-
lowing: matrix size ¼ 224/224; TE ¼ 90ms; TR ¼ approximately
2500ms. A fast spoiled gradient-echo axial T1-weighted sequence
was performed only in the axial plane (FOV ¼ 320mm, section
thickness ¼ 3mm with no gap, TR ¼ 10ms, TE ¼ 4.6ms). A
DWI sequence in an axial plane was then performed (FOV ¼
350mm, b-value ¼ 0 and 700ms, section thickness ¼ 3mm with

FIG 1. Study flow chart.
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no gap). Acquisition parameters for the Siemens scanner were
the following: a HASTE T2-weighted sequence in 3 orthogonal
planes (section thickness ¼ 3mm with no gap, using a flexible
coil [16-channel body coil]). The FOV was determined by the
size of the fetal head and ranged from 250 to 300mm. Other pa-
rameters were the following: matrix size ¼ 192/192; TE ¼ 90ms;
TR ¼ approximately 2500ms. A single-shot axial T1-weighted
sequence was performed only in the axial plane (FOV¼ 300mm,
section thickness ¼ 3mm with no gap, TR ¼ 90ms, TE ¼
2.35ms). A DWI sequence in an axial plane was then performed
(FOV ¼ 256mm, b-value ¼ 0 and 1000ms, section thickness ¼
3mm with gaps of 0.3mm.)

Image Analysis
Biometric measurements were read with a consensus of 2 radiolog-
ists, blinded to the clinical data (S.S., C.H.). MR imaging measure-
ments included brain biparietal diameter (BPD), fronto-occipital
diameter (FOD), length of the corpus callosum (CC), transcerebel-
lar diameter (TCD), vermis height, vermis anteroposterior diame-
ter, and lateral ventricle width. Fetal brain MR imaging biometry
was converted to centiles using nomograms, previously published
by Tilea et al.16

ADC Measurements
The acquired DWIs were transferred in DICOM format to the
IntelliSpace portal, Version 10 (Philips Healthcare), and ADC
maps were generated using the MR diffusion tool. To avoid inter-
vendor variability in diffusivity metrics, we analyzed diffusivity
data only from studies acquired on the Philips scanner (94 of 106
fbMRIs in our study). Nine circular ROIs were manually placed on

the following areas of the fetal brain
(Fig 2): bilateral frontal WM, parietal
WM, temporal WM, basal ganglia, and
pons. ROIs ranged from 10 to 57 mm2

(mean, 37.1 [SD, 12.7] mm2). ADC val-
ues were measured in the same regions
of the bilateral cerebral hemisphere and
basal ganglia; then, mean ADC values
were calculated for each ROI. To vali-
date the consistency of measurements
and the reliability of results, 2 observers
independently evaluated the first 13
consecutive fetuses (neuroradiology fel-
low, B.D., and a senior radiology resi-
dent, M.S.). Interobserver variability
was assessed by the interclass correla-
tion coefficient (ICC). We considered
an ICC value of$0.8 as excellent agree-
ment. ADC measurements were not
available in fetuses with either degraded
DWIs (ie, marked motion artifacts or
field inhomogeneity) or fbMRI per-
formed on different magnets.

Clinical Data
Demographic and clinical data included
maternal age, GA at fbMRI, and fetal

presentation. Clinical data for the sIUFD pregnancies included the
following: sIUFD etiology (spontaneous, following laser treatment
for TTTS, and following fetal reduction), the presence of TTTS,
selective intrauterine growth restriction, twin anemia polycythemia
sequence, and presumed GA at sIUFD.

Statistical Analysis
Categoric variables were expressed as numbers and percentages.
Continuous variables were expressed as mean (SD). The distribu-
tion of continuous variables was assessed using a histogram and
quantile-quantile plot. Categoric variables were compared using
the x 2 test. Continuous variables were compared using Mann-
Whitney and Kruskal Wallis tests. Linear regression was used to
evaluate the effect of sIUFD on ADC values. A 2-tailed P, . 05
was considered statistically significant. Analyses were performed
with SPSS (Version 25.0, 2019; IBM).

RESULTS
Study Population
MR imaging was performed in the sIUFD group at a mean GA of
30.9 (SD, 1.2)weeks, which was not significantly different from
performance in the control groups. No significant differences were
found in the mean maternal age or fetal presentation (Table 1).

Clinical Characteristics of the sIUFD Group
The estimated GA at sIUFD was 19.9 (SD, 4.2)weeks. TTTS was
diagnosed on the prenatal US in 14 pregnancies (Quintero stage
1–2 pregnancies, stage 2–3 pregnancies, stage 3–7 pregnancies,
and one pregnancy was stage 4, TTTS stage was unavailable in
one pregnancy). In 6 pregnancies, selective intrauterine growth

FIG 2. ROI placement on ADC map of DWI. A, Frontal and parietal lobes. B, Basal ganglia. C,
Temporal lobes. D, Pons.

Table 1: Maternal and perinatal demographic and clinical features of sIUFD and control
groups

sIUFD Singleton
Twins
Control

Significance (Group 1
vs 2, Group 1 vs 3)

No. 29 49 28
GA (mean) (wk) 30.9 (SD, 1.2) 31.5 (SD, 1.9) 31.4 (SD, 1.2) P ¼ .17, P ¼ .21
Maternal age (mean) (yr) 31.7 (SD, 6.4) 32.3 (SD, 4.9) 33.8 (SD, 6.7) P ¼ .62, P ¼ .20
Fetal presentation
Head 22 38 20 P ¼ .53
Breech 7 9 8
Transverse 0 2 0
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restriction was found on the prenatal US, and in 2 pregnancies, a
twin anemia polycythemia sequence was suspected. Post-sIUFD
US did not show any major CNS abnormalities in the surviving
twin (ie, infarction or hemorrhage). A minor finding of choroid
plexus cyst was diagnosed in 1 fetus.

MR Imaging
fbMRI revealed a normal sulcation pattern in all surviving fetuses
following sIUFD. No acute brain infarction or parenchymal hem-
orrhage was noted in any of the surveillance third-trimester
fbMRIs performed in the sIUFD group. One fetus (�3.5% of the
sIUFD group) showed bilateral caudothalamic cystic changes
(Fig 3). No ventriculomegaly was observed, though 7 fetuses
showed asymmetry of the lateral ventricles (compared with 5 in
the singleton and 7 in the twins control groups). No cortical
abnormalities, corpus callosum, septum pellucidum, or posterior
fossa abnormalities were noted.

Various biometric parameters of the brain were measured in
the sIUFD and control groups (Table 2). Supratentorial biometric
parameters (FOD, BPD) of the sIUFD group were significantly
smaller than those in the singleton group with smaller lateral ven-
tricles. No significant differences were found in most biometric
parameters between the sIUFD group and the twins control
group or between the singleton and twins control groups.

ADC Analysis
DWI data were available in 22 of 29 in the sIUFD group (4 fetuses
had technically degraded DWI, and fbMRI of 3 fetuses was per-
formed on a different scanner); in 30 of 49 fetuses in the singleton
cohort (12 fetuses had technically degraded DWI images, and
fbMRI of 7 fetuses was performed on a different scanner); and in
15 of 28 in the twins control cohort (11 fetuses had technically
degraded DWI, and fbMRI of 2 fetuses was performed on a dif-
ferent scanner). ADC measurements showed good-to-excellent
interobserver agreement for most regions, with the ICC between
0.82 and 0.94. The ICC was considered good for the basal ganglia
(ICC¼ 0.71).

In all groups, ADC values in supratentorial WM were higher
than those in the basal ganglia and pons (Fig 4). No significant
differences were found in post-sIUFD ADC values of the cerebral
hemispheres (frontal, parietal, temporal lobes), basal ganglia, and
pons between the sIUFD group and control groups and both

singleton and twins control groups (P ¼ .75, .87, .38, .41, and .81,
respectively). After adjustment for GA, no significant differences
were found between sIUFD and the singleton control groups or
between the singleton and twins control groups for all evaluated
brain regions. ADC measurements were similar in various sIUFD
etiologies (spontaneous, following laser treatment of TTTS, or
following fetal reduction, P ¼ .28–.9 in different brain regions).
The presence of TTTS on pre-sIUFD imaging did not result in
significant ADC changes (P¼ .36–.84 in different brain regions).

DISCUSSION
In our retrospective cohort study, routine third trimester MR
imaging showed structural brain lesions in approximately 3.5% of
sIUFD pregnancies. These results are in agreement with
Stirnemann et al,17 who also reported brain lesions in 5/239
(2.1%) surviving twins following TTTS treatment complicated by
sIUFD. However, the incidence of brain lesions was relatively low
compared with that in other studies. In a recent meta-analysis,
Mackie et al4 described approximately 20% of abnormal brain
findings on fbMRI of the surviving cotwin following sIUFD.
There is a high variability of reported abnormal brain imaging
findings in different cohorts, ranging from 9% to 33%.10,12,18,19

Such high variability might be attributed to the relatively small
sIUFD cohorts, the indication for fetal brain examination, the
timing of fbMRI following the sIUFD, and whether the sIUFD
was spontaneous or following laser ablation or cord coagulation.
Inconsistency in the definition of abnormal imaging findings
such as mild ventriculomegaly or nonconclusive MR imaging
findings such as suspected subependymal blood products are
another reason for the incidence variability.20 Early fbMRI, per-
formed acutely (,2weeks) following sIUFD or when postproce-
dural complications are noted, might also increase the sensitivity
for diagnosing acute ischemia or hemorrhage, especially when
DWI is performed.19 Early ischemic or hemorrhagic findings
may spontaneously resolve and may not be detected later in preg-
nancy and at the time of third trimester follow-up.11,21

Moreover, the risk of CNS injury in the surviving twin is obvi-
ously higher following spontaneous sIUFD versus sIUFD follow-
ing laser therapy in which the twins have been dichorionized
before the fetal death. On the other hand, the high proportion of
sIUFD following laser therapy or cord coagulation in our cohort
may explain the low rate of CNS injuries in the surviving twin
found in our study. Termination of pregnancy performed in cases
of major brain injury detected by post-sIUFD US or on fbMRI
performed early might also contribute to the relatively low inci-
dence of structural brain abnormalities detected on later third tri-
mester fbMRI.

In our series, brain lesions found on MR imaging, ie, bilateral
caudothalamic cystic changes, that were not detected on the pre-
natal US probably represent an evolution of earlier ischemic
insult. Cerebral lesions in sIUFD pregnancies are usually ische-
mic or hemorrhagic. Ischemic injury includes focal encephaloma-
lacic lesions or diffuse brain atrophy. Reparative cortical
abnormalities such as polymicrogyria are a relatively common se-
quela of such focal ischemic insults. Intraventricular hemorrhage
and resulting ventriculomegaly or periventricular venous infarc-
tion can also be found following sIUFD. Several possible

FIG 3. Coronal (A) and axial (B) T2-weighted images of a 30-week sur-
viving twin following spontaneous sIUFD at a GA of 18 weeks, showing
caudothalamic cystic changes (arrows).
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mechanisms might lead to brain injury in survivors after
sIUFD.22 Hypoxic-ischemic injury might result from the low-
pressure vascular compartment of the fetus who died, leading to
the survivor twin’s hemodynamic fluctuations and low brain per-
fusion. Another theory relates to potential thrombi formed in the
vascular compartment of the fetus who died and embolizing to
the surviving twin through persisting placental anastomoses,
resulting in ischemic injury.23

Analyzing the biometric parameters of surviving fetuses follow-
ing sIUFD revealed that most supratentorial and infratentorial brain
structures were significantly smaller than in control singleton
fetuses, probably related to the underlying twin pregnancy,24 though
there is the possibility of an underlying pathology that affects broad
regions of the developing brain in surviving twins following sIUFD.
Similar diffusivity values, ie, measured ADC values, found in our

study in sIUFD and control groups do
not support such a hypothesis. DWI
enables quantitative free-water assess-
ment in the brain parenchyma, which
reflects tissue maturation. Diffusivity
changes were found in various fetal
pathologies affecting normal brain de-
velopment andmaturation, such as con-
genital cardiac anomalies or fetal
hydrocephalus, even with normal mor-
phologic T2-weighted fbMRI find-
ings.14,25 Transient hemodynamic
fluctuations following sIUFD and
resulting decreased brain perfusion
might affect brain maturation.
However, our results of similar diffusiv-
ity in the surviving twins on routine
third trimester fbMRI support near-
normal brain maturation, especially in
the setting of normal morphologic-ana-
tomic imaging findings.

Neurodevelopmental impairment
in the surviving twin following sIUFD

is of great concern and affects parental counseling. Hillman et al8

described long-term neurodevelopmental impairment in up to
26% of twins following a single fetal death. Nevertheless, formal de-
velopmental tests were not routinely performed in most cohorts,
and the age at follow-up was relatively young to detect neurodeve-
lopmental abnormalities. The association between focal or diffuse
brain injury found on pre- or postnatal imaging and adverse neu-
rodevelopmental outcomes is also controversial. Hillman et al did
not find a significant correlation between abnormal brain imaging
findings and neurodevelopmental impairment, possibly related to
lack of imaging, underreporting, inconsistent imaging reports, and
lack of consistency in imaging timing related to delivery and devel-
opment of neurologic signs.8 Such correlation was also not found
in a recently published meta-analysis by Mackie et al.4

Prematurity, which is very common in twin pregnancies, especially

Table 2: Fetal MR imaging biometric parameters of sIUFD fetuses (n = 29), singleton (n = 49), and twins control (n = 28) groupsa

sIUFD (n = 29)
Mean 6 SD

Singleton
(n = 49)

Mean 6 SD

Twins Control
(n = 28)

Mean 6 SD

Significance (P Value)
sIUFD vs
Singleton

sIUFD vs Twins
Control

Twins vs Singleton
Controls

FOD (mm) 88.4 6 4.4 91.5 6 6.5 90.5 6 4.9 .01b .09 .43
FOD (%) 50.7 6 18.6 64.2 6 22.0 59.9 6 25.9 .01b .13 .46
BPD (mm) 68.0 6 3.9 71.7 6 6.2 70.4 6 3.8 .00b .02b .25
BPD (%) 36.9 6 17.6 56.9 6 22.5 46.9 6 24.4 .00b .08 .08
CC (mm) 36.8 6 2.9 37.9 6 2.4 37.4 6 2.0 .08 .31 .39
CC (%) 38.9 6 22.9 48.2 6 17.5 43.2 6 22.3 .07 .48 .32
TCD (mm) 37.8 6 2.1 39.1 6 3.7 38.4 6 2.4 .05b .37 .29
TCD (%) 44.1 6 21.0 51.7 6 23.3 43.2 6 23.5 .14 .88 .13
Vermian height (mm) 18.4 6 1.2 18.4 6 1.6 18.3 6 1.1 .94 .84 .89
Vermian height (%) 61.6 6 18.6 56.5 6 20.1 57.0 6 18.3 .27 .35 .92
Vermian_AP (mm) 11.8 6 1.0 12.0 6 1.2 11.6 6 1.0 .59 .32 .12
Vermian_AP (%) 48.6 6 19.5 46.5 6 18.5 46.1 6 16.8 .66 .60 .92
Average lateral ventricles 6.4 6 1.3 7.3 6 1.2 7.8 6 1.6 .01b .00b .17

Note:—FOD indicates fronto-occipital diameter; BPD, biparietal diameter, CC, corpus callosum; TCD, transcerebellar diameter; AP, anterior-posterior.
a Variables are presented as mean (SD). MR imaging centiles in fetal CNS biometry are based on Tilea et al.16
b Statistically significant values.

FIG 4. Boxplot of ADC values in sIUFD and control groups. No significant differences were found
among various areas in different study groups.
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following sIUFD,8,26 probably contributes significantly to long-
term neurologic morbidity,4,8,27 which can explain the high rate of
neurodevelopmental impairment, much more than reported
abnormal prenatal imaging findings. The low incidence of brain
abnormalities on prenatal diagnosis is not likely to reflect the low
sensitivity of prenatal imaging but is probably related to the study
cohort of third trimester survivors following cotwin death with
normal brain maturation and development, as suggested by nor-
mal diffusivity. Many of previously reported brain abnormal find-
ings were also strongly associated with preterm birth, obviously
apparent only on postnatal imaging.

US is the main imaging technique used on routine follow-up of
twin pregnancies. It enables evaluation of fetal growth and the di-
agnosis of hemodynamics and MC twin complications. However,
it has limited sensitivity in diagnosing ischemia, hemorrhage, or
cortical malformations.7,11,28 Currently, fbMRI is gaining wide-
spread acceptance as an important adjunct to US, especially in
high-risk twin pregnancies. There is currently little evidence to
guide the optimal timing of fbMRI (relative to the occurrence of
the twin complication, including sIUFD) to improve the detection
of brain insult and prognostication. In our cohort, fbMRI per-
formed routinely in the mid-late third trimester for all surviving
twins had a relatively low incidence of cerebral injury (�3.5%),
which argues against routine use of fbMRI in an MC twin preg-
nancy complicated with sIUFD. fbMRI, performed earlier, espe-
cially following US evidence of fetal compromise (ie, intrauterine
growth restriction, flow abnormalities, or abnormal brain find-
ings), will probably have increased diagnostic ability and, similar to
previous studies, will show a higher incidence of cerebral
injury.13,29 A follow-up third trimester fbMRI is highly recom-
mended to evaluate the sequelae of acute injury and reparative
malformations in these cases of early brain injury.

The retrospective nature and the relatively small population are
major limitations of our study. Study recruitment was noncon-
trolled, so our data describe the observed rates of brain abnormal-
ities in third trimester routine fbMRI rather than reflecting the true
prevalence of brain abnormalities. Selection bias, either related to
referral to our tertiary center or for exclusion of acute complications
in the sIUFD group that might result in termination/reduction due
to concern for injury to the surviving fetus is an important limita-
tion of our study. Our control cohorts of singleton and noncompli-
cated twins were also relatively heterogeneous and underwent
fbMRI due to various indications, though in all cases, fbMRI find-
ings were normal. Our study is also limited by the lack of correlation
of fetal MR findings with neurodevelopmental outcomes. However,
the high prematurity rate in this subgroup of twin pregnancies is an
important confounding factor in assessing long-term outcomes.
Future studies should include prospective fetal monitoring proto-
cols, including US and fbMRI, following twin pregnancies compli-
cated by sIUFD. Evidence-based parental counseling requires a
correlation between specific brain abnormalities demonstrated on
fbMRI and postnatal imaging and neurodevelopmental outcomes.
Currently, such correlation is lacking in large-scale cohorts.

CONCLUSIONS
In surviving twins following sIUFD, routine third trimester fbMRI
showed persistent small biometry, though normal diffusivity

suggests normal parenchymal maturation and microstructure. The
rate of cerebral structural injury, not detected by US, was relatively
low in our relatively small cohort (1/29, �3.5%), which argues
against routine use of fbMRI in an MC twin pregnancy compli-
cated by sIUFD. fbMRI should be performed following sono-
graphic evidence of a fetal compromise or brain injury. Larger
prospective studies with expert fetal neurosonography and standar-
dized timing of pre- and postnatal MR imaging, including formal
neurodevelopmental assessment, are necessary to evaluate the
appropriate surveillance protocol better and guide parental coun-
seling in twin pregnancies complicated with sIUFD.

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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Diagnostic Value of Sylvian Fissure
Hyperechogenicity in Fetal SAH

M. Zhang, H. Wen, M. Liang, Y. Qin, Q. Zeng, D. Luo, X. Zhong, and S. Li

ABSTRACT

BACKGROUND AND PURPOSE: Fetal SAH is an intracranial malformation. The typical diagnostic features of fetal SAH in ultrasound
have not been reported. This study aimed to evaluate the diagnostic value of Sylvian fissure hyperechogenicity by prenatal ultra-
sound in fetuses with SAH.

MATERIALS AND METHODS: The features on ultrasound and MR imaging of 10 fetuses with SAH were reviewed and summarized.
The diagnostic value of the Sylvian fissure in fetal SAH by prenatal ultrasound was evaluated.

RESULTS: The typical and most obvious manifestations of SAH during the prenatal period were hyperechogenicity in the subarach-
noid cavity, especially in the Sylvian fissure; all 10 cases (10/10) had such manifestations. Other manifestations included a hyperecho
in other sulci (6/10), especially in the subfrontal sulcus, superior temporal sulcus, or parieto-occipital sulcus; a hyperecho in the cis-
terns (8/10), especially in the suprasellar cistern, posterior cranial fossa, cisterna ambiens, or quadrigeminal cistern; and a hyperecho
around the anterior and posterior longitudinal fissures (2/10). Combined hemorrhage in the parenchymal layer or ventricles (9/10)
was found. In addition, Doppler ultrasound showed that the peak flow velocity in the MCA increased in 6 cases (6/10).

CONCLUSIONS: The homogeneous hyperechogenicity of the Sylvian fissure is an important clue for detecting and diagnosing fetal
SAH by prenatal ultrasound. A diagnostic approach has been proposed for fetal SAH, which has great significance in further
prognosis.

ABBREVIATIONS: SF ¼ Sylvian fissure; US ¼ ultrasound

Fetal SAH is considered a finding of blood flow into the subar-
achnoid space after the rupture of a blood vessel at the base or

on the surface of the brain. It is one of the forms of nongerminal
stromal hemorrhage, with an estimated incidence of less than
0.5–0.9 per 1000 pregnancies; however, its pathogenesis remains
unclear.1 It not only causes fetal stroke, fetal brain injury, and
other diseases but is closely related to postpartum epilepsy,

mental disorders, psychomotor retardation, cerebral palsy, and
other neurologic disorders.2 At present, few cases of fetal SAH
have been reported at home and abroad.3-11 In addition, the diag-
nosis of fetal SAH by prenatal ultrasound (US) has not been men-
tioned at all. Ten cases of fetal SAH were detected during a 3-year
period at Shenzhen Maternity & Child Healthcare Hospital.
Awareness of the diagnostic criteria, especially the characteristics
of ultrasound of the Sylvian fissure (SF), disease progression,
combined malformations, and further prognosis, is necessary for
informed prenatal counseling and obstetric management. The
related literature of fetal SAH for nearly 30 years was systemati-
cally discussed in this study.

MATERIALS AND METHODS
Research Design and Patients
We detected 10 gravidas with fetal SAH undergoing routine pre-
natal scanning between January 2018 and April 2021. Ethics ap-
proval for this study was by the regional ethical review board in
Shenzhen: approval number: SFYLS [2020] 019 (decision 2020-
06-11).
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Materials Used
The scanning was performed by experienced radiologists using
WS80A (Samsung Health) and S60 (SonoScape Health) equipped
with transabdominal transducers (CA1-7A [Samsung Health];
CV1-8A [Samsung Health] and C1-6A [SonoScape Health] MHz).

Means of Confirming Diagnoses
Ultrasonic images of the fetal SAH were collected by 2 research-
ers, one with .20 years’ experience in fetal sonography (Dr Li)
and the other with only 2 years (Dr Zhang). All examinations
were performed in real time, digitally stored, and documented
using a commercially available system.

The routine cerebral survey included a detailed anatomic ultra-
sound survey of the fetal head. Fetal cerebrum views were rou-
tinely obtained in the transverse views of the thalamus plane, the
lateral ventricle plane, and the cerebellum plane. If the fetal SF
showed hyperechogenicity, additional views, including transverse,
coronal, and sagittal sections of the fetal head from the parietal
bone to the skull base, were needed to observe other cerebral sulci
and cisterns dynamically, which mainly contained the superior

frontal sulcus, inferior frontal sulcus,
supratemporal sulcus, inferior temporal
sulcus, parieto-occipital sulcus in the
sulci and the posterior cranial fossa, cis-
terna ambiens, and suprasellar cistern
in the cisterns. If homogeneous hypere-
choic or subarachnoid dilation was
visualized, SAH was considered and
MR imaging or genetic testing was rec-
ommended. All the screening proce-
dures were performed on 2 sides of the
brain to prevent a missed diagnosis.
Furthermore, dynamic scanning was
performed at the midsagittal view of the
spine to obtain more findings in the
subarachnoid space. At the same time,
color Doppler was used to measure the
peak flow velocity of the MCA to search
for the possible causes of SAH.

All suspected patients were recom-
mended for MR imaging in 2–5 days.
Fetuses with an abnormal subarachnoid
echo on the prenatal examination were
recommended for follow-up perinatal
outcome and prognosis.

Statistical Analysis
Interobserver agreement with regard
to the observation of the SAH sites
was determined as k coefficients and
P values, according to the k methods.
Statistical analyses were performed
using SPSS 20.0 for Windows (IBM).
Basic descriptive statistics were per-
formed when appropriate. The diag-
nostic utility of SF hyperechogenicity
for the diagnosis of fetal SAH was

determined by calculating the detection rate for consensus
reader data.

RESULTS
Incidence
Fetal SAH was detected in 10 cases of 425,258 deliveries (0.23/
10,000 deliveries) at the authors’ institution between January 2018
and April 2021. The incidence was probably biased because of the
diagnosis of fetal SAH that required specific expertise, and the
actual incidence of SAH might be higher. The mean maternal age
was 29.3 (SD, 4.3) years (range, 26–38 years). The mean gestational
age at diagnosis was 28.6 (SD, 4.6) weeks (range, 23–36 weeks).

Results of Prenatal Examinations
The typical and most obvious manifestation of SAH in prenatal
diagnoses was hyperechogenicity in the subarachnoid cavity,
especially in the SF; all 10 cases (10/10) had such manifestations
(Figs 1–3). Other manifestations included thick hyperechogenic-
ity in the other sulci (6/10), especially in the subfrontal sulcus,
superior temporal sulcus, or parieto-occipital sulcus (Figs 3 and

FIG 1. Transcerebellar plane of US in SAH and healthy fetuses. A, Echo in the subarachnoid space
of fetal SAH was enhanced and widened. Hyperechoic filling could be seen in the SF; uneven
strong echo masses could be seen in anterior parenchyma of the thalamus and around the epen-
dyma; and hyperechoic filling could be seen in the posterior cranial fossa (yellow arrows). B, In
healthy fetuses, the SF and posterior cranial fossa are homogeneous hypoechos (white arrows).
TV indicates third ventricle; CSP, cavity of septum pellucidum; AH, anterior horn of lateral ventri-
cle; T, thalamus; P, mesencephalon; CH, cerebellar hemisphere; CV, cerebellar vermis; CM, cis-
terna magna.

FIG 2. Transthalamic plane of US in SAH and healthy fetuses. A, The SF and temporal angle are
filled with coarse hyperecho in the fetus with SAH (yellow arrows). B, In healthy fetuses, the SF
is hypoechoic with narrow and sharp hyperechoic lines on both sides of the posterior midbrain
(white arrows). TV indicates third ventricle; CSP, cavity of septum pellucidum; AH, anterior horn
of lateral ventricle; T, thalamus, P, mesencephalon; FC, fornix column.
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4); hyperecho in the cisterns (8/10),
especially in the suprasellar cistern, pos-
terior cranial fossa, cisterna ambiens, or
quadrigeminal cistern (Figs 1 and 5);
hyperecho around the anterior and pos-
terior longitudinal fissures (2/10) (Figs
3 and 4); combined hemorrhage in the
parenchymal layer or ventricles (9/10)
(Fig 1); and the hyperechoic dilated
subarachnoid space in the middle view
of the spine (1/10) (Fig 6). In addition,
Doppler US showed that the peak flow
velocity in the MCA increased obvi-
ously in 6 cases (6/10). Using this
method and diagnostic features, we
found that the k number for the assess-
ment was high, up to 0.82 (P, .05). An
abnormal SF was visualized in all cases
by the 2 researchers with different expe-
rience (Table).

Fetuses (5/10) underwent MR imag-
ing 2–5 days after US, and all were diag-
nosed with SAH. Fetuses (6/10)
underwent fetal chromosomal microar-
ray analysis, which indicated negative
results. The peak flow velocity of the
MCA increased in fetuses (6/10). It was
.1.55 and 1.29 multiples of the median
(MOM) in 4 and 2 cases, respectively;
mild and severe anemia were indicated,
respectively. Neither of the parents had
a history of blood diseases. In cases 1
and 5, the umbilical cord was wrapped
3 times around the neck. Twin-to-twin
transfusion syndrome (phase IV) was
found in case 7 of twins.

Perinatal Outcome
Six pregnancies with fetal SAH were
induced after prenatal counseling and
confirmed by postmortem examination
(Fig 7). Two cases were intrauterine
death and the rest were in pregnancy.
The postmortem and imaging results
showed that the novel diagnostic
method with SF hyperechogenicity as
the main clue had reached a detection
rate of 100% (10/10).

DISCUSSION
In the normal SF and other sulci, cis-
terns are filled with anechoic CSF.
When SAH occurs, the blood rarely
forms a localized or encapsulated he-
matoma but flows along the CSF to
low-lying areas, including some brain
sulci and cisterns, owing to the

FIG 4. The transcalvarial plane of US in SAH and healthy fetuses. A, Abnormal hyperecho in the
parieto-occipital sulcus of the fetus with SAH, with blurred boundaries (yellow arrows). The
enhanced echo and blurred boundary between the superior sagittal sinus and the parenchyma
are thickened (yellow hollow arrows). B, In healthy fetuses, only the midline of the brain is clear
in the parieto-occipital sulcus, and both sides of the sulcus are filled with clear anechoic CSF
(white arrows). The superior sagittal sinus is clearly demarcated from the pericerebral paren-
chyma, showing a clear isoechoic line (white hollow arrows).

FIG 5. Transbasicranial plane of US in SAH and healthy fetuses. A, The suprasellar cistern and
ambient cistern of the fetus with SAH show hyperecho (yellow thick arrow). Compared with
the healthy fetus, the cistern was significantly widened and enhanced (yellow thin arrows). B,
The suprasellar cistern and ambient cistern of a healthy fetus show hypoechoic or echoless
(white arrow). SC indicates suprasellar cistern; TL, temporal lobe; FL, frontal lobe; CV, cerebellar
vermis; CH, cerebellar hemisphere; P, mesencephalon.

FIG 3. Transventricular plane of US in SAH and healthy fetuses. A, Hyperecho inside the cerebral
sulci, such as the subfrontal sulcus, the SF, and the superior temporal sulcus, can be seen in the
fetus with SAH, and the boundary is blurred (small yellow arrow). There is an enhanced echo in
the cavum veli interpositi (yellow hollow arrow) and symmetric isoechoic or slightly hypere-
choic hemorrhagic foci (M) around the parafalx anterior to the sinus confluence. Compression
of the cerebral parenchyma is seen. B, In healthy fetuses, a clear hypoecho in the subarachnoid
spaces in the SF, the superior temporal sulcus and subfrontal sulcus (small white arrow), and
cavum veli interpositi (white hollow arrow); a normal cerebral falx; and no compression are
observed in brain parenchyma. CC indicates corpus callosum; CSP, cavity of septum pellucidum;
CVI, cavum veli interpositi; PH, posterior horn of lateral ventricle; CP, choroid plexus; AH, ante-
rior horn of lateral ventricle; T, thalamus; M, subdural hemorrhage was suspected.
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influence of gravity and arterial pulsation. The factors predispos-
ing to fetal SAH include a variety of conditions, mostly maternal
trauma and fetal coagulation disorders.1,12 In many cases, how-
ever, the cause is not identified. Most fetal SAHs were usually
considered spontaneous bleeding without a potential cause.
However, previous studies13-14 reported that fetal SAH might be

related to COL4A1 and GATA1 gene
mutations, but some reports15-16 had nor-
mal outcomes.

Ultrasonography is the preferred imag-
ing method for the prenatal diagnosis of
SAH. Previous findings on the capacity of
ultrasound to diagnose fetal SAH have
been inconsistent. In this study, the 12
cases of fetal SAH for the past 30 years
were reviewed in 9 published studies
(Online Supplemental Data).3-11 However,
only 2 cases were diagnosed by US due to
the lack of the description of ultrasono-
graphic characteristics and diagnostic
approaches in previously published stud-
ies.6,10 Fetal SAH was still prone to missed
diagnoses and misdiagnosis.

The SF is the earliest and largest sulcus shown on prenatal US,
which can be observed at 18–20weeks’ gestation. The parieto-
occipital sulcus and cisterns also appear earlier, but they need to
be visualized at the specific section and angle. The other sulci of
the subarachnoid space can be displayed much later.17,18 For
example, generally, the superior temporal sulcus and inferior
frontal sulcus appear at 31weeks’ gestation.17,19

The SF is an excellent structure for diagnosing SAH. In our
case, the earliest gestational age in SAH diagnosis was 23weeks.
However, theoretically, it was believed that fetal SAH could be
diagnosed as early as 18weeks according to the visualization of
the SF in fetuses. The characteristics of the SF were the direct evi-
dence indicating that SAH had occurred. Previous studies
focused on the morphology of the sulci, especially the SF, to
assess cortical development rather than the internal sonography
of the sulci.19,20 In this study, the hyperechoic US features within
the SF were detected as the most intuitive, which served as an
essential clue to the diagnosis of fetal SAH. Furthermore, a 100%
(10/10) rate of appearance of a hyperechoic SF was detected by
the 2 observers in all cases. Other sulci (6/10) and cisterns (8/10)
were also seen with the hyperecho in them. The analysis of detec-
tion by the 2 observers is summarized in the Table. The k num-
ber for the 2 observers with different seniority was 0.82 (P, .05),
which showed good repeatability and agreement on the diagnos-
tic characteristics and methods.

In the 8 cases before 31weeks’ gestation, only 1 case showed
SAH in the superior temporal sulcus and inferior frontal sulcus
because most sulci could rarely be detected before 31weeks’ gesta-
tion.19 Therefore, a focus on the observation of the SF, parieto-
occipital sulcus, and cisterns before 31weeks was recommended.
The diagnosis at the third trimester might be disturbed by SF oper-
culization with an unclear intrafissural hyperecho. Dynamic scan-
ning could make a multiangle observation of the SF, other sulci,
and cisterns. Therefore, in SF operculization or a doubtful situa-
tion, other cerebral planes should be added dynamically besides
the 3 cerebral screening axial planes when hyperechogenicity is
found within the SF. The echo of the sulci and cisterns should also
be observed, such as the superior temporal sulcus, parieto-occipital
sulcus, posterior cranial fossa, and cisterna ambiens. Furthermore,
the anterior and posterior longitudinal fissures and the spinal

FIG 6. The midsagittal view of the spine on a sonogram in SAH and healthy fetuses. A, There are
uniform thickening and a strong echo in the subarachnoid space between the pia mater spinalis
and the arachnoid membranes of fetal SAH (yellow arrows). B, The normal fetal pia mater and
arachnoid membrane are relatively close, forming a narrow space (white arrows). MC indicates
medullary cone; CE, cauda equina; VA, vertebral arch; VB, vertebral body.

Comparison of intraobserver assessment in 10 cases

SAH Sites
Observer

A
Observer

B j (A and B)
Sylvian fissure 10 10
Parieto-occipital sulcus 6 6
Superior frontal sulcus 3 2
Superior temporal
sulcus

3 2

Quadrigeminal cistern 7 6
Posterior cranial fossa 8 7
Suprasellar cistern 8 6
Cisterna ambiens 8 7
Longitudinal fissures 2 1
Spinal subarachnoid
space

1 0

Total count 56 47 0.819 (P, .05)

FIG 7. Postmortem examination results and pathology. Hematoceles
are seen in the SF and subarachnoid space of the temporal horn. The
left image shows the cerebral postmortem examination of the fetus
with SAH; the right image shows large amounts of remote bleeding in
the SF in pathologic findings.
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subarachnoid space should also be examined for further evidence
of fetal SAH. Two cases of SAH in the longitudinal fissure and 1 in
the spinal subarachnoid space were detected; all these cases were
associated with intraparenchymal hemorrhage, intraventricular
hemorrhage, or SAH. It was recommended that the anterior and
posterior longitudinal fissure and the spinal subarachnoid space of
fetuses, combined with intraparenchymal hemorrhage, intraven-
tricular hemorrhage should be visualized, not just the common
sulci and cisterns in the brain. At the same time, this study and
previous studies suggested that SAH was usually associated with an
increased peak flow rate of the MCA, implicating different degrees
of anemia in fetuses (6/10).21 Spectral Doppler in the MCA might
help determine the cause.

However, once the SAH clot has formed, it might cause CSF
obstruction and lead to chronic hydrocephalus or cerebral edema,
affecting the blood supply and causing cerebral function damage,
which should be well-noted in fetal SAH.

On the basis of the straightforward and intuitive diagnostic
features and method, the detection rate of fetal SAH was up to
100% (10/10); the SF hyperecho was the best indicator of SAH di-
agnosis in prenatal US.

MR imaging should be recommended once US suggests the
presence of fetal SAH. It is primarily found in the subacute phase
on MR imaging, showing a high signal on T1WI and a low signal
on T2WI. However, the partial volume effect and dilution of CSF
with a higher partial pressure of oxygen make the detection of
SAH difficult on MR imaging using conventional sequences.
Uncontrolled fetal movement makes MR imaging diagnosis more
challenging.

Considering the aforementioned reasons, in the present study,
the US diagnosis was confirmed by MR imaging (5/10), indicat-
ing that the signal changes were seen in tiny sulci but no definite
signs in the SF, leading to higher diagnostic difficulty and mis-
diagnosis rates compared with US for fetal SAH.

The differential diagnosis of hyperechoic or heterogeneous
hyperechoic intracranial lesions includes tumor, calcification,
hemangioma, and so forth. Tumors compress the adjacent
brain tissue, and the mass shows little change or only gradual
enlargement with time. Color Doppler can be used to explore
rich blood flow.12,22 Calcification is mostly present as a dot or
block hyperecho but with no obvious dynamic change.23

Perinatal SAH can cause seizures, apneas, and nervous system
abnormalities, such as drowsiness and bregma.24-26 Studies3,5

showed certain neurologic symptoms in 2 cases (2/12) with a fol-
low-up of 4–20months. However, most of our cases were
induced (8/10); only 2 cases with the gradual absorption of bleed-
ing had a follow-up of 1–2months after birth with no symptoms.
Some scholars1,2 believed that fetal SAH was rare and occurred at
a relatively early gestational age, leading to a higher risk of severe
sequelae or perinatal death. Previous studies and our study also
demonstrated high induction (11/22) and death rates (7/22). In
the neonatal period, consensus24-26 was reached that neonates
with isolated SAH had a good prognosis generally, but the site
and degree of bleeding were considered, too.

At present, the reported results may vary significantly due to
the lack of a prenatal diagnosis and case reports of fetal SAH and
insufficient follow-up data. Also, the prognosis may need to be

inferred from neonatal SAH according to the etiology and medi-
cal history for further prenatal consultation and management.

CONCLUSIONS
Fetal SAH can be diagnosed by prenatal US due to its unique
sonographic characteristics. SF hyperechogenicity is recom-
mended as a significant clue. Prenatal US is used to observe the
SF and other sulci and cisterns from conventional transverse
planes or in coronal and sagittal sections dynamically. If com-
bined cerebral hemorrhage occurs, the spinal subarachnoid space
and the longitudinal fissure are continuously viewed. This kind of
method has great significance in assessing bleeding degrees and
further prognosis. At present, case reports of fetal SAH are lack-
ing; hence, future studies should aim to collect more cases and
test the proposed novel diagnostic method for further stages.
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Prenatal MR Imaging Phenotype of Fetuses with Tuberous
Sclerosis: An Institutional Case Series and Literature Review

S.K. Goergen and M.C. Fahey

ABSTRACT

BACKGROUND AND PURPOSE:Most patients with tuberous sclerosis complex (TSC) do not receive prenatal diagnosis. Our aim was to
describe MR imaging findings to determine the following:
1. Whether normal fetal MR imaging is more common in fetuses imaged at #24weeks’ gestation compared with.24weeks
2. The frequency of cardiac rhabdomyoma
3. The range of MR imaging phenotypes in fetal tuberous sclerosis complex.

MATERIALS AND METHODS: Our institutional fetal MR imaging data base was searched between January 1, 2011 and June 30, 2021,
for cases of TSC confirmed either by genetic testing, postnatal imaging, postmortem examination, or composite prenatal imaging
findings and family history. A MEDLINE search was performed on June 8, 2021.

RESULTS: Forty-seven published cases and 4 of our own cases were identified. Normal findings on fetal MR imaging were seen at a
lower gestational age (mean, 24.7 [SD, 4.5 ] weeks) than abnormal findings on MR imaging (mean, 30.0 [SD, 5.3] weeks) (P¼ .008).
Nine of 42 patients with abnormal MR imaging findings were#24weeks’ gestation. Subependymal nodules were present in 26/45
cases (57.8%), and cortical/subcortical lesions, in 17/46 (37.0%). A foramen of Monro nodule was present in 15 cases; in 2/7 cases in
which this was unilateral, it was the only abnormal cerebral finding. Cardiac rhabdomyoma was absent in 3/48 cases at the time of
fetal MR imaging but was discovered later. Megalencephaly or hemimegalencephaly was observed in 3 cases.

CONCLUSIONS: Fetuses with abnormal cranial MR imaging findings were older than those with negative findings. Fetal hemimega-
lencephaly and megalencephaly should prompt fetal echocardiography. Cardiac rhabdomyoma was not always present at the time
of fetal MR imaging.

ABBREVIATIONS: CR ¼ cardiac rhabdomyoma; GA ¼ gestational age; GE ¼ ganglionic eminence; TSC ¼ tuberous sclerosis complex; iuMR ¼ fetal MR imag-
ing; US ¼ ultrasound

Tuberous sclerosis complex (TSC) is an autosomal dominant
genetic disease with an incidence of 1 in 6000. Its clinical

manifestations are highly variable, but symptoms include seiz-
ures, mental retardation, skin lesions, and the formation of
hamartomas in multiple organs, including the heart, brain, eye,
and kidney.1 Autosomal dominant pathogenic variants in 1 of the
2 tumor-suppressor genes TSC1 and TSC2 are responsible for
TSC,2 and more than half of cases are due to spontaneous

(noninherited) mutations. Clinically unaffected parents with a
child with TSC, however, have a 3% risk of recurrence in a subse-
quent offspring because of gonadal/germline mosaicism. It has
been estimated that approximately 1% of individuals with TSC
have germline3,4 and 15% have somatic mosaicism, likely
accounting for the 20% of people meeting the diagnostic criteria
for TSC who have no demonstrated genetic abnormality on pe-
ripheral blood testing.5 Although the presence of a pathogenic
TSC1 or TSC2 variant is now a major diagnostic criterion for
TSC, the difficulty in identifying the variant in a substantial pro-
portion of patients with the condition underscores the impor-
tance of imaging, particularly in the prenatal and early postnatal
period when cardiac and cerebral abnormalities are often the
only stigmata of TSC. Additionally, prenatal and postconception
genetic diagnoses of TSC in embryos and fetuses are not yet
widely available within an appropriate timeframe in most settings
that undertake pregnancy care. Judicious use of costly genetic
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testing is contingent on a prenatal imaging phenotype and family
history. Moreover, the early use ofmTOR inhibitors may amelio-
rate the clinical course and modify the clinical and imaging phe-
notype. Postnatal treatment of TSC with rapamycin and
antiepileptic therapy with vigabatrin are well-established; how-
ever, there have been very recent case reports of successful in
utero treatment with rapamycin of affected fetuses.6

While identification of one or multiple cardiac rhabdomyo-
mas is the most common reason for TSC suspected on prenatal
ultrasound (US) at or after the midtrimester, up to one-third of
fetuses with cardiac tumors do not have TSC.7 In the absence
of genetic confirmation, a diagnosis of TSC requires the presence
of at least 2 major or 1 major and 2 minor criteria; 2 major crite-
ria are subependymal nodules and cortical tubers.5 However, fetal
cranial manifestations of TSC are not confined to these 2 abnor-
malities despite their acknowledged importance as primary diag-
nostic criteria.8

Improved understanding of the range of abnormal fetal brain
phenotypes in TSC and their variation with gestational age may
help identify potentially affected fetuses earlier; triage pregnancies
appropriately for more efficient and cost-effective genetic testing
and prenatal surveillance with cardiac sonography when cardiac
tumors are not present; and initiate intrauterine rapamycin treat-
ment earlier when this treatment becomes more mainstream.

Aims
To report on the prenatal MR imaging findings in 4 fetuses from
a single institution with TSC and review the literature on cranial
abnormalities on MR imaging in fetuses with TSC to more fully
describe and understand the prenatal TSC phenotype and deter-
mine whether:

1. Normal fetal MR imaging (iuMR) is reported more commonly
in fetuses#24 weeks’ gestation compared with.24 weeks

2. Any cases of TSC diagnosed by iuMR had neither cardiac
rhabdomyoma nor known family history at the time of iuMR.

MATERIALS AND METHODS
A data base review was conducted at our own institution to iden-
tify fetuses with a confirmed diagnosis of TSC who had iuMR
during the past 10 years. A waiver of institutional review board
approval for this activity and for use of these de-identified patient
data for research and teaching purposes was obtained. In addi-
tion, a literature search of MEDLINE was conducted on June 8,
2021, using the following search terms: (Fetal or Fetus) and (MR
imaging or Magnetic Resonance) and (tuberous sclerosis). Full-
text articles were accessed for all retrieved citations, and inclusion
and exclusion criteria were applied. For studies to be included, a
description of iuMR findings for fetuses with TSC had to be pro-
vided and/or illustrated. Letters, case reports, short communica-
tions, and case series and other research publications were
considered if they were published in English and if the diagnosis
of TSC were ascertained through composite prenatal imaging
findings/family history consistent with the diagnosis and/or
genomic confirmation and/or postmortem/postnatal diagnosis of
TSC. Reference lists of retrieved studies were scanned for poten-
tially eligible additional studies that were not retrieved in the

original search. Studies were excluded if details of the iuMR find-
ings in individual TSC cases could not be extracted from pro-
vided images or if

1. The imaging findings in individual cases were not described
(ie, only aggregated data were reported) or

2. The gestational age of the fetus at the time of iuMR was not
provided.

In addition to the literature search, we conducted an audit of
our institutional iuMR data base between January 1, 2011, and
June 30, 2021, and applied the same inclusion/exclusion criteria
as used for the MEDLINE search.

Data Extraction
When a case was reported as having abnormal findings, the
reported and/or depicted cranial imaging findings were catego-
rized as present, absent, or not stated. “Not stated” was when the
particular domain or feature was not specifically mentioned as
being present or absent in the report of the case and the provided
images did not permit confident confirmation of presence or ab-
sence of the finding.

The range of tabulated cranial abnormalities was determined
by findings in previous case reports and on the basis of our clini-
cal experience in our own cases. When cranial findings on iuMR
for a case were reported as being normal, all domains were scored
as absent. These domains were the following: foramen of Monro
mass/ganglionic eminence (GE) enlargement (unilateral or bilat-
eral), subependymal nodules, cortical or subcortical nodules,
dominant hemispheric mass, hemimegalencephaly, megalence-
phaly, white matter signal abnormalities/transmantle sign, ventri-
culomegaly, and cerebellar abnormality. In addition, fetal
gestational age at iuMR, the presence of cardiac tumors or renal
cysts, and a positive family history were tabulated.

RESULTS
Seventy-nine primary studies were retrieved as a result of the
MEDLINE search (Fig 1). An additional 2 studies meeting the
inclusion criteria were identified from scanning the reference lists
of the retrieved studies; a literature review and case report9 and a
letter reporting a single case10 were identified in this way.

Four additional cases were identified following an audit of our
institutional iuMR data base (Figs 2–4), 2 of which were included
in a prior publication on imaging of fetal GE abnormalities,8 with
a total of 51 cases (Fig 1). Details of included and excluded studies
with full citations are provided in the Online Supplemental Data.

Twenty studies each reported the findings of a single fetus.
Seven of the included studies reported imaging findings in .1
case that met the inclusion criteria, accounting for a further 27
cases: Ulm et al11 (n=6), Zhou et al12 (n=5), Mühler et al13

(n=5), Jurkiewicz et al14 (n= 5), Levine et al15 (n=2), Prabowo16

(n=2), and Sonigo et al17 (n=2).
The mean gestational age (GA) for the 51 fetuses was

29.1weeks, and the mean GA for the 4/51 new cases from our
institution was 27.3weeks. For the 9 fetuses with normal MR
imaging findings, the mean GA was 24.7 (SD, 4.5) weeks, whereas
for those with abnormal MR imaging findings, the mean GA was
30.0 (SD , 5.3) weeks (P= .008). Eleven fetuses were reported as
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having a family member affected with TSC. Of 20 cases in which
the field strength for the iuMR examination was reported, 2 stud-
ies were performed at 3T and the other 18 at 1.5T.

Imaging Findings
Details of the imaging findings at iuMR for individual included
cases are provided in the Online Supplemental Data. These are
summarized in Tables 1 and 2.

Subependymal nodules were present in 26 of 45 cases (57.8%),
and cortical/subcortical lesions, in 17 of 46 (37.0%). In 8 of 19
(42.1%) cases demonstrating ventriculomegaly, only 1 had this as
an isolated cerebral finding in a fetus with a GA of 26weeks18

with cortical tubers evident on postnatal MR imaging despite
sirolimus administration from 28weeks’ gestation.

A foramen of Monro nodule was present in 15 cases; in 8 of
these, it was bilateral, and in 7, unilateral. Of the 7 unilateral
cases, in 2 of 7, it was the only reported abnormal cerebral find-
ing, and in a third case, one of our own, was accompanied only
by mild ventriculomegaly. However, all 3 cases were referred for
iuMR due to cardiac tumor.

Megalencephaly, hemimegalencephaly, and cerebellar abnor-
mality were very uncommon, being observed in 2/18, 1/18, and
1/18 fetuses, respectively. The fetus with cerebellar abnormality
had other characteristic features of TSC, including subependymal
nodules and cortical mass lesions. The cases with megalencephaly
or hemimegalencephaly had $1 cardiac mass, though in 1 of the

2 cases of hemimegalencephaly previously reported from our
institution as part of another study,8 the single cardiac ventricular
rhabdomyoma became evident only when fetal echocardiography
was repeated the day following the MR imaging, which had been
performed due to a suspicion on prenatal US of a cerebral hemi-
spheric mass lesion or hemorrhage.

The phenotypic manifestations of TSC in the group of fetuses of
#24weeks’ gestation (n=9) are of particular interest. A dominant
hemispheric mass was present in 5 (55%), and this was associated
with either subependymal nodules (n=1) or unilateral GE enlarge-
ment. In only 2 of the 9 cases were subependymal nodules alone or
unilateral GE enlargement alone identified, and in the 2 remaining
cases, a combination of subependymal nodules, cortical/subcortical
nodules, and a foramen of Monro mass lesion was present.

Of 9 patients with normal fetal cranial MR imaging findings,
all of whom had $1 cardiac rhabdomyoma (CR), repeat MR
imaging, performed between 3 and 12weeks later in 3 cases, dem-
onstrated cerebral abnormalities consistent with TSC; all of these
repeat studies occurred during the third trimester of pregnancy at
26–34weeks’ gestation.

Furthermore, only 3 of the 48 (6.7%) fetuses with description
of the presence or absence of a cardiac mass had no sonographic
evidence of a cardiac mass at the time of iuMR. In 2 of these,
including the case of hemimegalencephaly from our institution,
the fetus’s father was known to have TSC. In all 3 cases, the CR
was demonstrated on a second US performed between 1 day and
4weeks after the iuMR at a gestational age of between 22 and
34weeks.19,20

The presence or absence of renal cysts was reported in only 3
cases, apart from the 4 from our institution, none of whom had
cysts identified on US. Of these 3, only 1 had cysts and also had
evidence of CR.21

DISCUSSION
The current review, including 4 cases from our own institution,
establishes that a cardiac tumor was present at the time of iuMR
in all except 3 of 51 cases of proved TSC, and in 2 of these 3 cases,
the fetus’s father had known TSC. This finding highlights the im-
portance of a careful search for CR in fetuses with cranial abnor-
malities suggestive of TSC because CRs substantially increase the
pretest probability of TSC and their absence should raise ques-
tions about the diagnosis, especially in a fetus with no family
history.

Similarly, when a unilateral foramen of Monro nodule or mass,
essentially synonymous with unilateral GE enlargement, is seen as

an isolated abnormality, or with only
ventriculomegaly, TSC should be con-
sidered if a CR is present. Unilateral ger-
minal matrix hemorrhage can mimic
this appearance; consequently, routine
performance of susceptibility-weighted
imaging and fetal echocardiography can
help avoid overdiagnosis of TSC, with
resulting inappropriate prognostic and
recurrence counseling in this situation.

The incidence of CR in patients
with TSC is 50%–80%,22 with a recent

FIG 1. Case ascertainment process.

FIG 2. Thirty-two to 40 weeks’ gestation. 3T, single-shot T2-weighted EPI shows the foramen of
Monro dominant nodule/enlarged GE (A and B) and cortical tuber (C).
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study suggesting that only 22% of a cohort of patients with TSC
had CR diagnosed prenatally. Moreover, CRs can appear late in
pregnancy, most often after the midtrimester screening examina-
tion is performed.23 Thus, it is possible that a substantial number

of fetuses with TSC will not have this diagnosis suggested prena-
tally by the presence of CR. While intracranial manifestations of
TSC on iuMR might, therefore, be the first indication of the dis-
order due to iuMR being more sensitive and specific than prena-
tal US for intracranial pathology,24 this was not borne out by our
literature review. This may, however, reflect selection bias in that
reported cases of TSC on iuMR have been referred for MR imag-
ing due to the identification of CR either at the midtrimester
screening examination or in the third trimester as an “incidental”
finding when growth, placental position, or other surveillance has
occurred.

We have identified that among fetuses with proved TSC who
have had iuMR, the likelihood of abnormal cranial findings varies
significantly with GA. Fetuses who have abnormal findings were,
on average, at 30weeks’ gestation compared with 25weeks for
fetuses with no abnormality. Interestingly, most fetuses with
TSC, when the diagnosis was made at 24weeks or earlier in gesta-
tion, demonstrated a dominant hemispheric mass, whereas only
1 fetus (11% of this early-gestation cohort) had subependymal
nodules as their sole imaging manifestation. This finding makes
intuitive sense because more severe “masslike” lesions would be
more likely to be detected at the midtrimester screening US ex-
amination, typically performed between 19 and 21 weeks’ gesta-
tion, and would manifest as a midline shift. Such masslike
presentations at screening US can be misinterpreted as hemor-
rhage and underscore the importance of careful tertiary echocar-
diography and T2*-weighted iuMR for further fetal evaluation.

While association of cranial abnormalities with increasing
gestation might suggest that it is better to wait to perform iuMR,
9/42 (23%) fetuses with abnormal cranial MR imaging findings
were 19–24weeks’ gestation when MR imaging was performed.
This timing is potentially important in jurisdictions where GA-
related limitations exist on pregnancy termination. It may also be
salient to the commencement of intrauterine therapy with rapa-
mycin. When genomic testing is either unavailable or not turned
around quickly enough to be clinically useful regarding counsel-
ing and therapeutic decision making, earlier diagnosis may also
be important. However, “early” (,25 gestational weeks) MR
imaging may be associated with a higher rate of negative findings;
thus, it may be a more costly strategy if a second iuMR is per-
formed later in pregnancy after initial negative examination.

Improvements in ultrasound equipment during the past dec-
ade and in particular the evolution of the tertiary neurosonogram
using a transvaginal approach and, when possible, the sono-
graphic window of the anterior fontanelle have dramatically
improved the quality of fetal brain imaging with US. In addition,

FIG 3. Twenty-five weeks’ gestation. A 1.5T, single-shot T2-weighted
EPI (A) shows the right foramen of Monro dominant nodule/enlarged
GE and the normal GE on the left. T2*-weighted image (B) demon-
strates no blood products in the mass.

FIG 4. Twenty-two weeks’ gestation. A 1.5T single-shot T2-weighted
EPI demonstrates hemimegalencephaly and a dominant ipsilateral mass
representing a possible coexistent subependymal giant cell astrocy-
toma. This was initially interpreted on screening US as a parenchymal
hemorrhage. After the iuMR, dedicated fetal echocardiography the fol-
lowing day identified a single small rhabdomyoma.

Table 1: Cranial MR abnormalities in fetuses with TSCa

Foramen of
Monro /GE

Mass
Unilateral

Foramen of
Monro/GE

Mass
Bilateral SEN

Cortical/
Subcortical

Dominant
Hemispheric

Mass MEG HMEG
WM Signal
Abnormality VM

Cerebellar
Abnormality

Present 2 1 1 2 1 1 1 0 3 0
Absent 2 3 3 2 3 3 3 4 1 4
Not stated 0 0 0 0 0 0 0 0 0 0

Note:—SEN indicates subependymal nodules; HMEG, hemimegalencephaly; MEG, megalencephaly; VM, ventriculomegaly.
a Local institutional cases (n = 4).
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the spatial resolution of US is superior to that of MR imaging,
theoretically making subependymal nodule detection easier with
US than with MR imaging. However, tertiary neurosonography
remains highly operator-, patient-, and fetal position–dependent.
Whether such optimized US can detect subependymal nodules in
practice in fetuses at a high demographic risk of TSC when these
are not demonstrable with iuMR is a question outside of the
scope of the current review.

Finally, by aggregating data from multiple case reports and
case series, the current study highlights some less common pre-
sentations of TSC, in particular hemimegalencephaly and mega-
lencephaly. Because other genetic disorders, in particular other
mTOR pathogenic variants, such as PIK3CA-related overgrowth
spectrum disorders, are the underlying pathogenic variants in
most cases of megalencephaly or hemimegalencephaly and
these are almost invariably de novo mutations or, much less of-
ten, the result of germline mosaicism, distinguishing TSC-
related hemimegalencephaly/megalencephaly from these more
common non-TSC causes is very important. It is theorized that
because activation of TSC1 and TSC2 is driven by upstream sig-
nals of the PIK3/AKT pathway, the loss-of-function pathogenic
variants of TSC1 or TSC2 that result in clinical TSC could
induce an imbalance in PIK3/AKT pathway functioning, pro-
ducing cerebral hemispheric overgrowth.10 Hence, careful ex-
amination and re-examination of the fetal heart with tertiary
fetal echocardiography are recommended in the presence of
hemimegalencephaly/megalencephaly in the fetus. These will
help direct genomic testing and prevent inappropriate advice
regarding the utility of such testing or the likelihood of recur-
rence in subsequent pregnancies.

Our study has limitations, mainly due to potential selection
bias in published cases driven by a prenatal US diagnosis of CR
being the trigger to refer a patient for iuMR. Because it is rec-
ognized that CR may not be detectable with US until the third
trimester of pregnancy and frequently not until the postnatal
period, the cases included in this review are likely to provide a
biased impression regarding the following:

• The likelihood of TSC being the cause for fetal cerebral abnor-
malities when there is no CR or family history (because the
pregnancy may be terminated without a genetic diagnosis or
postmortem examination)

• How early in gestation the cerebral lesions of TSC can be diag-
nosed with MR imaging in fetuses with high pretest risk

• How often iuMR findings are negative for cerebral lesions in
fetuses with high pretest risk of TSC (because of family history
of the condition) and at what gestational age, because cases
with negative findings are less likely to be published.

A prospective cohort study of serial MR imaging in fetuses
who are the offspring or siblings of individuals with TSC would
provide a more accurate estimate of these important issues to
help inform clinical practice. However, pre-implantation genetic
diagnosis and/or gene panel testing for pathogenic TSC1 and
TSC2 variants during early pregnancy may become more feasible,
economical, and acceptable to patients than second trimester
iuMR screening when the fetus has a high risk of the condition
due to an affected sibling or parent. In addition, only a small mi-
nority of fetuses reported in this study were imaged using a 3T
scanner; the reduced signal-to-noise and thus the resolution of
iuMR at 1.5T may reduce the sensitivity for cerebral abnormal-
ities in fetuses with TSC.

A further limitation of the current study is due to variable ter-
minology used to describe iuMR imaging findings and, in partic-
ular, the general lack of routine reporting of cranial biometry.
Specifically, when iuMR was said have normal findings but it was
unclear whether fetal brain biometry had actually been per-
formed, it is possible that megalencephaly with a “normal”-
appearing brain may have been underrecognized. Moreover, the
range of terms used to describe a mass, nodule, or swelling in the
region of the foramen of Monro or GE of a fetus on MR imaging
may have made the distinction among a foramen of Monro
“mass,” a small hemispheric mass, and subependymal nodule in
the region of the foramen of Monro an artificial one. Hence, we
may have misclassified abnormalities in this region when relying
on descriptive terms used in the report, mainly because their
imaging appearances can overlap.

CONCLUSIONS
The current study highlights the ability of iuMR to provide the
diagnosis of TSC in fetuses#24weeks’ gestation and underscores
the importance of considering the possibility of TSC when fetal
megalencephaly or hemimegalencephaly or a masslike cerebral
lesion are observed; these findings should trigger tertiary fetal
echocardiography which, if normal, may need to be repeated later
in pregnancy. Whole-exome sequencing and specific TSC genetic
testing will be increasingly used to provide an earlier prenatal di-
agnosis when family history, the presence of CR, or iuMR cere-
bral phenotype suggests potential TSC.
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Table 2: Cranial abnormalities in fetuses with TSC: combined data from literature review and local institutional casesa

Foramen of
Monro /GE

Mass
Unilateral

Foramen of
Monro/GE

Mass
Bilateral SEN

Cortical/
Subcortical

Dominant
Hemispheric

Mass MEG HMEG
WM Signal
Abnormality VM

Cerebellar
Abnormality

Present 7 8 26 17 6 2 1 7 8 1
Absent 24 20 19 29 25 16 17 19 11 17
Not stated 20 21 4 5 20 33 33 25 32 13

Note:—SEN indicates subependymal nodules; HMEG, hemimegalencephaly; MEG, megalencephaly; VM, ventriculomegaly.
aLocal institutional cases (n = 4).
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ORIGINAL RESEARCH
PEDIATRICS

Early Ultrasonic Monitoring of Brain Growth and Later
Neurodevelopmental Outcome in Very Preterm Infants

V.A.A. Beunders, J.A. Roelants, J. Suurland, J. Dudink, P. Govaert, R.M.C. Swarte, M.M.A. Kouwenberg-Raets,
I.K.M. Reiss, K.F.M. Joosten, and M.J. Vermeulen

ABSTRACT

BACKGROUND AND PURPOSE: In infants born very preterm, monitoring of early brain growth could contribute to prediction of
later neurodevelopment. Therefore, our aim was to investigate associations between 2 early cranial ultrasound markers (corpus cal-
losum–fastigium and corpus callosum length) and neurodevelopmental outcome and the added value of both markers in the pre-
diction of neurodevelopmental outcome based on neonatal risk factors and head circumference in very preterm infants.

MATERIALS AND METHODS: This prospective observational study included 225 infants born at ,30weeks’ gestational age, of
whom 153 were without any brain injury on cranial ultrasound. Corpus callosum–fastigium and corpus callosum length and head cir-
cumference were measured at birth, 29weeks’ gestational age, transfer from the neonatal intensive care unit to a level II hospital,
and 2months’ corrected age. We analyzed associations of brain markers and their growth with cognitive, motor, language, and be-
havioral outcome at 2 years’ corrected age.

RESULTS: In infants without brain injury, greater corpus callosum–fastigium length at 2months was associated with better cognitive
outcome. Corpus callosum length at 2months was positively associated with cognitive, motor, and language outcome. Faster
growth of the corpus callosum length between birth and 2months was associated with better cognitive and motor function.
Prediction of neurodevelopmental outcome based on neonatal risk factors with or without head circumference was significantly
improved by adding corpus callosum length.

CONCLUSIONS: Both corpus callosum–fastigium and corpus callosum length on cranial ultrasound are associated with neurodeve-
lopmental outcome of very preterm infants without brain injury at 2 years, but only corpus callosum length shows the added clini-
cal utility in predicting neurodevelopmental outcome.

ABBREVIATIONS: CA ¼ corrected age; CBCL ¼ Child Behavior Checklist; CC ¼ corpus callosum; CCF ¼ corpus callosum–fastigium; CUS ¼ cranial ultra-
sound; GA ¼ gestational age; HC ¼ head circumference; IQR ¼ interquartile range; NICU ¼ neonatal intensive care unit

In infants born very preterm, adverse brain growth is an important
predictor of later neurodevelopmental impairment.1,2 Therefore,

monitoring early brain growth is important and requires reliable
and clinically applicable markers. The most commonly used marker

in infancy is head circumference (HC), which is easily applicable in
clinical care. In preterm infants however, head circumference often
poorly reflects brain size due to head deformities and increased ex-
tracerebral fluid.3,4 Brain imaging techniques can add valuable in-
formation on the actual size of the brain. MR imaging is considered
the most reliable method but is not bedside-available and is expen-
sive, limiting the possibility of serial repeat imaging. Cranial ultra-
sound (CUS) can be performed more easily and, therefore, serially
during a stay in the neonatal intensive care unit (NICU).5

Several previous studies in preterm infants linked corpus cal-
losum (CC) length at term-equivalent age with neurodevelopmental
outcome in childhood.6-8 Because CC length only reflects a small
part of the brain, our study group introduced corpus callosum–fas-
tigium (CCF) length as a new marker for brain growth.9 CCF
length is measured on CUS in a standard midsagittal plane and cov-
ers a larger part of the brain than CC length, including several im-
portant brain structures such as the thalamus. The measurement

Received October 27, 2021; accepted after revision January 10, 2022.

From the Department of Pediatrics (V.A.A.B., J.A.R., P.G., R.M.C.S., I.K.M.R., M.J.V.),
Division of Neonatology, Department of Child and Adolescent Psychiatry/
Psychology (J.S.), Department of Pediatrics (K.F.M.J.), Intensive Care Unit, Erasmus
MC Sophia Children’s Hospital, University Medical Center Rotterdam, Rotterdam,
the Netherlands; Department of Neonatology (J.D.), Wilhelmina Children's
Hospital, University Medical Center Utrecht, Utrecht, the Netherlands; Brain
Center (J.D.), University Medical Center Utrecht, Utrecht, the Netherlands; and
Department of Pediatrics (M.M.A.K-.R.), Division of Neonatology, Maastricht
University Medical Center, Maastricht, the Netherlands.

Please address correspondence to M.J. Vermeulen, MD, Erasmus MC - Sophia
Children’s Hospital, Marijn Vermeulen, PO Box 2060, 3000 CB Rotterdam, the
Netherlands; e-mail: m.j.vermeulen@erasmusmc.nl

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7456

AJNR Am J Neuroradiol 43:639–44 Apr 2022 www.ajnr.org 639

https://orcid.org/0000-0003-2422-4343
https://orcid.org/0000-0002-6110-9398
https://orcid.org/0000-0002-5544-1183
https://orcid.org/0000-0003-0446-3646
https://orcid.org/0000-0002-2011-4529
https://orcid.org/0000-0001-7968-4019
https://orcid.org/0000-0002-5298-7594
https://orcid.org/0000-0002-9474-6895
https://orcid.org/0000-0002-0504-2475
https://orcid.org/0000-0001-9686-8186
mailto:m.j.vermeulen@erasmusmc.nl


can be performed both pre- and postnatally. We previously showed
that CCF length has high reproducibility and applicability for moni-
toring brain growth during fetal life and a NICU stay.9,10 CCF
length was found to be smaller in fetuses and neonates with fetal
growth restriction compared with those with normal growth.10,11

However, the predictive value of CCF length for neurodevelopmen-
tal outcome needs further investigation.

In this study, we explored the associations between length and
growth of the CCF and CC in early infancy and neurodevelop-
mental outcome at 2 years’ corrected age (CA) in infants born
very preterm, specifically in those without brain injury. We
hypothesized that longer length and faster growth of the CCF
and CC are associated with improved neurodevelopmental out-
come and that both markers have added clinical value to the pre-
diction of neurodevelopment compared with neonatal risk
factors and head circumference.

MATERIALS AND METHODS
Participants
This study combined data of 2 comparable prospective observatio-
nal cohort studies performed between 2010 and 2017 at the NICU
of the Erasmus MC Sophia Children’s Hospital, Rotterdam, the
Netherlands. All preterm infants born between 24 and 30weeks’
gestational age (GA) and admitted to the NICU within 48hours af-
ter birth were eligible for participation in Study A (Submarine
study) or Study B (BOND study) (Online Supplemental Data).12,13

Infants with severe congenital or chromosomal abnormalities,
perinatal asphyxia (cord blood/first postnatal pH, ,7.0 and
APGAR score at 5minutes,,5), and congenital TORCH infection
(toxoplasmosis, other agents, rubella, cytomegalovirus, and herpes
simplex) were excluded. Parental informed consent was obtained
for all participants. Both studies were approved by the medical
ethics committee of the Erasmus MC Sophia Children’s Hospital,
University Medical Center, Rotterdam.

Maternal, obstetric, and neonatal characteristics were col-
lected prospectively from the electronic medical record. Ethnicity
was classified as non-Western if one or both parents were born in
a non-Western country, and parental education level was based
on both parents.14 Brain injury was diagnosed on CUS and
included subependymal and intraventricular hemorrhage (grade
1–21), cerebellar hemorrhage, stroke, and/or periventricular leu-
komalacia. Postnatal age was defined as days after birth with the
day of birth as day 1.15

Markers of Brain Growth
CUS was routinely performed according to local clinical protocol
by the attending neonatologist or an experienced researcher. The
local protocol included CUS on postnatal age days 1, 2, 3, and 7,
followed by weekly measurements until transfer from the NICU
to a level II hospital. A MyLab 70 scanner (Esaote) with a convex
neonatal probe (7.5MHz) was used. Off-line measurements of
CC length and CCF length on a standard midsagittal plane were
performed using MyLab software (Esaote) by one of the research-
ers. As described previously in detail, CCF length (centimeters)
was measured from the genu of the corpus callosum (outer bor-
der) to the fastigium, and CC length (centimeters), from genu to
the splenium (outer-outer border) (Online Supplemental Data).9

Head circumference (centimeters) was measured during the
NICU stay as part of standard care using a tape measure. Growth
z scores were based on the Fenton Growth Charts from birth
until discharge or 50weeks’ GA and on the World Health
Organization growth charts thereafter.16

For this study, we used measurements of CCF length, CC
length, and HC assessed at the following times: 1) birth (postnatal
age, days 1–3); 2) around 29weeks’ GA (28–30weeks); and 3) at
NICU transfer to a level II hospital (limited to 30–36weeks’ GA).
Growth rate (millimeters/week) of CCF length, CC length, and
HC was calculated between birth and NICU transfer. To increase
homogeneity in timing and the length of the growth periods, we
only calculated growth rate when the first CUS was performed in
the first week of life and the period between 2 measurements cov-
ered at least 14 days.

In study B, CUS and HC measurements were also performed
at the routine outpatient clinic visit at a median of 6.9weeks’ CA
(interquartile range [IQR], 6.1–8.3 weeks), further referred to as
the 2months’ visit. In these infants, the growth rate of each
marker was also calculated between birth and 2months.

Neurodevelopmental Outcome
As part of the national neonatal follow-up program, all children
were routinely invited to the outpatient clinic at 2 years’ CA for
physical and neurologic examinations by a neonatologist or pedi-
atric neurologist. Trained physiotherapists and psychologists
performed extensive testing of psychomotor and cognitive devel-
opment using fine-motor and gross motor (summarized in a total
motor score) and cognitive tests of the Bayley Scales of Infant and
Toddler Development, 3rd edition (Bayley-III, Dutch edition),
expressed as standard scores adjusted for CA at the moment of
testing.17 Following Dutch guidelines, the Lexi list was used to
evaluate expressive language development. This validated ques-
tionnaire is completed by parents to quantify the child’s vocabu-
lary with scores adjusted for CA at assessment and sex.18 For
each child, parents were asked to complete the Child Behavior
Checklist 1.5–5 years (CBCL 1.5–5), which is an internationally
validated questionnaire examining behavioral and emotional
problems.19 For this study, we used the CBCL Total Problems
scale expressed in T-scores adjusted for CA at assessment and
sex. Assessors and parents were unaware of CC or CCF length
measurements.

Statistical Analysis
Because the presence and severity of brain injury in the neonatal
period can influence both brain growth and neurodevelopmental
outcome disproportionately,20 we mainly focused on the large
group of infants without any brain injury on neonatal CUS. To
explore the value of the brain growth markers in the presence of
brain injury, we performed additional exploratory analyses in the
smaller and more heterogeneous group with any extent of neona-
tal brain injury on CUS. Relative risks for adverse outcomes were
calculated comparing infants with and without brain injury.

First, we used nonparametric statistical tests for nonresponse
analyses. Second, we used linear regression models to study the
associations between length (at birth, 29weeks’ GA, NICU trans-
fer, and 2months’ CA) and growth rate (between birth and
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NICU transfer and between birth and 2months) of the CCF, CC,
and HC and the 4 neurodevelopmental outcomes (motor, cognitive,
language, and behavior) at 2 years’ CA in both groups. In the basic
models, we adjusted for GA or CA at CUS assessment. The adjusted
models were additionally corrected for sex, GA at birth, birth
weight z score, and parental education on the basis of relevance
reported in the literature.5,21 These 4 covariates were tested and
confirmed to show either a statistical association with at least 1 of
the 2 ultrasonic brain markers at 2months and cognitive outcome
or a change in the effect size of.10% after addition of the covariate
to the basic model. Given the number of participants and variables
in our models and to limit type I or II error, we only performed
analyses when at least 40 measurements were available per analysis.
For comparability of effect sizes, associations are reported by steps
resembling the average IQR of each marker. We observed no signif-
icant interactions between any of the brain markers and sex.

Third, we evaluated the added clinical value of the brain
markers in predicting neurodevelopmental outcome in infants
without brain injury, compared with prediction based on neona-
tal risk factors and head circumference only. As baseline, a “basic
neonatal” regression model was used for prediction of cognitive
outcome. This model was recently created in a preterm popula-
tion overlapping this cohort.22 This model included sex, GA at
birth, combined parental education level, grade of bronchopul-
monary dysplasia (no/mild/severe), treated patent ductus arterio-
sus (medically and surgically), brain injury, and the duration of
the hospital admission. Because this analysis was performed in
the group of infants without any brain injury, we did not include
“brain injury” as a covariate in the basic neonatal model of the
current study. Using linear hierarchical regression models and
explained variances (R2), we compared the basic neonatal model
(both with and without HC) with models that additionally
included any CUS markers associated with neurodevelopmental
outcomes.

P values (2-tailed) , .05 were considered statistically signifi-
cant. We calculated 95% confidence intervals for all effect esti-
mates. Correction for multiple testing was not deemed necessary
given the step-based and exploratory character of the analyses.
Data were analyzed using SPSS Statistics, Version 25.0 (IBM) and
R statistical and computing software (http://www.r-project.org/).

RESULTS
Study Population
Of 293 eligible children, 225 (77%) were included in this study
(Online Supplemental Data), of whom 153 (68%) showed no brain
injury on CUS during the neonatal period. Nonresponse analyses
showed that included children more often were Western, had
slightly higher birth weights, and encountered fewer complications
during the NICU stay (data not shown). Parental, perinatal, and
neonatal characteristics were mostly similar in infants with and
without brain injury (Online Supplemental Data).

Markers of Brain Growth
Length and growth rate of the CC, CCF, and HC are presented in
the Online Supplemental Data. The correlation of CC length and
CCF length compared with HC during the NICU stay is plotted
in the Online Supplemental Data. At all 4 time points, the

absolute length of all 3 markers appeared to be slightly larger in
infants without brain injury compared with infants with brain
injury. In both groups, the length of the CCF, CC, and HC
increased with time. Also, the growth rate of CCF length, and
even more so CC length, decreased after transfer from the NICU
to a level II hospital (median 3115 –3211weeks’ GA), while the
growth rate of HC increased.

Neurodevelopmental and Neurologic Outcomes
Scores on the 4 neurodevelopmental tests as well as the preva-
lence and relative risk of neurologic complications are listed in
the Online Supplemental Data. In general, outcomes were less
favorable in infants with brain injury, with 11% having cerebral
palsy compared with 3% (risk ratio, 3.4; 95% CI, 1.2–10.0) and
11% having visual disorders compared with 5% in those without
brain injury (risk ratio, 2.1; 95% CI, 0.8–5.4). In both groups, all 4
neurodevelopmental tests showed median scores within the nor-
mal range. However, moderate or severe motor impairment was
more common in those with brain injury (14% versus 5%; risk ra-
tio, 2.7; 95% CI, 1.1–6.5).

Associations between Brain Length or Growth and
Neurodevelopmental Outcome
In infants without neonatal brain injury, larger CCF length at
2months was associated with better cognitive outcome: Every IQR
(5mm) increase in CCF length was associated with a 9.1 (95%
CI, 2.4–15.8) point higher Bayley-III cognitive score (Online
Supplemental Data). As for CC length, we observed a 5.9 (95% CI,
2.8–9.1) point higher Bayley-III cognitive score, a 4.6 (95% CI, 1.3–
8.0) point higher total motor score, and a 6.5 (95% CI, 2.0–11.0)
point higher language score for every IQR (5mm) increase at
2months. In addition, a 5-mm larger CC length at birth was associ-
ated with a 5.9 (95% CI, 0.4–11.4) point higher motor score. HC
was also positively associated with multiple neurodevelopmental
outcomes: For every IQR (20mm) increase at 2months, we
observed a 7.2 (95% CI, 2.9–11.6) point increase in cognitive score
and an 8.7 (95% CI, 2.7–14.7) point higher Lexi score.

Each IQR (0.25mm/week) increase in the CC growth rate
between birth and 2months was associated with a 5.1 (95% CI,
0.9–9.4) point higher cognitive score and a 4.5 (95% CI, 0.1–8.9)
point higher motor score. An IQR (1mm/week) faster HC
growth in this period was associated with a 5.8 (95% CI, 0.9–
10.7) point higher Lexi score. We did not observe any associa-
tions between the growth rate of CCF length and neurodevelop-
mental outcomes. In the brain injury group, results were only
available for the associations of absolute length of the CC, CCF,
and HC at birth and 29weeks’ GA and neurodevelopmental out-
comes, due to too-small group sizes (n, 40) at the other time
points. None of these associations were statistically significant
(Online Supplemental Data). Results of the basic models, not cor-
rected for sex, GA at birth, birth weight z score, and parental edu-
cation, are presented in the Online Supplemental Data.

Added Value of CUS Brain Markers for Outcome
Prediction
In the Online Supplemental Data, we present the added values of
CC and CCF length at 2 months to the prediction of the 3
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associated neurodevelopmental outcomes (cognitive, motor, and
language) by neonatal risk factors in infants without brain injury.
Compared with the basic neonatal model with or without HC,
adding CC length led to an 8.8%–9.8% increase in the explained
variance (R2) of cognitive and language outcomes (P, .05).
There was no added value of (additionally) including CCF length
in any of the models for predicting motor, cognitive and language
outcomes.

DISCUSSION
In this longitudinal study of 225 infants born very preterm, larger
CCF length at 2months’ CA in infants without brain injury was
associated with better cognitive outcome at 2 years’ CA. As for
the CC, larger length at 2months’ CA and a faster growth rate
from birth to 2months were associated with higher cognitive,
motor, and language scores at 2 years’ CA. These associations
were similar to those observed for head circumference.
Prediction of neurodevelopmental outcome based on neonatal
risk factors and head circumference significantly improved when
CC length, but not CCF length, at 2months was additionally
taken into account.

CCF length is a new reliable marker of brain growth that cap-
tures a large part of the brain and is related to fetal growth restric-
tion.10,11 We showed that in infants without brain injury, CCF
length was related to cognitive outcome but had no added clinical
value in the prediction of neurodevelopment. Because this is the
first study to explore this association, there are no previous stud-
ies with which to compare it. The lack of predictive power may
have different explanations. First, the anatomic structures that
are covered by CCF length (diencephalon, thalamus, mesenceph-
alon) are important areas of the brain, but the cerebellum and
WM (as reflected by the CC) are not incorporated into CCF
length. Yet these parts of the brain may be more susceptible to
external factors influencing brain growth and may, therefore, be
more important for outcome in this specific patient group and
time period after birth.23,24 Second, measurement error may have
played a role. However, we consider this explanation less likely
because we previously showed adequate reproducibility and reli-
ability of CCF length in a similar setting, and all measurements
were performed by 2 experienced researchers.9,10

The positive associations of CC length at 2months’ CA with
cognitive, motor, and language outcome, and CC growth until
2months with cognitive and motor function are in line with previ-
ous MR imaging and CUS studies and reflect the importance of the
CC as the major WM pathway in the brain.6-8,25-27 WM is involved
in different domains of neurodevelopment and is very susceptible
to injury or microinjury by external factors, including neonatal
complications experienced after preterm birth.26 Therefore, in this
specific patient group, it is likely that CC size reflects the extent of
injury of the WM, which translates to later neurodevelopment. This
may also explain why CC length and growth appear to be more
strongly associated with neurodevelopmental outcomes than HC.
Most interesting, apart from the association between CC length at
birth and motor outcome, we only observed associations with out-
come when CC length was measured after NICU transfer (.30–
32weeks’ GA) and not during the NICU stay. These findings are
comparable with those in the CUS studies of Anderson et al,26,27

who reported a relation with the Bayley motor scores at 2 years for
CC growth between 2 and 6weeks after birth (30–34weeks’ GA),
but not for CC growth in the first 2weeks after birth in a similar
preterm population. We hypothesize that in infants without brain
damage, the period after the NICU stay may be more critical for
neurodevelopment. This hypothesis is supported by the decrease in
the CC growth rate after NICU transfer observed in this and other
studies, likely due to the impact of more chronic complications like
bronchopulmonary dysplasia.5,27-29

None of the brain markers were associated with behavioral
outcome. This finding may reflect the complex and multifactorial
origin of behavior development, which hampers adequate predic-
tion of later behavioral problems, especially at a young age.
Furthermore, the CBCL 1.5–5 years used in this study is a screen-
ing questionnaire that roughly estimates problem behavior but is
not suitable for diagnosis. In addition, underreporting of behav-
ioral problems by parents might be an issue. Nonetheless, a very
recent MR imaging study linked global brain abnormalities at
term age with the CBCL total problems score at 2 years’ CA.30 An
important difference compared with our study is that they used
detailed and comprehensive Kidokoro scoring on MR images
compared with a single CUS measure in our study.31

The observed associations of CC length at 2months with neu-
rodevelopmental outcomes were not stronger than those of HC.
However, CC length at 2months still showed significant added
value in the prediction of neurodevelopment compared with pre-
diction based on neonatal risk factors and head circumference
only. These findings are the opposite of the conclusion that was
drawn in a similar study of 87 very preterm infants by Perenyi et
al,7 who stated that measuring CC length on CUS in early life had
no additional clinical value. To further explore and improve the
potential clinical value of CUS at 2months in neonatal follow-up
programs, future studies could explore combining different CUS
brain markers (eg, CC length, CCF length, ventricular size, bipar-
ietal diameter, vermis length, and cerebellar width) with CUS
injury scores to predict neurodevelopmental outcome.

Strengths and Limitations
This study is unique in studying CCF length in relation to neuro-
development in preterm infants. The availability of longitudinally
performed CUS enabled us to study brain markers both during
and after NICU admission. Another strength of this study is the
relatively large cohort of preterm infants without brain damage,
representing a part of the NICU population in whom neurodevel-
opment has always been difficult to predict. Our data confirm
that in those with neonatal brain injury, neurodevelopmental
outcomes are less favorable.

Our study also has limitations. First, the group of infants with
brain injury was too small and heterogeneous to perform reliable
analyses at NICU transfer and 2months or on growth of the CC
and CCF length and HC. Also, the observed lack of associations
at birth and 29weeks’ GA in this group should be interpreted
with caution because these analyses also contained small numbers
of ultrasounds/infant. Future studies should explore how the
observed associations in infants without any brain injury hold in
a large cohort of children with brain injury. Larger cohorts are
also needed to disentangle which types of brain injury affect brain
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growth and neurodevelopment most. Second, no CUS was per-
formed around term-equivalent age because, per national policy,
infants were transferred to a level II hospital when they were sta-
ble, most often around 30–32weeks’ gestation. Third, we were
unable to correct for other psychological factors related to neuro-
development, such as parenting or parental mental health.
However, we believe that the most important perinatal, neonatal,
and sociodemographic confounders have been covered. Last, the
Bayley-III test is a commonly used–but-rough estimate of global
neurodevelopment with limited predictive value for later intelli-
gence quotient performance.32 Therefore, follow-up of this
cohort into school age is needed.

CONCLUSIONS
This prospective study of infants born very preterm without as-
phyxia, severe congenital abnormalities, or infections showed
the clinical benefit of 2 brain-growth markers, which can be eas-
ily measured on CUS. Especially, the CC (length and growth)
but also CCF (length) at 2months’ CA were associated with var-
ious important neurodevelopmental outcomes at 2 years’ CA.
Furthermore, CC length but not CCF length showed a signifi-
cant added clinical value to the prediction of neurodevelopment
based on neonatal risk factors and head circumference.
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BRIEF/TECHNICAL REPORT
SPINE

Same-Day Bilateral Decubitus CT Myelography for Detecting
CSF-Venous Fistulas in Spontaneous Intracranial

Hypotension
L. Carlton Jones and P.J. Goadsby

ABSTRACT

SUMMARY: Lateral decubitus CT myelography is a sensitive technique for detecting CSF-venous fistulas in patients with spontane-
ous intracranial hypotension. It might be necessary to perform bilateral studies to locate a fistula. We report on the feasibility of
obtaining diagnostic-quality bilateral decubitus CT myelography in a single session, avoiding the need to schedule separate exami-
nations for the left and right sides on different days.

ABBREVIATIONS: CTM ¼ CT myelography; CVF ¼ CSF-venous fistula; DSM ¼ digital subtraction myelography; SIH ¼ spontaneous intracranial hypotension

Spontaneous intracranial hypotension (SIH) is a debilitating
condition that results from leakage of CSF from the spine. In

up to one-quarter of patients with SIH, the underlying cause is a
CSF-venous fistula (CVF), an abnormal connection between the
subarachnoid space of a nerve root sheath and adjacent veins.1

Targeted treatment of CVFs, by injection of blood and/or fibrin
sealant,2 endovascular occlusion, or neurosurgery requires accu-
rate localization of the fistula. Performing CT myelography
(CTM) or digital subtraction myelography (DSM) with the
patient in the lateral decubitus position increases the sensitivity
for CVFs by exposing the nerve root sleeves on the dependent
side to a higher concentration of contrast.1,3,4 Although most
CVFs occur in the thoracic spine on the right side,5 on which side
a CVF will be found cannot be known beforehand. Moreover,
CVFs can rarely occur bilaterally.6,7 A complete examination,
therefore, requires bilateral decubitus myelograms. Currently
most centers undertaking lateral decubitus CTM or DSM exam-
ine the right and left sides on separate days, primarily because of
manufacturer-set dose constraints on the maximum intrathecal
iodine dose8,9 but also because the contrast is diluted by CSF
when turning the patient to the opposite side, which leads to
decreased opacification of meningeal diverticula.8 This practice is

inconvenient for patients and radiology departments alike, even
if studies are scheduled across 2 consecutive days. We report our
experience in performing bilateral decubitus CTM in the same
session.

MATERIALS AND METHODS
Subjects
Institutional review board approval was not required for this ret-
rospective service evaluation. We evaluated our service by review-
ing consecutive patients with SIH who were investigated by
same-day bilateral decubitus CTM for a suspected CVF between
December 2020 and May 2021, all of whommet the International
Classification of Headache Disorders, 3rd edition, criteria for
SIH.10 All patients had undergone brain MR imaging with con-
trast and spine MR imaging; one of the patients had previously
undergone prone CTM, which had negative findings for a cause
of the CSF leak.

Procedural Technique
The technique is a modification of that described previously.8

Patients were placed in the lateral decubitus position on the CT
scanner table with the pelvis raised above their shoulders by a
foam wedge and with their arms raised by their faces or above
their heads. CT fluoroscopically-guided lumbar puncture was per-
formed at L3–L4 or L2–L3 with a 22-ga spinal needle and the sub-
arachnoid position of the needle tip confirmed by a test injection
of 0.5 mL of iohexol containing 300 mg I/mL (Omnipaque, GE
Healthcare). The theca was then prepressurized by a slow injection
of 10mL of sterile normal saline in an attempt to encourage leak-
ing and also to dilute the test dose of contrast before 6–8mL of
contrast was injected intrathecally, after which the spine was
scanned immediately from the lumbar puncture needle to the
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craniocervical junction during breath-holding in maximum inspi-
ration. Acquisition parameters were pitch= 0.984, rotation time=
800 ms, reconstruction thickness= 0.625mm, automated exposure
control, tube current= 300–800mA, tube voltage= 120 kV(peak).
Images were reviewed at the console for signs of a CVF, including
a hyperdense paraspinal vein and opacification of radicular veins
in the neural foramen adjacent to a meningeal diverticulum. With
the needle still in place, the patient was then assisted to turn care-
fully from the first decubitus position to lie initially prone and then
to the opposite lateral decubitus position. The position of the nee-
dle was monitored at all times by the neuroradiologist performing
the procedure, while additional staff assisted the patient with turn-
ing, avoiding bending or twisting of the lumbar spine. A new scan
projection radiograph was acquired, and a limited scan was
acquired through the needle to check that it had not become dis-
placed from the vertebral canal during patient repositioning. A fur-
ther 6–8mL of iodinated contrast was then injected, and scanning
of the spine was repeated as on the first side.

RESULTS
Three patients, 54, 64, and 67 years of age, underwent same-day
bilateral decubitus CTM during the study period. Two subjects

were women. All subjects had orthostatic headache, and 1 also
had cognitive impairment in the form of a frontotemporal de-
mentia-like presentation of SIH. Brain MR imaging showed fea-
tures of SIH in all cases: All subjects showed diffuse dural
enhancement, venous sinus distension, pituitary enlargement,
and brain sag; none had subdural fluid collections. The Bern
score for brain MR imaging was 8 for all subjects, indicating a
high probability of a spinal CSF leak.11 No subjects had spinal ep-
idural fluid collections; thus, a CVF was considered the most
likely cause of the SIH, with a distal nerve root sleeve dural tear
beyond the epidural compartment being possible but less likely.12

In 2 cases, the right side was examined first. In all 3 cases, decubi-
tus CTM showed a single CVF, located in the right T11, right T5,
and left T5 neural foramina, respectively. In 2 cases, the CVF was
on the second side to be examined. The left T5 CVF drained to a
right paravertebral vein via an intraosseous vein (Fig 1), the right
T11 and right T5 CVFs drained into an ipsilateral paravertebral
vein at the same level (Fig 2). The procedures were well-tolerated
by the subjects with no adverse events during repositioning aside
from minor bending of the spinal needle; in no case was the nee-
dle tip displaced from the spinal subarachnoid space, and no
cases of subdural or epidural contrast injection occurred. Total

FIG 1. Left T5 CVF with contralateral venous drainage and subsequent treatment. A, Axial right lateral decubitus CTM image shows dependent
layering of contrast on the right side of the subarachnoid space but no leak. B, Axial left lateral decubitus CTM image shows more uniform distri-
bution of contrast within the subarachnoid space following turning of the patient but also abnormal left radicular veins opacified by dense con-
trast (dashed arrow) and a hyperdense right paravertebral vein (arrow). C, Axial left lateral decubitus CTM MIP image shows transvertebral
intraosseous drainage of the CVF to the right side (arrow). D, Axial posttreatment CT shows contrast-opacified fibrin sealant filling the foramen
(arrow) and extending into the epidural space of vertebral canal.

FIG 2. Right T5 CVF and subsequent treatment. A, Axial right lateral decubitus CTM image shows a right foraminal meningeal diverticulum and a
hyperdense right paraspinal vein (arrows). B, Axial right lateral decubitus CTM image obtained immediately caudal to (A) shows opacification of
a small radicular vein (arrow). C, Axial left lateral decubitus CTM image shows no abnormality. D, Axial posttreatment CT shows contrast-opaci-
fied fibrin sealant filling the foramen and extending into the epidural space of vertebral canal.
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contrast volumes injected ranged from 12 to 16mL, split equally
between sides. Each subject subsequently underwent a CT-guided
percutaneous injection of fibrin sealant (TISSEEL; Baxter)
directed at the CVF, targeting the junction of the diverticulum
and the draining vein to place fibrin sealant within and around
the diverticulum. This resulted in symptom improvement and
improvement of imaging findings of SIH in all cases (Fig 3).

DISCUSSION
This report presents the feasibility of obtaining diagnostic-quality
bilateral decubitus CTM during a single session. Hitherto, it has
been the usual practice to schedule decubitus CTM or DSM
examinations of the right and left sides on separate days to com-
ply with dose constraints for iodinated contrast in view of the
possible risks of neurotoxicity, including seizures and arachnoidi-
tis. The manufacturer-set intrathecal dose limits of 3 g of iodine
for the nonionic contrast media iohexol and iopamidol were
based on earlier toxicity studies of the ionic agent metrizamide,
despite evidence that the newer agents were less neurotoxic.13

Subsequently, dose-finding studies comparing iomeprol, iopami-
dol, and iohexol for myelography have found that doses up to 4.5
g of iodine were well-tolerated,14 and intrathecal doses of up to 6
g of iodine have been used in dynamic fluoroscopic myelography
for localizing spinal CSF leaks without adverse effects.15 We
determined, therefore, that the manufacturers’ 3 g dose limit
should not necessarily be a barrier to performing bilateral decubi-
tus CTM on the same day, and we were able to obtain diagnostic-
quality bilateral studies with total doses between 3.6 and 4.8 g.
Because this was an off-label use of the contrast medium, patients
gave consent regarding this use. Because our prior practice for
single-side decubitus CTM had been to use 10mL of iohexol,
300mg I/mL, in accordance with a previously reported
technique,8 we initially used 8mL of contrast per side for the
same-day technique to decrease the risk of achieving suboptimal
intrathecal opacification and a nondiagnostic study. When a non-
diagnostic study did not occur, we subsequently decreased the
dose further to 6mL per side without any deleterious effect on in-
trathecal opacification or the ability to identify a CVF. It may be
possible to obtain diagnostic-quality bilateral decubitus CTM
with as little as 5mL of contrast per side, thus not exceeding the

recommended dose limit for intrathecal iodine; this dose is the
subject of current investigation.

In 2 cases, the CVF was on the second side to be examined.
Given the right-sided preponderance of CVFs,5 an argument
could be made for starting with a right lateral decubitus CTM to
maximize the chance of detecting a CVF at the earliest stage,
potentially obviating the need to examine the opposite side.
However, in view of the reported occurrence, albeit rare, of bilat-
eral CVFs,6,7 we recommend always examining both sides even if
a CVF is detected on the first side studied.

Benefits of our approach include greater convenience for the
patient, including avoidance of a second lumbar puncture for op-
posite side decubitus CTM on a subsequent day and more effi-
cient use of the CT scanner and neuroradiologist’s time.
Avoiding a second CT fluoroscopy–guided lumbar puncture also
decreases the radiation dose of same-day decubitus CTM com-
pared with 2 procedures on separate days. Potential drawbacks
include the risk of needle displacement during repositioning and
subsequent injury to neural or vascular structures, as well as the
potential for subdural or epidural contrast injection if the needle
tip moves, though this did not occur in any of our cases.
Although we observed that the spinal needle became bent during
repositioning, this result did not have any adverse effect on the
subjects or the performance or outcome of the procedure.
Although we did not experience any difficulty repositioning
patients on the foam wedge, alternative means of elevating the
patient’s pelvis without requiring movement on the CT table,
such as placing an inflatable mattress (HoverMatt; HoverTech
International) under the patient’s hips and inflating it transiently
after the intrathecal injection of contrast, might represent further
refinements to the technique.16

CONCLUSIONS
Same-day bilateral decubitus CT myelography can be performed
successfully and can result in a diagnostic-quality examination
without adverse effects on the patient. This is more convenient
for patients and radiology departments, obviating the need for a
second procedure, which may carry potential additional risk.

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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