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PERSPECTIVES

Title: Looking In. This is a series of 64 mixed media drawings consolidated into a single work. Over the course of my MSc research, I assessed over 1000 MR images in the valida-
tion of a rating scale to be used for the evaluation of age-related neurodegeneration. During this process, I found the work was very disengaging in contrast to my clinical
work with elderly individuals. When viewing the MR images I was “looking in” the brains of real humans with rich histories and stories, but I felt so separated from them as
human beings. This inspired the creation of this art piece. Taking 64 slices from an MR image of my own brain, I created a daily journal of my experiences and emotions, tracing
and coloring in each subsequent slice to create artistic works representing my internal world. This served as a reminder that each MR image I looked at involved a real person
and had real human impacts. This work has also been impactful as I begin my medical training, where empathy is vital, but where it is also so easy to forget the human impact
of your work when you are looking at an MRI scan of a patient's brain, or an incision into a body hidden by surgical drapes. Hopefully this work will serve to strengthen the em-
pathy that readers have for their patients and research subjects, and be a reminder of the real human impact of their work.

Lukas A. Grajauskas, MSc, MD Student, Class of 2022, Cumming School of Medicine, University of Calgary, Calgary, Alberta, Canada

AJNR Am J Neuroradiol 42:807 May 2021 www.ajnr.org 807



REVIEW ARTICLE

A Review of Robotic Interventional Neuroradiology
C.B. Beaman, N. Kaneko, P.M. Meyers, and S. Tateshima

ABSTRACT

SUMMARY: Robotic interventional neuroradiology is an emerging field with the potential to enhance patient safety, reduce occu-
pational hazards, and expand systems of care. Endovascular robots allow the operator to precisely control guidewires and catheters
from a lead-shielded cockpit located several feet (or potentially hundreds of miles) from the patient. This has opened up the possi-
bility of expanding telestroke networks to patients without access to life-saving procedures such as stroke thrombectomy and cer-
ebral aneurysm occlusion by highly-experienced physicians. The prototype machines, first developed in the early 2000s, have
evolved into machines capable of a broad range of techniques, while incorporating newly automated maneuvers and safety algo-
rithms. In recent years, preliminary clinical research has been published demonstrating the safety and feasibility of the technology
in cerebral angiography and intracranial intervention. The next step is to conduct larger, multisite, prospective studies to assess
generalizability and, ultimately, improve patient outcomes in neurovascular disease.

ABBREVIATION: COVID-19 ¼ coronavirus disease 2019

In 1927, Moniz1 first used radiopaque dye and x-rays to visualize
cerebral vessels in vivo. In the past 100 years, major advances

have been made in the field of endovascular neurointervention,
including treatment of aneurysms, arteriovenous malformations,
subdural hematomas, and ischemic strokes. Despite this progress,
these procedures still require an operator who stands next to the
patient and manually injects contrast, manipulates wires and
catheters, and operates x-ray imaging, all while being exposed to
ionizing radiation. In the 1980s, robotic systems were first intro-
duced in a variety of disciplines to enhance precision and repro-
ducibility in minimally-invasive surgical procedures.2-4 Early
endovascular innovators adapted this technology and developed
new remote-controlled catheter systems with the hopes of im-
proving navigation and procedural precision.5,6 In recent years,
interventional cardiologists have made tremendous progress with
robotic technology. Large multicenter trials have demonstrated
the safety and efficacy of robotics both in simple and in complex
percutaneous coronary interventions.7,8 These successes paved

the way for investigations into the feasibility of robotic systems
for endovascular neurointervention, including the implementa-
tion of automated maneuvers, machine learning, and remote
operation.

As the indications for neuroendovascular intervention grow,
operators spend more and more time in the angiography suite.
Robotic systems have the potential to alleviate the occupational
hazards associated with ionizing radiation.9 A concerning obser-
vational study was published in 2012, noting a predominance of
left-sided brain tumors in interventional cardiologists.10,11 A
much larger nationwide prospective cohort of 90,957 radiology
technologists found a 2-fold increase in the risk of brain cancer
mortality and increased incidences of breast cancer and mela-
noma compared with controls.12 Even a single procedure has
been shown to create radiation-induced DNA damage in circulat-
ing lymphocytes in operators.13 The concern is exacerbated by the
growth of radial access, which exposes operators to higher doses
of ionizing radiation compared with femoral access.14 As well as
cancer-related risks, radiation increases the rates of cataracts and
atherosclerosis during a long career.15,16 Interventionalists also
have higher rates of orthopedic injuries, attributed to long hours
standing in lead aprons.17 In addition, decreased occupational
hazards may help improve distinct sex inequality in the field of
neurointervention. Fewer than 10% of interventional radiolog-
ists are women, and this disparity may be partly attributed to
fears related to radiation and orthopedic stress during preg-
nancy.18,19 Preliminary studies demonstrate that robotic

Received September 29, 2020; accepted after revision October 26.
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endovascular systems can greatly mitigate these occupational
risks. In the prospective Percutaneous Robotically Enhanced
Coronary Intervention (PRECISE) study, the median radia-
tion exposure to operators was reduced by 95.2% (0.98 versus
20.6 mGy, P , .001),7 and a recent study demonstrated that
robotic systems also significantly de-creased radiation doses
to the patient (884 versus 1110 mGy, P ¼ .002).20

Furthermore, robotic systems may reduce the occupational
spread of infection, such as coronavirus disease 2019

(COVID-19), by limiting staff expo-
sure to the patient during proce-
dures.21 Clearly, the opportunity for
improved procedural safety is prom-
ising; however, it is of paramount im-
portance to fully understand the
technical strengths and limitations of
current robotic systems to fully real-
ize these ideals.

Overiew of Robotics Specifications
Current endovascular robotic systems
consist chiefly of 2 components: the
patient-side mechanical robot and
the operator control station (Fig 1). The
control station, originally designed to
remain in the procedure room, is a radi-
ation-shielded cockpit outfitted with
computer monitors, various sensors,
and joysticks to control the guidewire
and catheters with millimeter-scale reso-
lution. The robot is typically connected
to an articulating arm next to the patient
(Fig 2A, -B). It receives instructions (ei-
ther through cables or wireless telecom-
munication) from the control station
and physically manipulates the wires
and catheters using linear and rotational
drive motors. There are 3 principal drive
mechanisms in use for axial motion of
the guidewire and catheters. The first
mechanism implements a friction or
pinch roller to press the wire against a
capstan and drive it forward and back-
ward (Fig 2C).22,23 The second mecha-
nism consists of a clamping device
that grasps the wire and uses a linear
motor to drive it axially along a shaft
(Fig 2D).24-26 The third mechanism
uses large externally generated mag-
netic fields for traction on a passive
ferromagnetic catheter (Fig 2E).27,28

The pinch roller and clamping mech-
anisms are more well-studied, but the
magnetic system does have the benefit
of distal tip navigation, which can
theoretically allow omnidirectional

distal tip control and in vivo wire reshaping.29

The first robotic system in general use, the CorPath
200 (launched in 2012 by Corindus, a Siemens Healthineers
Company), implements pinch roller propulsion. It is an open-
architecture machine, compatible with 0.014-inch guidewires,
rapid exchange catheters, and stent-delivery systems. With any
new technology, it is critical to analyze potential failure modes and
their causes and effects. Indeed, failure modes during robotic per-
cutaneous coronary intervention were investigated by Harrison et

FIG 1. A, Sterile Corpath GRX patient-side robotic system during setup. B, Lead-shielded remote
Corpath GRX control station during cerebral angiography procedure.

FIG 2. Robotic systems. A, Patient-side robot with articulating arm. B, Lead-shielded cockpit
with monitors and controls. C, Friction roller drive mechanism. D, Clamping device mechanism.
E, Magnetic navigation system.

AJNR Am J Neuroradiol 42:808–14 May 2021 www.ajnr.org 809



al,30 who found that conversion to manual operation was required
in 20 of 108 patients (18.5%). Of these 20 cases, 12 required only
partial manual assistance, defined as planned or unplanned tempo-
rary disengagement of the robotic drive for manual operation and
then a return to full robotic operation. The other 8 cases required
full conversion to manual operation for the duration of the proce-
dure. The most common failure mode was related to lack of wire
and catheter support and manipulation, which occurred in 9 cases.
The remaining causes of failure were mostly due to known limita-
tions of the system such as the need to use incompatible intracoro-
nary imaging devices. Only 3 cases required manual intervention
for adverse events such as vessel closure or dissection.

The second-generation CorPath GRX was cleared by the FDA
for percutaneous coronary interventions in 2016 and for peripheral
vascular interventions in 2018. It includes the ability to robotically
control the guide catheter to enhance support, an essential feature
for tortuous neurovasculature. The current working length is
20 cm, or more precisely, 610 cm from a neutral starting position
that can be manually changed. Britz et al22 conducted a neurovas-
cular in vitro and porcine feasibility study and found that micro-
catheters occasionally herniated from the guide track. The
herniation is similar to a line of train cars pushed from the back by
a locomotive rather than pulled from the front by the same loco-
motive. Frictional forces prevent linear translation of force due to
lateral instability of the line, or microcatheter in this case. In addi-
tion, they found that smaller-diameter devices, such as coils and
stents, were too short to use in the guidewire track. This led the
company to improve the machine by adding a Y-connector cover
and adapter to prevent device herniation and a new driving gear to
facilitate smaller-diameter devices. Corindus is now conducting a
prospective, multicenter, clinical study to determine the effective-
ness and safety of the robotic system in embolization of cerebral
aneurysms compared with historical controls.31

Automated Maneuvers and Machine Learning
A principal advantage of endovascular robotics is the ability to
automate maneuvers to reduce procedural time and decrease

variability of repeat manual maneu-
vers. Currently available algorithms
are sparse, but machine learning has
the potential to augment the neuroin-
terventionalist’s tool kit. Rotate-on-
Retract was the first FDA-approved
automated feature of the CorPath
GRX Robotic System. With the fea-
ture activated, the robot will auto-
matically rotate the guidewire during
retraction to facilitate vessel selec-
tion. Preclinical work presented
at the Transcatheter Cardiovascular
Therapeutics Conference in 2017
demonstrated a significant reduction
in mean wiring time (20 [SD, 8] ver-
sus 48 [SD, 8] seconds) when the fea-
ture was enabled.32 In addition, Al
Nooryani and Aboushokka33 pub-
lished a case report describing its suc-

cessful use in robot-assisted percutaneous coronary inter-
vention to the left anterior descending coronary artery.

There is, however, a paucity of data regarding automated
maneuvers in neuroendovascular cases. The cerebral vasculature
has relatively small-diameter vessels that are structurally delicate
with complex 3D branching arborization.34 In their in vitro and
porcine feasibility study, Britz et al22 found inadvertent forward
movement of the wire when delivering the microcatheter, risking
perforation. This work led to the development of “Active Device
Fixation,” an open-loop control algorithm to counteract unex-
pected movements of the guidewire made in response to micro-
catheter actuation.35 This feature allows the operator to maintain
the guidewire in a consistent position relative to the patient’s
anatomy and was recently implemented for the stent-coiling case
report published by Mendes Pereira et al.36 Other automated fea-
tures are currently in the development stage, including “Spin,” a
lesion-crossing algorithm that rotates the guidewire in an oscillat-
ing motion during advancement; “Wiggle,” a navigation algo-
rithm that automatically rotates the guidewire in a reciprocating
motion during advancement; “Dotter,” a lesion-crossing algo-
rithm that advances and retracts in a stepwise fashion during
advancement; and “Constant Speed,” a measurement algorithm
that allows the operator to select a constant drive speed. In the
future, artificial intelligence and its subsets, machine learning and
deep learning, may be fully integrated into robotic systems (Fig
3A). This integration entails collecting large datasets of proce-
dural techniques, using statistical methods, and implementing
multilayer neural networks to allow robotic systems to “learn”
and ultimately improve their performance (Fig 3B, -C). The hope
is that automating certain interventional techniques may reduce
procedural variability and treatment time, leading to improved
patient safety and outcomes.

One major limitation of current robotic endovascular systems
is the loss of tactile feedback during manual procedures. Tactile
feedback is additional sensory input that increases the operating
physician’s situational awareness beyond that provided by 2D or
3D visual imaging. Interventionalists can use this critical

FIG 3. Automation in robotic neurointervention. A, Subfields of automation in computer sci-
ence. B, Illustrated neural network with input layer, hidden layer, and output layer. C, Sample
neural network with cerebral angiography and force sensor as inputs and the decision to
advance or retract the catheter as the output.
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information to anticipate the release of potential energy in cathe-
ter systems to prevent wire advancement, vessel dissection, or
perforation. Force-sensing capabilities were built into 1 early
robotic catheter system by Negoro et al.5 The diameter of their
force sensor was 1.2mm (0.047 inches), with a resolution of
,0.5mN, and a frequency response up to 2 kHz. Guo et al37 also
developed a force-sensing catheter with a fiber pressure sensor
(OPP-M40; OpSens). Their probe diameter was 0.25mm (0.010
inches), a size more compatible with neuroendovascular proce-
dures. They also developed an early safety warning system with a
pressure threshold function that can be changed in real-time to
adapt to different patients and their vascular characteristics.
Future research may also allow interventionalists to physically
sense the pressure in the guidewire or catheter, a technology
known as haptics. For example, haptic technology is incorporated
into many commercially available game controllers. The addi-
tions of force-sensing and haptic technology to robotic endovas-
cular systems will likely be key areas of future research.

Telerobotics
Inequality in the geographic distribution of subspecialty health
care limits medical access to a significant proportion of people.
Only one-fifth of the US population has direct access to a throm-
bectomy-capable center within 15minutes of travel time, and
relying on interhospital transfer has unfortunately been associ-
ated with a treatment delay of up to 95minutes.38,39 Recent
research has shown that even a 15-minute delay in treatment is
associated with a 10% decrease in the likelihood of good func-
tional outcome.40,41 In the past 2 decades, telestroke has become
one of the most effective telemedicine applications by showing
increased rates of tPA administration, reduced door-to-needle
times, and decreased patient death and dependency.42,43

Telerobotics refers to transmission of data through telecom-
munication systems to allow the active control of instruments by
a remote physician located at a distance from the interventional
suite. The principal goal of telerobotics is to build on the

telestroke model to dramatically expand
coverage for acute vascular procedures
and further decrease time to treatment
(Fig 4). Telementoring is another poten-
tial variant involving a remote physician
who provides real-time observation and
evaluation of the local physician’s per-
formance and may even be able to take
control of the local tools to assist in the
procedure. This may help provide low-
volume operators with high-volume
skills, allowing safer acute neurointerven-
tional procedures.44 Telementoring can
also offer a solution to the issue of proc-
tor availability under travel restrictions
during a pandemic such as COVID-19.45

Early clinical examples of telesurgery
date back to the 1990s, but remote cere-
bral angiography was not attempted
until 2011 when Lu et al46 completed
the procedure in an animal model in

Beijing, China, from a control center in Kagawa, Japan. In 2017,
Madder et al47 first conducted telestenting of coronary arteries in
20 patients from approximately 55 feet away over Wi-Fi.
Technical success (without conversion to manual operation) was
achieved in 86.4% of lesions, and procedural success (,30% re-
sidual stenosis) was achieved in 95% of patients. The first-in-
human, long-distance, telerobotic coronary stent was recently
placed by Patel et al48 in India in 2019. They successfully tele-
stented 5 patients with single, type A coronary artery lesions
from a distance of 20 miles. The mean time delay between the
remote console and the in-lab robotic system was only 53ms,
well below perceptible limits. Further clinical research steps will
be to conduct multicenter evaluations of teleoperation of both
simple and complex lesions without in-lab operators as backup.
Neurointerventional procedures have yet to be completed from a
remote distance, but this will likely be attempted in the coming
years.

Preliminary investigations into network performance and its
impact on telerobotics are also underway. Several groups have
demonstrated that network latencies of#250 ms are not noticea-
ble to the operator and do not impact performance.49-51

However, the impact of other network features such as jitter, re-
dundancy, and bandwidth have yet to be fully explored.51 In a
world rife with data security breaches, end-to-end encryption to
ensure patient confidentiality and safety will be necessary.
Commodity internet is widely available, and its use would greatly
increase telerobotic adaptation, but special-purpose restricted
networks may be more reliable. Further technical investigation of
network performance is essential to the widespread expansion of
telerobotics.

Clinical Applications of Robotic Neurointervention
The early clinical work in robotic endovascular intervention was
primarily completed in cardiac and peripheral vascular studies.
In 2007, Dabus et al27 began to conduct neuroendovascular pro-
cedures and published a series of 10 cases using magnetic

FIG 4. Telerobotic stroke network. A neurointerventionalist at the control station can operate
multiple interventional robots to expand networks of care. “Robot” indicates potential sites of
patient-side, interventional robots. Gray-scale indicates relative population size of each state.
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navigation. Yet, during the next decade, little clinical progress
was made in neurovascular robotics. In 2016, Lu et al23 published
15 cases of robot-assisted cerebral angiography using the vascular
interventional robot (VIR-2; Navy General Hospital of People’s
Liberation Army, Beijing University) without complications. In
2017, Vuong et al52 used the Magellan Robotic Catheter System
(Hansen Medical) and shared their experience with 9 robot-
assisted cerebral angiograms and 18 robot-assisted intracranial
interventions. The details of the interventional cases were not
published; yet they compared robot-assisted angiography with
matched angiographic controls and found no significant differen-
ces in procedural time, fluoroscopy times, and contrast volumes.
In 2020, Sajja et al53 published their experience using the CorPath
GRX Robotic System to complete 7 transradial cerebral angio-
grams and 3 cases of carotid artery angioplasty and stent place-
ment. 3 of the 7 angiography cases were converted to manual
operation after discovery of a bovine arch that necessitated cathe-
ter exchange.

A similar research group conducted a retrospective compari-
son of transradial robot-assisted carotid stent placement with
manual stent placement and found that the mean procedural du-
ration was significantly longer while using the robot (85.0 [SD,
14.3] versus 61.2 [SD, 17.5]minutes), but there was no significant
difference in other procedural characteristics such as fluoroscopy
time, contrast dose, radiation exposure, catheter exchanges, tech-
nical success, transfemoral conversion, and complications.54

Nogueira et al55 also recently treated 4 patients with severe symp-
tomatic carotid stenosis and achieved technical and procedural
success. All steps of the procedure were completed by the robotic
system except for navigation and deployment of the stent, which
is currently incompatible. The first true intracranial robotic neu-
rointervention was recently conducted by Mendes Pereira et al36

in Toronto, Ontario, Canada. They conducted a stent-assisted
coiling procedure to treat a 12-mm basilar trunk aneurysm.
Other than the placement of the guide-sheath and coaxial cathe-
ter that was performed manually, all manipulations of the micro-
catheter, microguidewire, intracranial stent, and aneurysm coils
were performed under robotic control.

Limitations
The field of robotic interventional neuroradiology is still in its
infancy. Prototype systems were initially developed to conduct
robotic percutaneous coronary intervention; thus, current
machines are not perfectly adapted to neurovascular procedures.
The CorPath GRX, for example, is not capable of implementing
the triaxial approach (guiding catheter, distal access catheter, and
microcatheter) necessary for many neurovascular cases; it cannot
manipulate over-the-wire equipment, precluding most modern
devices; and it cannot robotically deploy some devices without
manual assistance. Any catheter with a side port, such as balloon
guide, cannot fit into the disposable cassette of the CorPath GRX.
In addition, the current working length is 20 cm, but 40 cm would
be more appropriate for neurovascular cases. Moreover, the range
of motion of the CorPath GRX robotic arm is limited and should
be more versatile in future systems.

One of the major goals of robotic endovascular systems is to
increase efficiency and decrease procedural time; yet, early

research indicates prolonged procedural time when using the
robot.54 It is unclear whether this issue is entirely due to inherent
deficiencies of current robots or more related to limited operator
experience. Clearly, a standardized training curriculum is needed
to optimize physician interaction with robotic systems. Future
devices should also measure and optimize physician performance
and help trainees learn new procedures in an immersive simu-
lated environment.56 A third-generation robotic system is cur-
rently under development and will undoubtedly address some of
these deficiencies. Yet, given the open-architecture nature of cur-
rent technology, ongoing development of new microwires, cathe-
ters, and advanced intravascular imaging tools will necessitate
frequent updates of robotic systems to facilitate them. In the
future, angiography, robotics, and device companies should work
synergistically to create a streamlined workflow to guarantee
compatibility and decrease procedural time.

Acute stroke care fundamentally changed following the publi-
cation of landmark endovascular thrombectomy trials in 2015.
Despite this paradigm shift, limited access to care remains a tre-
mendous impediment to improving patient outcomes. The pin-
nacle of robotic neurointervention may be completing an acute
thrombectomy in a remote geographic location. To achieve this
goal, several critical roles need to be defined. A physician must be
on-site to obtain manual vascular access, place the sheath, and
guide the catheter into the arch; support staff must be present in
the room to operate the table; and personnel must be trained to
efficiently set up the robotic system to decrease lead time in emer-
gency cases. Published literature has not demonstrated an
increase in case complications with robot-assisted interventions;
yet, no one has actually shown the ability of the robot to assist in
the resolution of endovascular complications. During a fully
remote procedure, there may be no on-site physician capable of
converting to manual operation to avert a serious adverse event.
Other large-scale logistical concerns remain, such as the follow-
ing: which hospitals would most benefit from the installation of
robotic systems for neurointervention, how much training is
needed for physicians and staff to safely perform robotic proce-
dures, would medical licensing boards allow interstate teleopera-
tion, and who is held liable if the robot or telecommunications
system makes an error?

CONCLUSIONS
Sociopolitical issues often provide a catalyst for the dissemination
of new technology. Indeed, social distancing required during the
COVID-19 pandemic has ushered in the rise of telemedicine.
The field of endovascular robotics can leverage this growth to
eliminate legal and geographic barriers to expand stroke networks
worldwide. Future autonomous robotic systems may also provide
care in combat zones, spacecraft, and other areas where access to
health care is greatly restricted.57 Other impending upgrades
include improved sensors, tactile feedback, machine learning
algorithms, and autonomous functions to enhance precision and
reduce (or remove) human error. The initial goal of robotic neu-
rointervention is to replicate the safety and success of traditional,
manual approaches. However, in the coming years, basic and
clinical research will determine whether robotic systems can truly
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improve technologic capabilities, offer remote teleoperation, and
improve patient outcomes.
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PRACTICE PERSPECTIVES

Am I Ready to Be an Independent Neuroradiologist?
Objective Trends in Neuroradiology Fellows’ Performance

during the Fellowship Year
J.H. Masur, J.E. Schmitt, D. Lalevic, T.S. Cook, L.J. Bagley, S. Mohan, and A.P. Nayate

ABSTRACT

BACKGROUND AND PURPOSE: Aside from basic Accreditation Council for Graduate Medical Education guidelines, few metrics are
in place to monitor fellows’ progress. The purpose of this study was to determine objective trends in neuroradiology fellowship
training on-call performance during an academic year.

MATERIALS AND METHODS: We retrospectively reviewed the number of cross-sectional neuroimaging studies dictated with com-
plete reports by neuroradiology fellows during independent call. Monthly trends in total call cases, report turnaround times,
relationships between volume and report turnaround times, and words addended to preliminary reports by attending neuroradi-
ologists were evaluated with regression models. Monthly variation in frequencies of call-discrepancy macros were assessed via
x 2 tests. Changes in frequencies of specific macro use between fellowship semesters were assessed via serial 2-sample tests of
proportions.

RESULTS: From 2012 to 2017, for 29 fellows, monthly median report turnaround times significantly decreased during the academic
year: July (first month) ¼ 79minutes (95% CI, 71–86 minutes) and June (12th month) ¼ 55minutes (95% CI , 52–60 minutes; P value ¼
.023). Monthly report turnaround times were inversely correlated with total volumes for CT (r ¼ –0.70, F ¼ 9.639, P value ¼ .011)
but not MR imaging. Words addended to preliminary reports, a surrogate measurement of report clarity, slightly improved and dis-
crepancy rates decreased during the last 6months of fellowship. A nadir for report turnaround times, discrepancy errors, and
words addended to reports was seen in December and January.

CONCLUSIONS: Progress through fellowship correlates with a decline in report turnaround times and discrepancy rates for cross-
sectional neuroimaging call studies and slight improvement in indirect quantitative measurement of report clarity. These metrics
can be tracked throughout the academic year, and the midyear would be a logical time point for programs to assess objective pro-
gress of fellows and address any deficiencies.

ABBREVIATIONS: CSNI ¼ cross-sectional neuroimaging studies; RIS ¼ radiology information system; RTAT ¼ report turnaround time

Afellow’s progress in an academic year is primarily assessed
using qualitative, thus subjective, criteria, including

achievement of Accreditation Council for Graduate Medical
Education–prescribed milestones and faculty evaluations. While
the Accreditation Council for Graduate Medical Education pro-
vides requirements for total yearly cases read1 and individual

programs may have internal metrics for fellows’ progress, there
are no concrete external objective measurements for document-
ing fellows’ progress within the academic year. Often, fellows
are unsure whether their efficiency in generating reports, report
turnaround times (RTATs) for on-call examinations, or quality
of on-call reports is satisfactory.

The total number of studies dictated by the fellow and the
RTATs of on-call studies may be reviewed by the attendings and
program director with the fellows, but more meaningful interpreta-
tion of these numbers is lacking because there are no comparison
benchmarks or quantitative checkpoints within the fellowship year.
Knowledge of these factors is critical in a fellowship program so that
program directors and fellows are jointly aware of progress through-
out the year and remediation or additional focused training can be
implemented, as necessary. More data on neuroradiology fellowship
training are especially needed because a survey in 2016
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demonstrated that 25% of practicing neuroradiologists in the United
States believe that fellows’ abilities have declined.2 Prior studies have
analyzed various other factors related to radiology residency train-
ing, including total cases read, turnaround time, and on-call accu-
racy,3,4 but to our knowledge, no studies have analyzed the
quantitative trends in fellowship training during an academic year.

We hypothesized that within an academic year, the RTAT for
on-call studies dictated by fellows will decrease (ie, improve).
Meanwhile, the discrepancy rates will decrease, and clarity of
reports will improve. We also hypothesized that participating in
independent call will have residual short-term effects on increas-
ing clinical productivity during a subsequent regular work week.

MATERIALS AND METHODS
This study was approved by Hospital of University of Pennsylvania
institutional review board.

Fellowship Structure
Each fellowship class consists of approximately 6 first-year fel-
lows. During the 12-month academic year, approximately
7.5months consisted of fellows interpreting and dictating cross-
sectional neuroimaging (CSNI) studies on adult patients from the
3 major hospitals (affiliated with our tertiary care academic insti-
tution) during regular workdays, under the supervision of �18
neuroradiology attendings, with interspersed evening and week-
end call. For the remaining 4.5months, fellows rotated through
neurointerventional radiology, pediatric neuroradiology at an
affiliated children’s hospital, or were off service.

Typical Call Duties
The fellows participated in 3 types of call at our program: week-
day neuroradiology evening and overnight call, weekend neuro-
radiology call, and 1 week of general call.

Primary weekday neuroradiology call duties (Monday–Friday)
for fellows at our institution included the interpretation and dicta-
tion of emergent and inpatient CT and MR imaging CSNI studies
from the 3 major hospitals from 5–11:00 PM. After 11:00 PM, diag-
nostic radiology residents and overnight radiology fellows dictated
all CT studies, while emergent and inpatient MR imaging and
CTA studies were dictated by the neuroradiology fellow until
7:00 AM. Most fellows stayed in the hospital until 7:00 AM, though
the option was available for fellows to return home and use a
“take-home laptop” after 11:00 PM for home pager call (once all
work lists for which the fellow was responsible were empty). The
take-home laptop contained the same PACS and dictation software
as the regular workstations at the hospital and reports were gener-
ated in the same manner. Although not explicitly measured, we
estimate that .90% of the on-call studies were dictated in-house.
Most preliminary reports contained a full dictation, including a
clinical history, technique, findings, and impression. One hundred
percent of 200 cases randomly audited had full reports. We do not
use structured or standardized reporting.

Primary weekend neuroradiology call duties (Saturday and
Sunday) for fellows included working with a neuroradiology
attending from approximately 7:00 AM to 5:00 PM, during which time
the workflow resembled a regular workday (ie, the attending would
review studies with the fellow and then finalize the reports with an

attestation). From 5:00 PM to 7:00 AM, the fellow would be on inde-
pendent call and dictate emergent neuroradiology MR imaging and
CTA studies in the same manner as in the weekday call.

Coverage of neuroradiology weekday and weekend call was
equally split among the fellows throughout the academic year.
Each fellow was typically on weekday and/or weekend call once
every 1–2months. An on-call attending neuroradiologist was
available as needed but was rarely consulted. Our institution does
not use an in-house overnight neuroradiologist.

During the 1 week of overnight general call, the fellow would
primarily interpret both neuroradiology and non-neuroradiology
CT studies and occasionally plain films and other cross-sectional
imaging.

Review of Preliminary Call Reports by Neuroradiology
Attendings
Preliminary neuroradiology call reports were reviewed by neu-
roradiology attendings the following morning and evaluated
using a standardized template to assign a degree of discrepancy
based on our internally designed system for attending review
of preliminary reports:5

1. Agree: The attending fully agrees with the report and no
words are added.

2. Addition: The attending agrees with the report and adds
minor information such as description of a mucosal retention
cyst in a paranasal sinus.

3. Minor change: The attending mostly agrees with the report
but adds information to clarify the report or correct a mis-
take, which will not have immediate clinical impact, for
example, describing a lesion in the wrong lobe in the cerebral
hemisphere or an old orbital blowout fracture.

4. Major change: The fellow missed or misinterpreted a finding
that could have immediate clinical impact such as a missed
arterial occlusion or acute intracranial hemorrhage.

5. Great call: The fellow detected a subtle finding that could
have immediate clinical impact such as detection of a subtle
acute infarct on a CT head.

Multiple examinations linked by a single report (eg, CT head
and CT cervical spine studies performed concurrently generate 2
separate accession numbers but are dictated as 1 combined
report) were assigned the template that captured the highest
desired degree of discrepancy (ie, if there was a major miss on the
CT head study but not on the CT cervical spine study, the 1
report would be categorized as a “Major change”). All attendings
were educated about this scoring system and the templates before
finalizing these studies. On average, attendings were in practice
101 years after completion of their fellowship.

Of note, the attending was not able to edit any portion of the
preliminary report dictated by the neuroradiology fellow, includ-
ing the clinical history, technique, findings, and impression.
Additional information and corrections were added by the
attending below the preliminary fellow-dictated report.

Call and Noncall Studies
Using our electronic medical record and radiology information
system (RIS), we queried all neuroradiology call and noncall
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reports generated by neuroradiology fellows on adult patients
between July 1, 2012, and June 30, 2017 (60 consecutive months,
29 fellows).

Inclusion criteria for call studies consisted of CSNI reports in
which attendings used 1 of the 5 “discrepancy” templates to finalize
the study. By contrast, attendings are required to use an “attesta-
tion” template during the workday (ie, for noncall studies) to ex-
plicitly confirm their participation in the case; such cases were
included in the noncall studies pool. Pediatric neuroradiology stud-
ies were interpreted at another hospital with a different neuroradi-
ology staff, electronic medical record, and RIS and were excluded.
Examinations with RTATs of .1400minutes (.24hours) and
,0minutes were excluded because these data entries are nearly
uniformly due to errors in “crossover” between various systems (eg,
between the dictation software and the RIS).

Determination of RTAT on Call Studies
Our RIS records several workflow-related timestamps for each
imaging study in the system. RTAT was defined as the time
between verification of images arriving in the PACS to the time
of issuance of a full preliminary report by the fellow. RTAT was
analyzed separately for CT and MR imaging studies. Of note, the
fellow was not responsible for interventional procedures during
call shifts. We did not include other factors such as answering
phone calls when determining RTAT.

Effects of Taking a Week of Independent Call on
Subsequent Clinical Productivity
To measure the effect on the number of studies dictated by a fel-
low during a regular work week after taking a week of independ-
ent call, we analyzed the number of CSNI studies dictated per day
by fellows during a regular work week before and after taking a
week of independent evening call.

Statistical Analysis
Raw data from the RIS were imported into the R statistical envi-
ronment for (https://www.r-project.org/) data wrangling and anal-
ysis.6 Each record represented a single imaging study. Available
fields in the dataset included provider names (both the fellows and
attendings), study (Current Procedural Terminology) codes, multi-
ple procedural timestamps, and the entire radiologic report. Non-
neuroradiologic studies were filtered on the basis of the Current
Procedural Terminology codes. Minor errors in data entry (eg,
misspelling of provider names) were corrected. RTATs were
defined as the difference (in minutes) between study completion
and the generation of a preliminary report. Using natural language
processing, we identified studies performed on call using the text
of the discrepancy and attestation templates. These templates also
enabled tabulation of the severity of discrepancies between the
attending and fellow for call cases (eg, major-versus-minor
changes). Finally, we used the position of this attending-inserted
template to define the boundary between fellow-generated (above)
and attending-generated (below) report text. This feature allowed
word and character counts for attending-inserted text for each call
case.

Several additional, simple, derived variables were generated on
the basis of the raw data, including imaging technique (CT versus

MR imaging), day the fellowship study was performed, and the
month that a study was completed. Basic statistics were calculated,
including total CSNI frequencies, RTATs, and frequencies of report
discrepancies. Monthly trends in total call cases, RTATs, and rela-
tionships between volume and RTATs were evaluated via regres-
sion. We also investigated RTATs for specific imaging studies via
general linear regression models that simultaneously accounted for
the effects of the day of fellowship, imaging technique (CT versus
MR), and interactions. To fully account for the longitudinal nature
of the data, we also analyzed RTATs using linear mixed-models
treating fellow identification and the day of fellowship as random
effects, looking at both linear and nonlinear trends in RTAT with
time, ie, allowing each fellow to have a unique nonlinear trajectory
in RTAT during the fellow year. Results with both approaches were
similar, resulting in identical statistical inferences. Thus, parameter
estimates from the more traditional linear regression models are
reported here. Multivariable linear regression analysis was used to
compare RTAT, word count, and discrepancy rate with the day of
fellowship, technique (CT versus MR imaging), daily case load, and
RTAT while controlling for individual fellow performance. Similar
models were used to compare RTATs between the 11 fellows who
completed the diagnostic radiology residency program at our insti-
tution versus at other institutions; data from both the first and last
60days of fellowship were analyzed.

Variables with nonlinear monthly trends were also evaluated
with the ANOVA and post hoc Tukey-Kramer tests. Monthly
variation in frequencies of call-discrepancy templates were
assessed via x 2 tests. Changes in frequencies of specific template
use between fellowship semesters were assessed via serial 2-sam-
ple tests of proportions.

Finally, we attempted to determine whether the presence of a
week of call influences case volumes during subsequent day shifts.
We constructed a crude measure comparing the total number of
cases for the week before and after each week-long call shift.
Given their non-normal distribution, differences in the number
of cases read before and after call were assessed via the Wilcoxon
test. For testing our hypotheses, statistical significance was
defined as P, .05.

RESULTS
Durng 5 academic years, data from 12,072 CSNI call studies dic-
tated by fellows were analyzed. One hundred forty-six studies
(1.2%) were excluded due to 0minutes,RTAT.1400minutes.
Twenty-nine fellows dictated 11,926 CSNI call studies with a
mean annual call volume of 411.2 [SD, 306] per fellow. Fellows
participated in 53 median annual call shifts that covered adult
CSNI: mean total call studies¼ 18.29 [SD, 8.12]; mean MR imag-
ing call studies ¼ 7.03 [SD. 4.14]; and mean CT call studies ¼
10.28 [SD, 6.39].

Call Cases per Month
Trends in call volumes per month are summarized in Fig 1. The
number of call cases dictated per month increased significantly
throughout the academic year (F110 ¼ 37.61, P value ¼ .001,
reaching a maximum of 1448 total cases in June (48.3 cases/day;
MR imaging ¼ 504 [16.8 cases/day] and CT ¼ 944 [31.5 cases/
day]). When they were measured separately, there were

AJNR Am J Neuroradiol 42:815–23 May 2021 www.ajnr.org 817

https://www.r-project.org/


statistically significant increases in both monthly MR imaging
(F110 ¼ 12.71, P value ¼ .005) and CT volumes (F110 ¼ 38.81, P ,

.0001). The rate of CT studies dictated during the year increased
significantly faster than that of MR imaging (F=7.734, P value ¼
.011). Fellows interpreted a mean of 72 call MR imaging studies
during their first 6months [SD, 60] and 100 MR imaging studies
[SD, 70] during the last 6months of fellowship, and a mean of 96
call CT studies during the first 6months [SD, 102] and 150 stud-
ies [SD, 121] during their final 6months.

Report Turnaround Times
Most preliminary reports were generated by fellows within 3
hours of study completion (RTAT mean ¼ 136minutes; 95% CI,
132–139 minutes; median ¼ 72minutes; 95% CI, 70–74
minutes), though the mean was skewed upward by (relatively
infrequent) studies with very long RTATs. In general, MR imag-
ing studies required significantly more time to complete than CT
(x 2 ¼ 901.0, df ¼ 1, P value ¼ .0001); during the study interval,
the mean time to generate a preliminary MR imaging report was
183minutes (95% CI, 177.1–188.8 minutes; median, 111minutes;
95% CI, 107–116 minutes), while for CT, the mean RTAT was
104minutes (95% CI, 100.9–107.1 minutes; median, 55minutes;
95% CI, 54–57 minutes). Days since beginning fellowship were
significantly associated with faster mean RTAT (F111924 ¼ 136.2, P
value, .0001; b ¼ –0.19, P value, .0001), with each day of fel-
lowship estimated to improve RTATs by 0.18minutes in our
regression models. Hierarchic linear mixed-models (Fig 2D)
found significant variability of RTAT trajectories among fellows
during the academic year, with some fellows demonstrating mini-
mal improvement or even increases with time. However, most
fellows improved with increased training, as did the group mean.
There was a statistically significant interaction between imaging
technique and day of fellowship (b ¼ �0.07, t ¼ �2.39, P= .01),
with RTATs for MR imaging decreasing faster than for CT
(�0.15min/day for CT and �0.22min/day for MR imaging).
RTAT was 67.7minutes slower for MR imaging compared with
CT (P value# .0001).

When data were aggregated by month, there were small-but-
statistically significant decreases in both mean (F110 ¼ 7.25, P value
¼ .023) and median (F110 ¼ 12.16, P value¼ .006) monthly RTATs
during the fellowship year (Fig 2A). The pattern was not entirely
monotonic, however, with the RTAT nadir seen in mid-fellowship
around December (median RTAT ¼ 58minutes). When month

was treated as a categoric rather than continuous variable,
ANOVA suggested significant monthly variation (F1111816 ¼ 34.04,
P value , .0001). Post hoc tests found that RTATs were signifi-
cantly faster in December relative to all other months, with the
exception of May and June. From July (first month of fellowship)
to June (12th and last month of fellowship), the mean report turn-
around time for all CSNI studies decreased from 144.4 to 99.4
minutes (�45minutes, �31%) and median report turnaround
time decreased from 79 to 55minutes (�24minutes,�30%).

We hypothesized that average RTAT would be associated
with call volumes, with busier months associated with slower
rates of reporting. However, we observed that call volumes were
inversely related to RTATs (Fig 2C). Specifically, RTATs for CT
studies significantly decreased with increasing case volumes (r ¼
�0.70, F110 ¼ 9.639, P value ¼ .011), while the RTATs for MR
imaging cases decreased slightly but were not statistically signifi-
cant (r ¼ �0.13, F110, 0.1782, P value ¼ .682). Linear regression
demonstrated that RTATs decreased by 0.44minutes for each
extra case dictated that day (P value¼ .004).

Finally, we compared the RTAT for fellows who completed a
diagnostic radiology residency at our institution (n ¼ 11) with fel-
lows who completed it at another institution (n ¼ 18). Linear
regression analysis demonstrated that fellows who completed a ra-
diology residency at our institution had significantly lower RTATs
during the first 60 days of fellowship (P value # .0001); however,
the effect persisted during the year, with a similar group difference
in the last 60 days of fellowship (P value, .0001).

Discrepancies in CSNI Interpretation between Fellows and
Attendings
The monthly proportion of “Great call,” “Agree,” “Addition,”
“Minor change,” and “Major change” template use varied signifi-
cantly during the academic year (x 2 ¼ 517.07, df ¼ 44, P value
, .0001). In general, the frequencies of less discrepant codes
increased during the year, with corresponding decreases in tem-
plates associated with more substantial discrepancies. The lowest
percentages of Major and Minor changes were seen during the
seventh month of fellowship (January, 0% and 4.5%, respec-
tively). When data were aggregated by semester, significant
changes were seen between the first 6months of training com-
pared with the last 6months for most categories (Tables 1 and 2).
Multivariable linear regression demonstrated that the call dis-
crepancies slightly decreased with each day of fellowship (P #

FIG 1. A, Mean total (CT 1 MR imaging) call cases per month aggregated over 5 fellowship classes with R2 values. B, Mean total (CT) call cases
per month aggregated over 5 fellowship classes with R2 values. C, Mean total (MR imaging) call cases per month aggregated over 5 fellowship
classes with R2 values.
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.001). With an increasing daily case load, the number of discrep-
ancies slightly increased (P # .0001). Technique (eg, CT versus
MR imaging) and RTAT had no statistically significant effect on
call discrepancies. We did an ordered logistic regression for grad-
uation years 2015–2017 and looked at the day of fellowship,
imaging technique (CT versus MR imaging), and daily case load
as predictors of the severity of call discrepancy. There was a sig-
nificant effect of graduation year (logistic regression, 39; P value

, .0001). We looked at the discrepancy data for each year and
saw a generalized decline in the proportion of Minor changes, an
increase in Agree 1 Addition, and no significant change in the
proportion of Major changes or Great calls. We looked at 131
major misses, 100% of the total major misses, 53% CT and 47%
MR imaging. Most (75%) were perception errors, while 25% were
misinterpretation errors and overcalls. Of the misses, there were
14% missed thrombus/occlusion, 9% missed infarcts, 9% missed
intracranial hemorrhages, 6% missed fractures, and 6% missed
aneurysms. The remaining 56% of cases had a variety of perceptu-
ally missed or misinterpreted findings.

Quantitation of Attending Additions to Final Reports
On average, neuroradiology attendings added 141 words (95% CI,
137–145) and 1015 (95% CI, 987–1044) characters to reports
coded “Addition,” 184 (95% CI, 173–195) words and 1305 (95%
CI, 1227–1383) characters to those with Minor changes and 188
(95% CI, 165–211) words and 1304 (95% CI, 1142–1469) charac-
ters to those with Major changes. There were significant changes
in monthly rates of both words (F1112060 ¼ 8.05, P value, .001) and
characters (F1112060 ¼ 9.44, P value , .001) addended to preliminary
reports, with the lowest number of additions seen during the sixth

FIG 2. A, Average monthly turnaround times for CT and MR studies during fellows’ call. Mean (circle) and median (triangle) values are both
shown. Dashed lines represent best-fit regression lines during the academic year, while month-to-month changes are shown by the dotted lines.
R2values are provided. B, Box-and-whisker plot demonstrates the RTAT for each month. C, Relationships between monthly call volume and
monthly median RTATs for CT (square) and MRI (triangle) separately. R2 values are provided. D, Lines depict individual trajectories in RTAT during
the fellowship year for each fellow based on a linear mixed-model. The bold line shows the curve for the aggregated data.

Table 1: Median RTATs by quarters of the academic year
Quarter RTAT (Min)

1st (July-September) 97 (95% CI, 91–102)
2nd (October-December) 68 (95% CI, 65–73)
3rd (January-March) 79 (95% CI, 75–83)
4th (April-June) 59 (95% CI, 56–62)

Table 2: Median RTAT and CI for December and January
Month RTAT (Min)

December 58 (95% Cl, 53–61)
January 83 (95% Cl, 77–91)
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month (December; Fig 3). When data were aggregated into semes-
ters, the second 6months of the fellowship year had significantly
fewer mean additions of both words, 93.5 (95% CI, 89–98) versus
86.2 (95% CI, 83–89; F112070 ¼ 7.28, P value¼ .007) and characters,
672 (95% CI, 641–702) versus 616 (95% CI, 593–640; F1112060 ¼
9.44, P value , .001) compared with the first 6months of fellow-
ship. Linear regression demonstrated that for each day of fellow-
ship, the number of words added to preliminary reports decreased
by 0.154 (P value # .0001). The number of words added to MR
imaging reports was greater by 39.4 compared with CT reports (P
value # .0001). Daily case load and RTAT did not significantly
affect the number of words added.

Effect of Taking Week-Long Call on the Number of
Studies Dictated during the Subsequent Week
There was a slight but not statistically significant decrease in num-
ber of studies dictated per day (8 studies/day) a week (7days) after
taking a week of call (5 days) compared with the prior week (9
studies/day for 7days) (Wilcoxon test W ¼ 1295598, P value ¼
.06).

DISCUSSION
The results of this study demonstrate that progress through a 1-
year neuroradiology fellowship at a large academic institution
with participation in independent call correlates with the follow-
ing: 1) a decrease in RTAT for independent call studies, 2) a
decrease in discrepant findings and an increase in agreement
with the attendings’ final interpretation of independent call stud-
ies, and 3) a decrease in words added to correct or clarify descrip-
tions of pertinent findings in independent call reports despite an
increase in call volume throughout the academic year. While we
are aware that neuroradiology fellowship programs are variable
in their education and call structures, we believe that all programs
have some type of call component as well as attendings with vary-
ing reporting styles and levels of interest in fellows’ education;
thus, our findings are generalizable to objectively monitoring fel-
lowship progress.

Reducing RTAT for radiology studies has become an essential
goal for both academic and nonacademic radiology practices in

the past 2 decades.7 Studies have analyzed RTATs for radiology
residents;3,8 however, our findings are unique because they inves-
tigate RTAT during 1 academic year in a postresidency fellow-
ship. Most fellows are employed radiologists in radiology
practices on graduation, and their duties often center on interpre-
tation of CSNI studies,9 with reimbursement and advancement
potentially tied to RTATs.7 Hence, it is important that knowledge
of trends in RTAT for call studies be available to fellows and hir-
ing radiology practices. Our findings demonstrate a gradual
decline in RTATs for both MR imaging (�0.22min/day) and CT
(�0.15min/day) reports during the academic year, with a nadir
in December (midpoint of the academic year, median RTAT of
58minutes), and a 30% decrease in RTAT for all CSNI studies
from the first (July) to the last month (June) of the academic
year, indicative of growing proficiency in interpreting CSNI stud-
ies. Our results are consistent with a prior study that demon-
strated decreased RTATs after changing from general to
subspecialty reporting,10 noting that the decrease in our study
was nonlinear, as shown in Fig 2B and -D. The RTATs for CSNI
MR imaging studies remained higher than for CTs throughout
the academic year, a finding we attribute to the increased number
of images per study and their overall complexity. This finding is
congruent with a prior study that demonstrated that neuroradiol-
ogy fellows interpret and dictate MR imaging brain reports in an
average of 18minutes, which is significantly higher than for
CTs.11 The RTAT for fellows who completed diagnostic radiol-
ogy residency at our institution remained significantly lower for
the first 60 and last 60 days of the fellowship compared to fellows
who did not complete a diagnostic radiology residency at our
institution. The reason is probably multifactorial and related to
familiarity with the dictation, PACS, and hospital electronic med-
ical record systems and the attendings.

We hypothesized that increasing volumes on call would cause
an increase in RTAT. However, our findings demonstrate an
inverse relationship, with a statistically significant decline in
RTATs for CT studies and a trend toward a decline for MRIs.
Radiology residents are typically exposed to higher numbers of
CT studies during residency compared with MRIs; therefore, new
fellows start with a relative proficiency in this technique. This

FIG 3. A, Mean word count added to call reports per month of fellowship of training. Confidence intervals are shown with bars. B, The mean
character count added to call reports per month of fellowship training. Confidence intervals are shown with bars.
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“experience differential” between modalities may be particularly
pertinent in the call setting because many residents have minimal
experience in interpreting MR imaging studies independently,
and MR imaging studies typically contain more images and are
often more complex. On high-volume call nights, fellows may
more easily adapt to expanding CT worklists due to a greater ex-
perience with this technique, while their relative inexperience in
MR imaging attenuates the ability to reduce RTAT with increas-
ing case volumes. We also believe that RTAT decreased as case
volumes increased due to necessity: If not busy, then fellows can
spend more time reviewing and dictating cases. Of note, our fel-
lowship program does not actively track or emphasize RTAT;
therefore, fellows did not have pressure to rapidly interpret stud-
ies and generate reports on the basis of productivity benchmarks.
Anecdotally, some fellowship programs track RTAT, and our
data can help these programs assess the progress of their fellows
by following the data shown in Tables 1 and 2 and Fig 2, noting
that large variabilities in RTAT trends can be seen among fellows.
Care must be taken because overemphasis on RTAT can be detri-
mental and might encourage the fellow to work out of their com-
fort zone to quickly interpret and generate a report, potentially
leading to more interpretive errors. A prior study demonstrated
that required RTAT negatively affected a radiologist’s ability to
teach and the quality of resident education.12

In many radiology residency and fellowship programs, radiol-
ogy trainee performance on call is objectively evaluated with dis-
crepancy rates. The major discrepancy rate for our fellows was
1.1%, which is overall lower than for residents3,8 and lower than
rates for neuroradiology fellows reported by another institution
(4.8%).13 Our findings demonstrate decreases in major and
minor changes during the academic year per day, with the nadir
during January (around the midpoint of the fellowship year). To
our knowledge, no prior study has analyzed the discrepancy rate
trends in fellows, but declines in discrepancy rates were reported
in a prior study for radiology residents assessed for 5 years.4 Our
findings also demonstrate that the percentage of the Addition
template usage decreased and the percentage of Agree template
usage increased, all while the monthly call load increased. This
finding suggests that fellows’ skills overall improved in identify-
ing the pertinent findings and making accurate diagnoses during
the course the academic year so that attendings did not need to
add any extra wording to the report. Overall usage of the Great
call template was low but increased slightly during the last
6months of training. A study published in 2017 demonstrated
that 25%, 62%, and 13% of surveyed neuroradiologists who
trained fellows in the United States believed that fellows were less
capable, equally capable, or more capable, respectively, compared
with prior years.2 We analyzed data from 2015 to 2017 (ie, close

to the time of the survey) and saw a generalized slight decline in
the proportion of Minor changes, an increase in Agree and
Addition templates, and no change in Major change and Great
call templates, suggesting no increase in discrepancy rates in our
fellows. Caution must be used when comparing our findings with
those in the prior survey because we looked only at discrepancy
rates at 1 institution, while the survey asked a global question
about overall capabilities of fellows.

The data in Table 3 can be used by fellowship programs to
assess progress at the end of December, at which time, on average,
during 6months, approximately 86% of reports would have agree-
ment or the addition of relatively minor information, approxi-
mately 12% of reports would have minor changes, and
approximately 1% of studies would have major changes. The per-
centages in each category can be combined as needed because some
programs might not differentiate between major or minor discrep-
ancies or between reports with words added by the attending and
general agreement.

We sought to determine whether other variables associated
with call could affect the discrepancy rate. The discrepancy
rate slightly increased with an increasing daily case work load
(ie, more cases on call results in a higher discrepancy rate)
and is congruent with a prior study that demonstrated that
higher daily case volumes are associated with higher discrep-
ancy rates for neuroradiologists.14 Fatigue from a busy clini-
cal day is a likely contributory factor as well. RTAT and
imaging technique (CT versus MR imaging) had no effect on
the discrepancy rate. We analyzed 100% of the reports with a
major discrepancy and found that 75% of cases had a percep-
tion error and 25% had a misinterpretation or overcall error.
Most interesting, our findings are very similar to those in a
prior study that demonstrated that for discrepant neuroradi-
ology attending reports, 74.8% were perception errors and
25.2% interpretation errors.15

The quality and clarity of neuroradiology reports are impor-
tant factors that clinicians use to judge the value a neuroradiolo-
gist provides in clinical practice.15 Our study indirectly evaluated
the clarity of preliminary call study reports quantitatively by
determining the number of words and characters added to the
end of reports. Our neuroradiology attendings regularly edit fel-
low reports during regular workdays to correct or emphasize rele-
vant findings and/or for style. However, for call studies,
attendings cannot change, add, or delete words in the preliminary
report and are instructed and expected to only add words to the
end of the fellow’s report to clarify, change, or emphasize perti-
nent findings regardless of the report style or the fellow’s level of
training. Therefore, we believe that the number of words and
characters added to call reports is a surrogate marker for the

Table 3: Semiannual change in proportions of call discrepancies between fellows and attendings
Template July-December (pA) January-June (pB) Difference Hypothesis Tests (H0: pA = pB)

Great call 0.7% 0.9% 10.2% x 2 = 1.26, P value, .262
Agree 33.4% 42.8% 19.4% x 2 = 106.17, P value, .0001
Addition 52.2% 46.7% –5.4% x 2 = 33.57, P value, .0001
Minor change 12.3% 8.2% –3.7% x 2 = 42.27, P value, .0001
Major change 1.4% 0.9% –0.5% x 2 = 6.61, P value = .010

Note:—pA indicates proportions of call discrepancy during the first half of the academic year; pB, proportions of call discrepancy during the second half of the academic
year; H0, null hypothesis.
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clarity of a report. Because fellows generally did not review the
findings with an attending before dictation, a study with no or
minimal addition of words reflects an independently well-con-
structed, accurate, and coherent report, an objective metric for
progression in fellowship. Our method is a variation of analysis
of percentage change characters used by a prior study16 to mea-
sure the quality of reports by trainees and has been shown to be a
meaningful measure of trainee progress in residency.17 On these
prior studies, a distinction between when trainees had discussed
the findings with the attending before generating a report com-
pared with a solo interpretation and report generation was not
always made. In contrast, in our study, for nearly all studies, the
fellow interpreted the study and generated a report without prior
input from an attending.

Our study demonstrates that�29%more characters were added
to reports with major and minor changes (ie, missed important
findings) compared with reports with the Addition templates, while
an earlier study demonstrated a 41.6% character change for studies
with missed critical findings.16 Although we cannot directly com-
pare the data, we find it interesting that both studies demonstrated
an increase in words and characters used to denote a missed find-
ing. Studies with critical misses often have complex and multiple
findings requiring more verbiage to effectively describe them. The
number of words and characters attendings added at the end of the
preliminary call reports reached a nadir during December and
decreased by approximately 8% in the second semester, despite an
overall increase in call volume and a decrease in RTAT. From July
to December, a mean of approximately 94 words and 672 charac-
ters was added to reports. These data could be used by programs to
assess whether fellows are within a range of the norm at the end of
December or might require additional training to increase the qual-
ity and clarity of their reports.

The etiology of this nadir in December is likely multifactorial
and probably related to holiday workflow (though the num-
ber of studies dictated during December and January did not
decline) as well as the fellow’s increasing skill level, comfort
level with attendings, and confidence in interpreting studies
and generating reports. During the second half of the fellow-
ship, many fellows have already procured a postfellowship
job, which, therefore, possibly reduced the motivation to
impress the attendings (ie, generating the “perfect” call
report) and could be a contributing factor. We do not believe
attending clinical duties would impact the number of words
added because each regular work day has a dedicated attend-
ing assigned to finalize fellow preliminary reports without
pressure of interpreting mounting cases on that day (ie, there
is no real incentive to minimize time spent on each case).

We sought to determine whether other variables associated
with call might affect the number of words added to the prelimi-
nary report. MR imaging reports had significantly more words
added compared with CT; and this feature is likely due to the
more complex information obtained from MR imaging com-
pared with CT, requiring longer and often more detailed reports.
Most interesting, the daily case load and RTAT had no effect on
the number of words added.

Finally, we wanted to determine whether participating in
weekly independent call had any residual effect on the

number of studies dictated during a regular subsequent work
week. We hypothesized that due to the autonomy practiced
during call, the fellows would become more efficient in inter-
preting and dictating CSNI studies and this outcome would
lead to higher clinical productivity, eg, more cases dictated.
However, our data demonstrate no significant difference in
the number of cases dictated during a regular work week
before and after taking a week of call. The reason for this
finding is probably multifactorial but is likely, in part,
because fellows function differently during the regular work-
day (honing skills) rather than on call (applying skills).
Postcall fatigue may also be a contributory factor.

Overall increases in CSNI call volumes seen at our institution
fit with recent national trends.18 The monthly increase in call vol-
ume is probably multifactorial and attributable to inclusion of
new criteria for stroke imaging and the addition of overnight MR
imaging technologists, among others. Analysis of these factors is
beyond the scope of our article.

Our study has limitations that must be considered when inter-
preting our results. First, this study uses a retrospective cohort
design, which could be affected by confounding factors including
incomplete retrieval of data due to technical factors. Given the
large sample of .10,000 cases, we could not easily assess data in-
tegrity for all data points. Additionally, we believe the possible
exclusion of some studies would likely not substantially affect the
trends shown in our article because we could not identify a system-
atic bias in patterns of missing data. Second, we did not differenti-
ate the type of CT and MR imaging studies or discrepancies on the
basis of technique; however, the complexity of cases can be highly
variable irrespective of technique. Third, we did not determine the
reasons for the discrepancies in call reports (ie, perceptual-versus-
cognitive errors) or the clinical impact of the words added by the
attendings at the end of the preliminary report. Fourth, we did not
look at RTAT, discrepancy rates, or words added for noncall
reports. Although some of these data from another institution
were addressed in a prior study.17 Fifth, there are no criterion
standards with which to compare our data with regard to ideal
RTAT, discrepancy rate, or words added to reports. Sixth, we could
not correlate the discrepancy rates or number of words added to
the report with individual attendings. Due to technical factors
related to storing preliminary fellow reports in our RIS software,
89% of call reports did not have the name of the attending who
finalized the report. However, given that our section had a rela-
tively stable cohort of attendings, their clinical duties were rela-
tively equally distributed, and they were instructed specifically on
when and how to addend reports, we believe this variability is
largely diminished.

CONCLUSIONS
Progression through neuroradiology fellowship and independent
call correlates with decreased discrepancies and improvement in
indirect quantitative measurements of the clarity of call reports,
significant decreases in RTAT for CT studies, and some decrease
in RTAT for MR imaging studies, despite increases in call vol-
umes during the academic year. These metrics can be tracked
throughout the academic year, and the midyear would be a
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logical time point for programs to assess objective progress of fel-
lows and address any deficiencies.
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ORIGINAL RESEARCH
PATIENT SAFETY

Impact of Kidney Function on CNS Gadolinium Deposition in
Patients Receiving Repeated Doses of Gadobutrol

S. Dogra, M.J. Borja, and Y.W. Lui

ABSTRACT

BACKGROUND AND PURPOSE: Studies associate repeat gadolinium-based contrast agent administration with T1 shortening in the
dentate nucleus and globus pallidus, indicating CNS gadolinium deposition, most strongly with linear agents but also reportedly
with macrocyclics. Renal impairment effects on long-term CNS gadolinium deposition remain underexplored. We investigated the
relationship between signal intensity changes and renal function in patients who received $10 administrations of the macrocyclic
agent gadobutrol.

MATERIALS AND METHODS: Patients who underwent $10 brain MR imaging examinations with administration of intravenous gado-
butrol between February 1, 2014, and January 1, 2018, were included in this retrospective study. Dentate nucleus-to-pons and globus
pallidus-to-thalamus signal intensity ratios were calculated, and correlations were calculated between the estimated glomerular fil-
tration rate (minimum and mean) and the percentage change in signal intensity ratios from the first to last scan. Partial correlations
were calculated to control for potential confounders.

RESULTS: One hundred thirty-one patients (73 women; mean age at last scan, 55.9 years) showed a mean percentage change of the
dentate nucleus-to-pons of 0.31%, a mean percentage change of the globus pallidus-to-thalamus of 0.15%, a mean minimum esti-
mated glomerular filtration rate of 69.65 (range, 10.16–132.26), and a mean average estimated glomerular filtration rate at 89.48
(range, 38.24–145.93). No significant association was found between the estimated glomerular filtration rate and percentage change
of the dentate nucleus-to-pons (minimum estimated glomerular filtration rate, r ¼ –0.09, P ¼ .28; average estimated glomerular fil-
tration rate, r ¼ –0.09, P¼ .30,) or percentage change of the globus pallidus-to-thalamus (r¼ 0.07, P¼ .43; r¼ 0.07, P¼ .40). When
we controlled for age, sex, number of scans, and total dose, there were no significant associations between the estimated glomeru-
lar filtration rate and the percentage change of the dentate nucleus-to-pons (r¼ 0.16, P¼ .07; r¼ 0.15, P¼ .08) or percentage
change of the globus pallidus-to-thalamus (r ¼ –0.14, P¼ .12; r ¼ –0.15, P¼ .09).

CONCLUSIONS: In patients receiving an average of 12 intravenous gadobutrol administrations, no correlation was found between
renal function and signal intensity ratio changes, even in those with mild or moderate renal impairment.

ABBREVIATIONS: DN/P ¼ dentate nucleus-to-pons; eGFR ¼ estimated glomerular filtration rate; GBCA ¼ gadolinium-based contrast agent; GP/T ¼ globus
pallidus-to-thalamus; SI ¼ signal intensity

Gadolinium-based contrast agents (GBCAs) are commonly
used in imaging to increase conspicuity and reveal enhance-

ment characteristics of lesions. GBCAs can have either a macrocy-
clic or a linear molecular structure. Recent studies investigating
CNS gadolinium deposition following repeat GBCA administra-
tions showed measurable T1 shortening in the dentate nucleus and

globus pallidus in patients who received GBCAs with a linear mo-

lecular structure.1-12 Postmortem studies in patients who received

linear agents have documented gadolinium deposition in the CNS,

again most prominently in the dentate nucleus and globus pallidus,

lending further credibility to imaging findings.13-15

The underlying mechanism of gadolinium retention remains
unknown, as does the chemical formulation of the accumulated
gadolinium. Despite these unknownmechanisms, gadolinium dep-
osition is thought to involve dissociation of gadolinium from its
chelating ligand, so macrocyclic agents are thought to be more sta-
ble than linear GBCAs due to their lower dissociation constants.16

Although the CNS deposition of linear GBCAs has been demon-
strated previously, most studies failed to show increased signal
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intensity in the dentate nucleus and globus pallidus2-10,17-27 after
the use of macrocyclic GBCAs. Nevertheless, a few studies do
report increased signal in the brain,20,27-29 including a postmortem
study that detected brain gadolinium, even in the setting of macro-
cyclic GBCA use.30 On the other hand, two studies using highly
sensitive inductively coupled plasma mass spectrometry to mea-
sure gadolinium in the brain in animal models did not find signifi-
cant deposition with macrocyclic agents in the parenchyma, so the
picture remains mixed.31,32

GBCAs undergo primary renal clearance;33 hence, determining
whether renal impairment could predispose a patient to gadolin-
ium deposition is important. Patients on hemodialysis receiving a
linear GBCA have a greater increase in dentate nucleus signal in-
tensity (SI) compared with controls not on dialysis.11 In 2017, Lee
et al20 showed that in a subgroup of 28 patients, there was a signifi-
cant change in SI ratios in patients with estimated glomerular fil-
tration rates (eGFR) between 45 and 60mL/min/m2 who received
the macrocyclic agent gadoterate meglumine. Although much has
been discussed regarding nephrogenic systemic fibrosis in the con-
text of renal impairment, there is surprisingly little known regard-
ing the potential effects of abnormal renal function on long-term
CNS gadolinium deposition.

The purpose of this study was to specifically investigate
whether a relationship exists between SI and renal function in
patients receiving a large number ($10) of administrations of the
macrocyclic GBCA gadobutrol.

MATERIALS AND METHODS
This single-institution retrospective study was approved by the
institutional review board. A waiver of consent was obtained due
to the anonymized and retrospective nature of the study.

Subject Selection
MR images and electronic health records of all patients who
underwent $10 brain MR imaging studies with intravenous
gadobutrol contrast at our institution between February 1,
2014, and January 1, 2018, were included. Exclusion criteria
were a history of contrast-enhanced MR imaging at an out-
side facility during the study period, a lack of precontrast
axial T1-weighted images in either the first or last study, no
creatinine measurements in the electronic health record dur-
ing the study period, and the presence of masses or lesions
that precluded the ability to interrogate any of the following
regions of interest (ROIs): dentate nucleus, globus pallidus,
pons, and thalamus.

Clinical Data
Demographic and clinical data were obtained, including indica-
tions for imaging. The number of gadobutrol MR imaging scans
and gadobutrol doses for each scan were recorded, from which the
total gadobutrol administration was calculated. The time between
the first and last MR imaging examinations during the study pe-
riod was also calculated. Peak and average creatinine during the
study period was collected for each patient. As per standard clinical
practice, the Chronic Kidney Disease Epidemiology Collaboration
equation was used to calculate the minimum and average eGFR

for adult patients, while the Bedside Schwartz equation was used
for this purpose in patients younger than 18 years of age.34,35

MR Imaging and Analysis
MR imaging examinations were performed using clinical 1.5T or
3T MR imaging units at our institution (1.5T Magnetom Aera,
1.5T Magnetom Avanto, 3T Magnetom Trio, 3T Biograph mMR,
3T Magnetom Skyra, 3T Magnetom Prisma; Siemens). Axial
unenhanced T1-weighted images were obtained using standard
product pulse sequence clinical scanning parameters for 2D T1-
weighted turbo spin-echo imaging, though the exact parameters
varied on the basis of the scanner. Section thickness ranged from
3 to 5mm.

All MR imaging examinations were performed before and af-
ter the administration of the intravenous agent Gadavist (gadobu-
trol; Bayer Schering Pharma), using a standard, weight-based
target dose of 0.1mL/kg (0.1mmol/kg) to obtain contrast-unen-
hanced and contrast-enhanced images.

Unenhanced axial T1-weighted turbo spin-echo images were
analyzed using previously described techniques by Kanda et al.36

Circular ROIs were placed on the dentate nucleus, globus pallidus,
pons, and thalamus for the first and last imaging study in each
patient. ROIs were placed on left-sided anatomic structures, unless
a mass or lesion precluded proper ROI placement on the left, in
which case the right-sided structure was used if suitable. These
ROIs were used to measure the mean SI in each structure and to
calculate the SI ratios of the dentate nucleus-to-pons (DN/P) and
the globus pallidus-to-thalamus (GP/T) for first and last scans as
per previously described methodology.36 ROIs were placed in con-
sensus by 2 observers blinded to the number of scans.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
(Version 8; GraphPad Software) and Matlab (2018a; MathWorks).
Normality of data was determined using the Shapiro-Wilk test,
and parametric or nonparametric statistical tests were applied
correspondingly.

Variables of interest were age at last scan, sex, total gadobu-
trol dose, total number of scans, percentage changes in DN/P
and GP/T SIs from first to last scan (DDN/P, DGP/T), and the
minimum and mean eGFR. The null hypothesis that DDN/P
and DGP/T were equal to zero was first tested using a 1-sample
t test or Wilcoxon signed rank test. Pearson and Spearman cor-
relations were performed to check for associations between the
DDN/P and DGP/T with each of age, sex, total dose, number of
scans, and minimum and mean eGFR. Partial correlations were
then calculated between DDN/P and DGP/T and minimum and
mean eGFR while controlling for the other variables. Subjects
were batched into groups based on minimum eGFR, using
standard cutoffs for stages of chronic kidney disease (.90, 60–
90, 45–60, ,45) and average eGFR (.90, 60–90, ,60), and dif-
ferences in DDN/P and DGP/T between the groups were
assessed using the ANOVA test. Two-sided P values # .05 were
considered statistically significant. All correlations were per-
formed in Matlab (MathWorks), while the other statistical tests
were performed via GraphPad Prism (GraphPad Software).
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RESULTS
197 patients underwent $10 contrast-enhanced MR imaging
examinations with gadobutrol at our institution between
February 1, 2014, and January 1, 2018. Of these, 28 were excluded
due to lack of unenhanced precontrast axial T1-weighted images
in the needed studies, 24 were excluded due to contrast imaging
at an outside hospital during the study period, 9 were excluded
due to the presence of brain lesions precluding ROI placement,
and 5 were excluded on the basis of the lack of documented

creatinine during the study period
(Fig 1A). 131 patients were ultimately
included in the study, with a range of
10–28 total number of scans per
patient (Fig 1B). Demographics and
clinical characteristics are summarized
in Table 1. 127 of 131 patients were
imaged for prior or active tumors, and
101 patients (77.1%) received radia-
tion therapy during the study period.

The Shapiro-Wilk test showed
that eGFR, mean eGFR, and DGP/T
between first and last scans were nor-
mally distributed (P. .05), while age
at last scan, sex, total gadobutrol
dose, number of scans, and DDN/P
between the first and last scans were
not. These results dictated whether
parametric or nonparametric tests
would be used for statistical analyses.

When we compared the first and
last scans among all patients, the aver-
age DDN/P was 0.31%, while the aver-
age DGP/T was 0.15% (Fig 2). A 1-
sample t test with the null hypothesis

that the average DGP/T was equal to zero was statistically insignifi-
cant (95% confidence interval, 0.57–0.87; P = .68). A Wilcoxon
signed rank test with the null hypothesis that the median DDN/P
was equal to zero also failed to show a statistically significant change
(data median= 0.24, sum of positive ranks = 4629, sum of negative
ranks =�4018, P= .48).

Figure 3 shows scatterplots of DDN/P and DGP/T versus the
minimum and mean eGFR. The results of correlational analyses
are shown in Table 2. Pearson correlations were calculated for

FIG 1. Flow chart detailing patient selection (A) along with a histogram detailing how many subjects had a specific number of scans performed (B).

Table 1: Patient demographics and clinical characteristicsa

Parameter Result (Total n = 131)
Age at last scan (mean) (range) (yr) 55.95 (3–86)
Sex
Male (No.) 58
Female (No.) 73
Indication for imaging
Current or prior tumor (No.) 127
Cerebral amyloid angiopathy (No.) 1
Neurosarcoidosis (No.) 1
Progressive multifocal leukoencephalopathy (No.) 1
Recurrent abscesses (No.) 1

Total gadobutrol dose (mean) [SD] (mL) 85.43 [29.20]
No. of scans (mean) (range) 12.31 (10–28)
Time between first and last scan (median) (range) (mo) 32.4 (2.1–47.2)
Lowest eGFR (mL/min/m2)
.90 (No.) (range) 22 (90.51–132.26)
60–90 (No.) (range) 59 (60.06–89.75)
45–60 (No.) (range) 34 (45.82–59.83)
,45 (No.) (range) 16 (10.16–44.24)

Average eGFR (mL/min/m2)
.90 (No.) (range) 61 (90.77–145.93)
60–90 (No.) (range) 61 (61.00–89.88)
,60 (No.) (range) 9 (38.24–57.26)

a No. of scans refers to scans performed with gadolinium contrast.
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DGP/T versus the minimum and mean eGFR, while Spearman
correlations were calculated for every other comparison. We
found no association between eGFR and DDN/P (r ¼ �0.09,
P¼ .28; r ¼ �0.09, P¼ .30 for minimum and mean eGFR,

respectively) or DGP/T (r¼ 0.07, P¼ .43; r¼ 0.07, P¼ .40).
There was also no association of DGP/T with age at last scan (r ¼
�0.05, P¼ .54), sex (r ¼ �0.04, P¼ .65), total gadobutrol dose
(r¼ 0.12, P¼ .18), and number of scans (r¼ 0.09, P¼ .33).
Furthermore, no significant associations were present between
DDN/P and age at last scan (r¼ 0.11, P¼ .21), sex (r¼ 0.05,
P¼ .54), total gadobutrol dose (r¼ �0.07, P¼ .43), or number of
scans (r¼ 0.12, P¼ .18).

Table 2 shows the results of partial correlations performed to
assess the relationships of both DGP/T and DDN/P with mini-
mum eGFR and average eGFR, controlling for the other variables.
Again, no statistically significant correlations were present (r ¼
0.16, P¼ .07; r¼ 0.15, P¼ .08 for DDN/P; r¼ �0.14, P¼ .12; r¼
�0.15, P¼ .09 for DGP/T).

Patients were batched into groups based on their minimum
eGFR and mean eGFR (Fig 4). Groups for minimum eGFR were
the following: .90 (n ¼ 22, average DGP/T¼ 0.18, average
DDN/P¼ 2.13), 60–90 (n¼ 59, DGP/T ¼ �0.41, DDN/P ¼
�0.57), 45–60 (n¼ 34, DGP/T¼ 0.28, DDN/P¼ 1.06), and ,45
(n¼ 16, DGP/T¼ 1.91, DDN/P ¼ �0.51). Because only four
patients had a minimum eGFR below 30, we did not create a group
with eGFR , 30. Groups for average eGFR were .90 (n¼ 61,
DGP/T ¼ �0.08, DDN/P ¼ .68), 60–90 (n¼ 61, DGP/T¼ 0.17,
DDN/P ¼ .02), and,60 (n¼ 9, DGP/T¼ 1.60, DDN/P¼ �0.18).
Because only three patients had an average eGFR of ,45, we did
not create a group with eGFR , 45. ANOVA was performed to
check whether there were differences in the mean DGP/T and
DDN/P between groups. ANOVA in the minimum eGFR group did
not find a significant difference in either mean DGP/T (F¼ 1.34,
P¼ .26) or meanDDN/P (F¼ 1.52, P¼ .21). ANOVA in the average
eGFR group also did not find a significant difference in either mean
DGP/T (F¼ 0.63, P¼ .53) or meanDDN/P (F¼ 0.23, P¼ .79).

DISCUSSION
In this study of 131 clinical patients
with variable renal function and high
gadobutrol exposure during a 4-year
period, we found no clear relationship
between gadobutrol exposure (either
total dosage or number of administra-
tions) and SI change in anatomic brain
regions implicated in previous reports
of GBCA CNS deposition, including
in patients with mild or moderate re-
nal impairment.

GBCAs undergo renal clearance,
and renal insufficiency is associated
with nephrogenic systemic fibrosis.
Peripheral tissue fibrosis has been cor-
related with the amount of deposited
gadolinium.37 By prolonging GBCA
circulation, renal impairment may
effectively increase gadolinium expo-
sure and potentially increase the risk of
gadolinium deposition. Previous studies
have documented increased DN/P or
GP/T SI associated with intravenous

FIG 3. Scatterplot of the lowest and average eGFR versus percentage change in signal intensity
ratios of GP/T, shown in A and C, respectively, and DN/P, shown in B and D, respectively, from
first to last scan. Lines of best fit are also shown on each graph.

FIG 2. Plot of the percentage change from the first to last scan of
the signal intensity ratios of both DN/P and GP/T. Circles represent
each of the 131 individual subjects. Error bars indicate the SD from
the mean.
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gadolinium administration, particularly with linear agents.
Macrocyclic agents have been shown to be markedly less fre-
quently associated with such long-term CNS gadolinium effects.
Nevertheless, pathology reports show that even macrocyclic
agents can be associated with small amounts of CNS gadolinium
deposition, though it remains unclear why corresponding MR
imaging signal changes are not frequently detected.30

Limited studies explored the effect of renal function on the
deep gray nuclei T1 after gadolinium exposure. Lee et al20 have
previously reported a significant DN/P SI ratio increase from the
first to last examinations in a subgroup of 28 patients with mod-
erate renal insufficiency (eGFR ¼ 45–60) who received gadoter-
ate meglumine. Differences in our results may reflect differences
in the contrast agent; although gadoterate meglumine and gado-
butrol are both macrocyclic agents, there are differences in the
relaxivity profile and formulation.38

Saake et al39 evaluated SI ratio changes and T1 relaxation times
in patients with normal and abnormal renal function. In concord-
ance with our study, no differences in the SI ratio were seen in sub-
jects with either normal or impaired renal function who had a
gadobutrol injection. However, changes in T1 relaxation time were
demonstrated in the globus pallidus in subjects with gadolinium
studies, indicating that T1 relaxation time changes may be more
sensitive to gadolinium retention than SI ratios. Given the limita-
tions of obtaining pathologic tissue samples, MR imaging remains
a practical in vivo alternative, and overall, the use of SI ratios
remains a practical approach to assessing clinical scans, though it
has more limited sensitivity for the detection of low levels of gado-
linium deposition in the brain compared with pathologic assess-
ments and possibly the use of absolute relaxation times.

Limitations of the study include its retrospective nature. There
were difficulties in globally capturing renal function throughout

the study period, and because of the
possibility of fluctuations in renal func-
tion, the granularity of renal func-
tion may be incompletely captured.
However, we included two measures
(minimum and mean eGFR) to de-
velop a reasonable estimate of renal
function throughout the study period,
and, in fact, the results are similar using
both metrics. The low number of
patients with severe renal impairment
(eGFR , 30) suggests that our results
are most applicable to patients with
mild or moderate renal impairment.
Other limitations are the variability of
scanner type, field strength, and pulse
sequence parameters among subjects as
well as scans; however, some of this
variability should be mitigated via nor-
malization of parenchymal values
against internal structures, as has been
used previously. As in similar studies, it
is possible that age-related CNS
changes during the course of the study
period may have partially masked gad-
olinium deposition.

CONCLUSIONS
In 131 subjects who underwent an
average of 12.3 MR imaging scans
with intravenous administration of
the macrocyclic GBCA gadobutrol,

FIG 4. Plot of the lowest and average eGFR versus percentage change in signal intensity ratios of
GP/T, shown in A and C, respectively, and DN/P, shown in B and D, respectively, from first to last
scan, broken down by eGFR groupings. eGFR batches were.90, 60–90, 45–60,,45 for the low-
est eGFR, and.90, 60–90,,60 for the average eGFR. Circles represent each of the 131 individual
subjects. Error bars indicate the SD from the mean.

Table 2: Correlation coefficients and P values for relationships
between either DGP/T or DDN/P and age at last scan, sex,
total gadobutrol dose, number of scans performed with gado-
linium contrast, lowest eGFR, and average eGFRa

DGP/T DDN/P
r P r P

Age at last scan –0.05 .54 0.11 .21
Sex –0.04 .65 0.05 .54
Total gadobutrol dose 0.12 .18 �0.07 .43
No. of scans 0.09 .33 0.12 .18
Lowest eGFR 0.07 0.43 –0.09 0.28
Partial correlation –0.14 .12 0.16 .07

Average eGFR 0.07 0.40 –0.09 0.30
Partial correlation –0.15 .09 0.15 .08

a Pearson coefficients were used for DGP/T with lowest and average eGFR,
Spearman coefficients were used for every other calculation. Partial correlations
were obtained only for DGP/T and DDN/P versus lowest and average eGFR,
while controlling for the other variables.
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no clear relationship was observed between kidney impairment
and detectable changes in DN/P or GP/T SI ratios.
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ORIGINAL RESEARCH
ADULT BRAIN

Severity of Chest Imaging is Correlated with Risk of Acute
Neuroimaging Findings among Patients with COVID-19

M. Lang, M.D. Li, K.Z. Jiang, B.C. Yoon, D.P. Mendoza, E.J. Flores, S.P. Rincon, W.A. Mehan Jr, J. Conklin,
S.Y. Huang, A.L. Lang, D.M. Giao, T.M. Leslie-Mazwi, J. Kalpathy-Cramer, B.P. Little, and K. Buch

ABSTRACT

BACKGROUND AND PURPOSE: Severe respiratory distress in patients with COVID-19 has been associated with higher rate of neuro-
logic manifestations. Our aim was to investigate whether the severity of chest imaging findings among patients with coronavirus
disease 2019 (COVID-19) correlates with the risk of acute neuroimaging findings.

MATERIALS AND METHODS: This retrospective study included all patients with COVID-19 who received care at our hospital
between March 3, 2020, and May 6, 2020, and underwent chest imaging within 10 days of neuroimaging. Chest radiographs were
assessed using a previously validated automated neural network algorithm for COVID-19 (Pulmonary X-ray Severity score). Chest
CTs were graded using a Chest CT Severity scoring system based on involvement of each lobe. Associations between chest imaging
severity scores and acute neuroimaging findings were assessed using multivariable logistic regression.

RESULTS: Twenty-four of 93 patients (26%) included in the study had positive acute neuroimaging findings, including intracranial
hemorrhage (n ¼ 7), infarction (n ¼ 7), leukoencephalopathy (n ¼ 6), or a combination of findings (n ¼ 4). The average length of
hospitalization, prevalence of intensive care unit admission, and proportion of patients requiring intubation were significantly
greater in patients with acute neuroimaging findings than in patients without them (P , .05 for all). Compared with patients with-
out acute neuroimaging findings, patients with acute neuroimaging findings had significantly higher mean Pulmonary X-ray Severity
scores (5.0 [SD, 2.9] versus 9.2 [SD, 3.4], P , .001) and mean Chest CT Severity scores (9.0 [SD, 5.1] versus 12.1 [SD, 5.0], P ¼ .041). The
pulmonary x-ray severity score was a significant predictor of acute neuroimaging findings in patients with COVID-19.

CONCLUSIONS: Patients with COVID-19 and acute neuroimaging findings had more severe findings on chest imaging on both radio-
graphs and CT compared with patients with COVID-19 without acute neuroimaging findings. The severity of findings on chest radi-
ography was a strong predictor of acute neuroimaging findings in patients with COVID-19.

ABBREVIATIONS: CCS ¼ Chest CT Severity; COVID-19 ¼ coronavirus disease 2019; ICU ¼ intensive care unit; PXS ¼ Pulmonary X-ray Severity; ROC ¼ re-
ceiver operating characteristic; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

The Severe Acute Respiratory Syndrome coronavirus 2
(SARS-CoV-2), which causes coronavirus disease 2019

(COVID-19), has now infected .40 million people worldwide,
with .1 million deaths reported by the end of October 2020.1

While COVID-19 is well-known for its pulmonary manifesta-
tions, it has been shown to involve other organs, including the
heart, kidneys, liver, and central nervous system.2-5 This
involvement is consistent with viral entry through the angioten-
sin-converting enzyme 2 receptor, which is abundantly
expressed on vascular endothelial cells of the lungs but also in
other organs, including the central nervous system, heart, kid-
neys, intestines, and muscles.6 Reported neurologic manifesta-
tions of COVID-19 infection include ischemic and hemorrhage
stroke, encephalitis, and leukoencephalopathy.7-12
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It has been previously reported that patients with COVID-19
and severe respiratory distress have a relatively high rate of neu-
rologic involvement.13 Furthermore, patients with COVID-19
and neurologic symptoms have been shown to have poorer out-
comes than those without them.14 Thus, it would be important to
identify clinical or imaging features in patients with COVID-19
that may help predict an increased risk of neurologic injury.
Severity of disease on chest imaging is a strong predictor of clini-
cal outcome and risk of complications.15-17 The objective of our
study was to identify whether the severity of chest imaging

findings is correlated with the risk
of positive neuroimaging findings
in patients admitted for COVID-19
infection.

MATERIALS AND METHODS
Study Cohort
This retrospective study was approved
by Massachusetts General Hospital
institutional review board of our insti-
tution with a waiver of informed con-
sent, and patient privacy was ensured in
compliance with the Health Insurance
Portability and Accountability Act.
Between March 3, 2020, and May 6,
2020, a total of 641 patients received
medical care at our quaternary care aca-

demic medical center for COVID-19. Patients were included if they
tested positive for SARS-CoV-2 infection diagnosed via real-time
polymerase chain reaction, underwent CT and/or MR imaging for
the evaluation of neurologic symptoms, and underwent chest radi-
ography and/or CT within 10days of neuroimaging for pulmonary
symptoms. Patients were excluded if their neuroimaging
was affected by substantial artifacts that precluded diagnostic
assessment.

Clinical Data
Basic demographic information, including age and sex, as well as
indications for neuroimaging were obtained from the electronic
medical record for each patient. Clinical data, including length of
hospital stay, admission to intensive care unit, intubation status,
and death, were obtained for each patient.

Imaging Technique
All neuroimaging CT examinations were obtained on 64–section
multidetector row CT scanners, either a Revolution CT (GE
Healthcare) or a Somatom Force CT (Siemens) scanner. For non-
contrast-enhanced head CTs, the studies were axially acquired
(120 kV/auto-milliampere-seconds) at 5- and 1.25-mm-thick sli-
ces, from the level of the skull base to the vertex. For MR brain
imaging, sequences performed included axial DWI, axial T2
FLAIR, axial T2WI, axial SWI, and sagittal T1WI. Intravenous
contrast was used in a subset of studies.

All patients included in the study underwent portable chest
radiography within 10 days before neuroimaging. The chest radi-
ograph with the highest severity (highest Pulmonary X-ray
Severity [PXS] score) within 10days before neuroimaging was
used for analysis (a mean of 3.3 [SD, 3.3] days for patients with
acute neuroimaging findings versus a mean of 1.8 [SD, 3.7] days
for patients without acute neuroimaging findings, P¼ .18).

Chest CT was performed in a subset of patients during admis-
sion and within 10days before neuroimaging (a mean of 2.2 [SD,
2.9] days for patients with acute neuroimaging findings versus a
mean of 1.5 [SD, 2.6] days for patients without acute neuroimag-
ing findings, P ¼ .40). The images were obtained with the patient
in the supine position using one of the following CT scanners:
Discovery CT750 HD (GE Healthcare), Revolution Frontier (GE

Table 1: Summary of patient characteristics, clinical data, and indication for
neuroimaging

Demographics
With Neuroimaging
Findings (n = 24)

Without Neuroimaging
Findings (n = 69)

P
Value

Age (mean) [SD] (yr) 63 [SD, 16] 66 [SD, 16] .396
Female sex (No.) (%) 8 (33) 23 (33) 1.000
Clinical data
Length of stay (mean) [SD] (day) 31 [SD, 12] 23 [SD, 15] .021
ICU admission (No.) (%) 22 (92) 46 (67) .035
Intubation (No.) (%) 21 (88) 36 (52) .005
Death (No.) (%) 5 (21) 12 (17) .945

Indication for neuroimaging .089
Altered mental status 13 (54) 42 (61)
Concern for stroke 10 (42) 14 (20)
Trauma 0 (0) 10 (15)
Seizure 1 (4) 1 (3)
Headache 0 (0) 2 (1)

FIG 1. A 42-year-old man presented with hypoxemic respiratory fail-
ure. Non-contrast-enhanced axial (A) and coronal (B) CT head images
demonstrate a new, large, right cerebellar intraparenchymal mixed-
attenuation hematoma suggestive of hyperacute or active hemor-
rhage. C, Chest CT of the patient demonstrates bilateral consolida-
tion and ground-glass opacities involving all lobes, with a CCS score
of 18. D, Portable chest radiograph demonstrates bilateral patchy air
space opacities with a PXS score of 10.3.
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Healthcare), Somatom Definition Flash (Siemens), Somatom
Definition AS (Siemens), Somatom Force (Siemens), and
Aquilion ONE (Toshiba). The scanning parameters were the fol-
lowing: tube voltage = 140 kV(peak) (plus 80 kVp for dual
energy), matrix = 512� 512, section thickness = 1.25mm, FOV=
440� 440mm.

Image Evaluation
All neuroimaging examinations included in this study were
reviewed by 2 fellowship-trained neuroradiologists, and the pres-
ence of intracranial hemorrhage, acute or subacute infarction,
and/or leukoencephalopathy was recorded.

Portable chest radiographs for each patient were assessed
using a previously validated convolutional Siamese neural net-
work–based approach for automated assessment of COVID-19
lung disease severity, called the PXS score.16,18 Briefly, this
machine learning model takes pixel-level image data from frontal
chest radiographs as input and outputs a quantitative score for
parenchymal lung disease severity. This score has previously been
shown to correlate with manual radiologic assessments of
COVID-19 radiographic severity as well as clinical outcome. A
PXS score of#2.5 indicates no or minimal disease; . 2.5
and#5.0, mild disease; .5.0 and#9.0, moderate disease;
and.9.0, severe disease.16,18

Chest CT severity was assessed by 3 fellowship-trained tho-
racic radiologists on the basis of a previously published grading
system, the Chest CT Severity (CCS) score.19 Briefly, the 5 lung
lobes were assessed individually for the degree of involvement by

ground-glass opacities and consolidation. A score of 0 indicates
no involvement; 1, minimal involvement (1%–25%); 2, mild
involvement (26%–50%); 3, moderate involvement (51%–75%);
and 4, severe involvement (76%–100%). The summation of the
individual lobe scores yields the total CCS score.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism soft-
ware (GraphPad Software) and R Studio (http://rstudio.org/
download/desktop). Continuous data were presented as means

FIG 2. An 85-year-old man presented with increasing shortness of
breath. Non-contrast-enhanced axial CT of the head demonstrates
multiple new foci of hypoattenuation within the bilateral frontal co-
rona radiata (arrows on A) and left centrum semiovale (arrow on B),
in keeping with acute infarcts. C, Chest CT of the patient shows dif-
fuse bilateral, right greater-than-left, predominantly consolidation
and ground-glass opacities as well as bilateral pleural effusions. The
CCS score was calculated as 13. D, Portable chest radiograph demon-
strates bilateral patchy opacities with a PXS score of 10.6.

FIG 3. A 64-year-old man presented with fever and shortness of
breath. Axial FLAIR (A) and diffusion-weighted (B) images demonstrate
extensive symmetric confluent T2/FLAIR signal abnormality and re-
stricted diffusion involving the corona radiata bilaterally. C, Chest CT
shows bilateral peripheral ground-glass opacities and a small amount
of consolidation involving all lobes, with a CCS score of 15. D,
Portable chest radiograph demonstrates bilateral lower-zone-pre-
dominant peripheral opacities with a PXS score of 8.8.

Table 2: Distribution of neuroimaging findings and RSNA
categories

With
Neuroimaging

Findings (n = 24)

Without
Neuroimaging

Findings
Acute neuroimaging

findings
Infarction 7 (29) NA
Hemorrhage 7 (29) NA
Leukoencephalopathy 6 (25) NA
Combination 4 (17) NA

Chest CT RSNA
category

n ¼ 14 n ¼ 66

Typical 9 (64) 34 (52)
Indeterminate 1 (7) 18 (27)
Atypical 4 (29) 10 (15)
Negative 0 (0) 4 (6)

Note:—NA indicates not applicable; RSNA, Radiological Society of North
America.
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[SD] and were analyzed by a 2-tailed t test; categoric data were
presented as frequency (%) and analyzed with a x 2 test.
Associations between the lung disease severity scores (PXS and
CCS) and neuroimaging findings were examined using multivari-
able logistic regression. Models were risk-adjusted for age, sex,
the need for intubation, and intensive care unit (ICU) admission.
The R Studio package pROC (https://www.rdocumentation.org/
packages/pROC/versions/1.16.2) was used to generate receiver
operating characteristic (ROC) curves and to calculate the area
under the ROC curve.20 We computed 95% confidence intervals
with 2000 stratified bootstrap replicates. Statistical significance
was set at P, .05.

RESULTS
A total of 93 patients met the inclusion criteria for the study.
Twenty-four (26%) patients had acute neuroimaging findings,
whereas 69 (74%) patients did not. The proportion of patients
who underwent MR imaging or CT was not significantly different
between patients without acute neuroimaging findings (58 under-
went head CT and 11 underwent brain MR imaging) and patients
with acute neuroimaging findings (18 underwent head CT and 6
underwent brain MR imaging; P = .36). The mean age of patients

without acute neuroimaging findings
was 66 [SD, 16] years of age, 33% of
whom were women. The mean age for
patients with acute neuroimaging
findings was 63 [SD, 16] years, 33% of
whom were women as well. The most
common indication for neuroimaging
was altered mental status and concern
for stroke for patients with and with-
out neuroimaging findings (Table 1).

The average length of hospital stay
was significantly longer in patients
with acute neuroimaging findings (31
[SD, 12] days versus 23 [SD, 15] days,
P ¼ .021; Table 1). In addition, the
prevalence of ICU admission and
intubation was significantly higher for

patients with acute neuroimaging findings than for patients with-
out acute neuroimaging findings (92% versus 67%, P¼ .04%, and
88% versus 52%, P ¼ .005, respectively; Table 1). The mortality
rate, however, was not significantly different between patients
without acute neuroimaging findings (17%) and patients with
acute neuroimaging findings (21%, P¼ .945).

Of the 24 patients with acute neuroimaging findings, 7
patients were found to have intracranial hemorrhage (Fig 1), 7
patients were found to have acute infarction (Fig 2), 6 patients
were found to have leukoencephalopathy (Fig 3), 3 patients had
intracranial hemorrhage and infarction, and 1 patient had intra-
cranial hemorrhage, infarction, and leukoencephalopathy (Table
2). Sixty-nine patients did not have acute neuroimaging findings
(Fig 4). There was no significant difference (P ¼ .225) between
the distribution of Radiological Society of North America catego-
ries of chest CT findings between patients without acute neuroi-
maging findings (n ¼ 66) and those with acute neuroimaging
findings (n ¼ 14), with the “typical” category being the most
prevalent in both groups (Table 2).21

The mean PXS score was significantly greater in patients
with acute neuroimaging findings (n ¼ 23, 9.2 [SD, 3.4]) than
in patients without acute neuroimaging findings (n ¼ 64,
5.0 [SD, 2.9], P , .001; Fig 5A). The PXS score was a signifi-
cant predictor of positive acute neuroimaging findings in
patients with COVID-19 after adjusting for age, sex, ICU
admission, and intubation status (odds ratio = 1.45, P , .001;
Fig 6). The mean CCS score was also significantly greater in
patients with acute neuroimaging findings (n ¼ 14, 12.1 [SD,
5.0]) than in patients without acute neuroimaging findings
(n ¼ 64, 9.0 [SD, 5.1], P ¼ .041; Fig 5B). However, after we
adjusted for age, sex, ICU admission, and intubation status,
the CCS score was not a significant predictor of positive acute
neuroimaging findings in patients with COVID-19 (odds
ratio = 1.08, P ¼ .308; Fig 6).

The area under the ROC curve using the PXS score to classify
acute neuroimaging findings was 0.83 (95% CI, 0.72–0.93; Fig
7A). The optimal threshold PXS score was 7.55, which corre-
sponded to a sensitivity of 83%, specificity of 81%, positive likeli-
hood ratio of 4.7, and negative likelihood ratio of 0.2. By means
of this threshold, meaning scores of$7.6 were labeled as positive

FIG 4. A 67-year-old woman presented with hypoxemic respiratory failure. Axial non-contrast-
enhanced head CT image (A) shows no acute findings. B, Chest CT image of the patient demon-
strates bilateral peripherally distributed ground-glass opacities involving 4 of the 5 lobes with a
CCS score of 8. D, Portable chest radiograph demonstrates bibasilar patchy opacities with a PXS
score of 4.4.

FIG 5. A, Comparison of portable chest radiograph severity (PXS)
score between patients with and without acute neuroimaging find-
ings. B, Comparison of the CCS score between patients with and
without acute neuroimaging findings.
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for acute neuroimaging findings and scores of #7.5 were labeled
as negative for acute neuroimaging findings, 77% of cases in our
study would be correctly classified.

The area under the curve using the CCS score to classify
acute neuroimaging findings was 0.67 (95% CI, 0.50–0.84; Fig
7B). The optimal threshold CCS score was 12.5. This thresh-
old corresponded to a sensitivity of 64%, specificity of 73%,
positive likelihood ratio of 2.4, and negative likelihood ratio
of 0.5. By means of this threshold, meaning scores of $13
were labeled as positive for acute neuroimaging findings and
scores of #12 were labeled as negative for acute neuroimag-
ing findings, 61% of cases in our study would be correctly
classified.

DISCUSSION
A variety of neuroimaging findings have been reported in
patients with COVID-19, including infarction, intracranial
hemorrhage, leukoencephalopathy, and hemorrhagic encephali-
tis.8-11,14,22 The presence of acute-to-subacute neuroimaging
findings in patients with COVID-19 is associated with a higher
risk of ICU admission, intubation, and mortality.14 However, the
risk factors for developing neurologic deficits in patients with
COVID-19 are unclear. The results of this retrospective study
showed that the severity of disease on chest radiographs and chest
CT images was significantly greater among patients with
COVID-19 with acute neuroimaging findings than in patients
without acute neuroimaging findings, suggesting that more
severe pulmonary manifestations are associated with a higher
likelihood of neurologic injury.

Similar to prior reports, the presence of acute neuroimaging
findings in our study was associated with an increased length of
hospital stay, increased risk of requiring ICU admission, and risk
of intubation.14,23 Acute ischemic and hemorrhagic strokes, the
most common neuroimaging manifestation, have been reported
to be a strong prognostic maker for poor clinical outcome in
patients with COVID-19.14 While ischemic and hemorrhagic
strokes were also the most common neuroimaging findings in
our study population, mortality was not significantly different
between patients with acute neuroimaging findings and those
without them. The small number of patients with acute neuroi-
maging findings may be underpowered to detect a statistically
significant difference.

Respiratory symptoms are the most common manifestations
of COVID-19, and extensive research has been performed on
chest imaging features of the disease, including using chest radio-
graph and chest CT severity as a prognostic tool for clinical out-
come.16,19,24-29 A study by Mao et al13 has also demonstrated
high rates of neurologic symptoms in patients with COVID-19
and severe respiratory disease. This outcome may be due to

shared mechanisms, including cyto-
kine-related abnormal inflammatory
response, coagulopathy, and micro-
and macroangiopathy, which contrib-
ute to both chest and neuroimaging
findings in patients with COVID-
19.28-34 Both chest and neuroimaging
manifestations, however, are unlikely
due to a single etiology but rather a
combination of interconnected patho-
physiologic processes. The greater se-
verity of chest imaging findings may
therefore indicate more severe system-
wide pathology, in which case-height-
ened suspicion for acute neurologic
injury is warranted. Consistent with
this theory, PXS scores of patients with
COVID-19 were found to be signifi-
cantly associated with an increased
risk of acute neuroimaging findings in
our study. While a higher CCS score
was associated with an increased risk

FIG 7. ROC curves of the PXS and CCS scores to classify acute neuroimaging findings in patients
with COVID-19. A, The area under the ROC curve using the PXS score to classify acute neuroimag-
ing findings was 0.83 (95% CI, 0.72–0.93). The optimal threshold PXS score was 7.55, which corre-
sponded to a sensitivity of 83%, specificity of 81%, positive likelihood ratio of 4.7, and negative
likelihood ratio of 0.2. B, The area under the ROC curve using the CCS score to classify acute neu-
roimaging findings was 0.67 (95% CI, 0.50–0.84). The optimal threshold CCS score was 12.5, which
corresponded to a sensitivity of 64%, specificity of 73%, positive likelihood ratio of 2.4, and nega-
tive likelihood ratio of 0.5.

FIG 6. Odds ratio of the PXS score and the CCS score in association
with the risk of acute neuroimaging findings. A multivariate logistic
regression model was used after adjusting for age, sex, the need for
intubation, and ICU admission status.
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of acute neuroimaging findings in the current study, this did not
reach statistical significance. This may be related to the small
number of patients who underwent chest CT relative to the num-
ber of patients who underwent chest radiographic assessment.
Future investigation with a larger patient cohort is needed.

Three patients in the current study who had minimal-to-mild
chest radiographic findings were found to have either infarction
or intracranial hemorrhage. Similarly, 3 patients with mild dis-
ease on chest CT were found to have infarction, hemorrhage,
and leukoencephalopathy on neuroimaging. The cause of neuro-
logic injury in these patients may be better explained by direct
neurotropism of the SARS-CoV-2 virus, which may occur
through retrograde transmission through peripheral nerve ter-
minals including the olfactory nerves, rather than widespread
cytokine storm.35,36 Other proposed mechanisms of neurologic
injury without severe chest imaging manifestations include silent
hypoxia, metabolic disturbances, neuroinflammation, angiopa-
thy, embolic phenomenon, or an autoimmune-mediated pro-
cess.37-40 While neurologic injury can occur in patients with
mild pulmonary disease and with less evident chest imaging
findings, the relative proportion of these patients is much smaller
than those with more severe pulmonary findings.

Limitations of the current study include its retrospective
nature and relatively small sample size from a single institu-
tion. The small number of patients also precluded further
analysis of the risk of developing different types of neurologic
injury, such as infarction, hemorrhage, or leukoencephalop-
athy. Furthermore, additional patient information including
laboratory values and comorbidities was incomplete and
therefore was not included in the study. Finally, most of these
patients did not have additional imaging of other body parts,
including the abdomen and pelvis, limiting correlation of
findings in other organ systems.

CONCLUSIONS
Patients with COVID-19 and acute neuroimaging findings had
greater disease severity on both chest radiography and CT than
patients without acute neuroimaging findings. In our adjusted
regression models, chest radiograph severity was a strong predic-
tor of acute neuroimaging findings in patients with COVID-19,
while the small number of patients may have underpowered the
study to detect a significant correlation with chest CT. Therefore,
a high severity of disease on chest imaging should raise suspicion
for neurologic injury in patients with COVID-19. Early use of
neuroimaging in these patients should be considered.
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Development and Validation of a Deep Learning–Based
Model to Distinguish Glioblastoma from Solitary Brain

Metastasis Using Conventional MR Images
I. Shin, H. Kim, S.S. Ahn, B. Sohn, S. Bae, J.E. Park, H.S. Kim, and S.-K. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Differentiating glioblastoma from solitary brain metastasis preoperatively using conventional MR
images is challenging. Deep learning models have shown promise in performing classification tasks. The diagnostic performance of a
deep learning–based model in discriminating glioblastoma from solitary brain metastasis using preoperative conventional MR images
was evaluated.

MATERIALS AND METHODS: Records of 598 patients with histologically confirmed glioblastoma or solitary brain metastasis
at our institution between February 2006 and December 2017 were retrospectively reviewed. Preoperative contrast-
enhanced T1WI and T2WI were preprocessed and roughly segmented with rectangular regions of interest. A deep neural
network was trained and validated using MR images from 498 patients. The MR images of the remaining 100 were used as
an internal test set. An additional 143 patients from another tertiary hospital were used as an external test set. The classifi-
cations of ResNet-50 and 2 neuroradiologists were compared for their accuracy, precision, recall, F1 score, and area under
the curve.

RESULTS: The areas under the curve of ResNet-50 were 0.889 and 0.835 in the internal and external test sets, respectively. The
area under the curve of neuroradiologists 1 and 2 were 0.889 and 0.768 in the internal test set and 0.857 and 0.708 in the external
test set, respectively.

CONCLUSIONS: A deep learning–based model may be a supportive tool for preoperative discrimination between glioblastoma and
solitary brain metastasis using conventional MR images.

ABBREVIATIONS: CE ¼ contrast enhanced; GBM ¼ glioblastoma; ROC ¼ receiver operating characteristic; AUC ¼ area under the curve

G lioblastoma (GBM) and brain metastases are the most
common malignant tumors in adults.1 These 2 entities

have different treatment options, and it is therefore essential to
distinguish them promptly to determine the proper treatment
strategy. In patients with a history of underlying malignancy
and conventional MR imaging findings of multiple enhancing
lesions, a diagnosis can be made easily. However, approximately
25%–30% of brain metastases present as single lesions, and in

lung cancer—the most common cancer to metastasize to the
brain—approximately 50% of patients are thought to have brain
metastases as the initial presentation.2,3 In addition, GBM and
solitary brain metastasis have overlapping MR imaging features,
including rim enhancement with perilesional T2 hyperintensity,
and are thus difficult to differentiate preoperatively.4 However,
GBM has an infiltrative growth pattern; therefore, tumor cells
diffusely infiltrate beyond the enhancing portion, manifesting
as a perilesional T2 hyperintense region. Brain metastases have
similar MR imaging features; however, this perilesional T2
hyperintensity is primarily due to vasogenic edema caused by
the leaky capillary vessels of the enhancing tumor.5,6 In an effort
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to detect these microstructural differences, various advanced MR
imaging techniques, such as perfusion MR imaging, MR spectros-
copy, and diffusion tensor imaging, have been applied to distin-
guish GBM from solitary brain metastasis, with particular
emphasis on the aforementioned perilesional T2 hyperintense
region.7-10 Collectively, these studies have shown promising results
indicating that the perilesional T2 hyperintense region, along with
the enhancing portion itself, carries valuable information that may
preoperatively distinguish these 2 entities. However, advanced
imaging techniques require additional scanning time, and their
quantitative values can vary depending on the imaging parameters,
posing difficult challenges for practical application.

Recently, radiomics have been used to analyze various textural
and handcrafted features to classify or predict prognosis of dis-
ease through medical images that are beyond the perception of
human eye.11,12 However, radiomics needs careful preprocessing
steps, including delicate segmentation. Deep learning—a subfield
in machine learning—extracts information directly from the
data, omitting the step of manual feature extraction in decision
making.13 In the field of neuro-oncology, specifically glioma
imaging, previous studies have shown the potential of deep learn-
ing for classifying gliomas based on genetic mutations or clinical
outcomes.14-16

In this study, we hypothesized that deep learning may differ-
entiate GBM from solitary brain metastasis without extraction of
predefined features. Thus, we aimed to develop a deep learning–
based model to differentiate GBM from solitary brain metastasis
using preoperative T2-weighted and contrast-enhanced (CE)
T1-weighted MR images and further validate its diagnostic
performance.

MATERIALS AND METHODS
Patient Population
This retrospective study was approved by the institutional review
board of our hospital, which waived the requirement to obtain
informed patient consent. The records of 999 consecutive patients
with histologically confirmed GBM or brain metastasis between
February 2006 and December 2017 were retrospectively reviewed.
Among these patients, those with preoperative MR images, includ-
ing T2-weighted and CE T1WI, were included. Exclusion criteria

included 1) multiple enhancing lesions;
2) patients with absent or inadequate
MR images; and 3) patients with previ-
ous intracranial intervention, such as
operation, gamma knife surgery, or
radiation therapy. According to these
criteria, 598 patients were included
(357 men and 241 women; mean age,
57.4 6 14.7 years). Fig 1 summarizes
the study population selection.

From the total study cohort, 450
patients were randomly selected for
model training (300 GBM, 150 metas-
tasis), and 48 patients (32 GBM, 16
metastases) were selected for model
validation. The remaining 100 patients
(50 GBM, 50 metastases) were left out

on the patient level as an internal test dataset. The MR images of
143 patients (100 GBM, 43 metastases) at an outside tertiary
referral hospital were used as an external test dataset; patients
who satisfied the same inclusion and exclusion criteria as the in-
ternal cohort were extracted from their electronic database
between January 2014 and December 2017.

MR Acquisition and Image Preprocessing
Preoperative imaging was performed using 1 of 4 3T MR imaging
units (Ingenia or Achieva, Philips Healthcare; Discovery MR750,
GE Healthcare; Tim Trio, Siemens) using an 8-channel sensitiv-
ity-encoding head coil. Details on the MR scanners and imaging
parameters are summarized in the Online Supplemental Data. A
diagram of the overall workflow is shown in Fig 2. The CE T1WI
and T2WI of each patient were preprocessed, conducting inten-
sity normalization by WhiteStripe normalization and N4 bias
field correction. Images were resampled to 1� 1� 1mm iso-
tropic voxels. Preprocessed CE T1WI was coregistered to the
T2WI. Rectangular-shaped ROIs were manually drawn on T2WI
by a radiologist with 8 years of experience (B.S.) in MR imag-
ing analysis using a conventional software package (MIPAV,
National Institutes of Health) and confirmed by another radiol-
ogist with 13 years of experience (S.S.A.). ROIs were drawn on ev-
ery section in which the mass was visualized on preoperative
T2WI and included the peritumoral T2 hyperintense area, which
was defined as a high signal intensity on T2WI beyond the border
of the enhancing tumor portion.

Deep Learning Model
A 2D convolutional neural network (specifically the ResNet-50
model) with 50 layers consisting of 3-layer residual blocks17 pre-
trained with the ImageNet database was used. Hyperparameters
of the fully connected layer of ResNet were fine-tuned using the
training set data, and the convoluting and pooling layers were
frozen. The batch size was 64, and a drop-out rate of 0.5 was
applied with rectifier linear unit as the activation function. The
model was trained for 100 epochs with stochastic gradient
descent optimized with the Adam optimizer18 and the initial
learning rate set to 0.001. Batch normalization was used in each
layer to improve learning stability.19 Coregistered CE T1WI and

FIG 1. Flow chart showing the patient population in the internal and external cohorts.
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T2WI were used as inputs to 2 of the 3 channels for training of
our ResNet model. The same T2WI was inserted again into the
last channel of our deep learning. Each section of CE T1WI and
corresponding T2WI was treated as an independent image to
increase the number of input data even though a group of slices
belonged to the same patient. An ensemble learning method
based on 5-fold cross-validation was used for model validation
with most voting among models for final decision. Data splitting
during training of the model was done per patient and not per
section image to avoid overlapping bias. Regularization and fine
tuning of hyperparameters of our model was done using the vali-
dation set (n¼ 48) from our institution. To establish the basis for
judgment of our deep learning model, a class activation map was
derived from each section of the images. All steps of the method-
ology were implemented with Python 3.7 and PyTorch v1.2
framework (https://pytorch.org/).

The final model was validated in an internal test set. The pre-
dictive index was defined as the number of slides classified as
GBM by our classification model divided by the total number of
slides per patient (ranging from 0 to 1). To determine the optimal
cutoff value of the percentage of corrected slides for each patient,
receiver operating characteristic (ROC) curves were derived.
ROC curves were derived using SPSS version 25 (IBM).

Image Review by Neuroradiologists
The internal and external test datasets were reviewed by both
experienced and junior neuroradiologists (S.S.A., neuroradiolo-
gist 1) and (I.S., neuroradiologist 2), with 13 and 4 years of expe-
rience, respectively. Both neuroradiologists were blinded to the
pathologic and clinical information of all patients and were asked
to classify each image as either GBM or metastasis, referring to
the T2WI and CE T1WI. Subsequently, internal and external test
sets were re-evaluated and classified again by both neuroradiolo-
gists, this time referring to the classification results of the ResNet-
50 model.

Statistical Analysis
Patient demographics were compared between the GBM and me-
tastasis subgroups using the independent 2-sample t test or chi-
square test. The classification performance of the classification
model and 2 neuroradiologists were evaluated on their accuracy,
precision, recall, F1 score, and area under the curve (AUC). The
95% CIs of the precision, recall, and F1 scores were derived using
the bootstrapping method with 1000 times 90% random sampling.

All statistical values were derived using SPSS version 25. The
bootstrapping method was performed using R version 3.6.2
(http://www.r-project.org/). A P value #.05 was considered stat-
istically significant.

RESULTS
Subjects
A total of 6617 axial slices of tumors from 598 patients with GBM
or solitary metastases were included in the analysis. There was no
significant difference in age and sex distribution between the
GBM and metastasis groups in the internal and external cohorts;
however, a higher percentage of patients had infratentorial lesions
in the metastasis group (3.4% for the GBM group versus 22.7%
for the metastasis group). Patients in the metastasis group
included those with various primary tumor subtypes, most of
which were lung cancer. The demographics of internal and exter-
nal test sets are summarized in the Table.

Diagnostic Performance of Deep Learning–Based Model
The optimal cutoff value for the predictive index was 0.55 when
the AUC was 0.881 for the ROC curve drawn for the internal test
cohort (Fig 3). The accuracy, precision, recall, F1 score, and AUC
of the deep learning–based model were 89%, 0.852, 0.939, 0.893,
and 0.889 in the internal test cohort and 85.9%, 0.907, 0.889,
0.893, and 0.835 in the external validation, respectively (Online
Supplemental Data).

FIG 2. Diagram of overall workflow.
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In the internal test cohort, 8/50 (16.0%) metastases were mis-

classified as GBM, and 3/50 (6.0%) GBMs were misclassified as

metastases. Similarly, 9/43 (20.9%) metastases were misclassified

as GBM, and 12/100 (12.0%) GBMs were misclassified as metas-

tases in the external test cohort. According to tumor location, 83

lesions were located in the supratentorial area, and 17 lesions

were located in the infratentorial area in the internal test set.

ResNet-50 miscategorized 10.8% (9/83) of the supratentorial

lesions and 11.8% (2/17) of the infratentorial lesions. In the exter-

nal test set, 130 lesions were supratentorial, and 13 lesions were

infratentorial. All the infratentorial lesions were correctly catego-

rized by ResNet-50, and all 21 miscategorized lesions were

located in the supratentorial area in the external test set.
Because metastases were more prevalent in the cerebellum

compared with GBM, our deep learning model seemed to recog-

nize posterior fossa structures included in the ROIs, possibly con-

tributing to the higher classification performance for infratentorial

lesions (Figs 4 and 5).

Diagnostic Performance of
Neuroradiologists
The accuracy, precision, recall, F1 score,
and AUC of neuroradiologist 1 were
88.9%, 0.865, 0.918, 0.891, and 0.889 for
the internal test set and 86.6%, 0.926,
0.88, 0.903, and 0.857 for the external
test set, respectively. The accuracy, pre-
cision, recall, F1 score, and AUC of neu-
roradiologist 2 were 77%, 0.760, 0.776,
0.768, and 0.768 for the internal test set
and 75.3%, 0.828, 0.82, 0.824, and 0.708
for the external test set, respectively
(Online Supplemental Data).

Both neuroradiologists showed
improved diagnostic performance af-
ter referring to the classification
results of ResNet-50. The accuracy,
precision, recall, F1 score, and AUC of
neuroradiologist 1 after referring to
ResNet-50 were 92.0%, 0.904, 0.940,
0.922, and 0.920 respectively, for the
internal test set and 90.1%, 0.939,
0.920, 0.929, and 0.889 respectiv-
ely, for the external test set. The accu-
racy, precision, recall, F1 score, and
AUC of neuroradiologist 2 after refer-
ring to ResNet-50 were 91.0%, 0.940,
0.887, 0.913, and 0.910, respectively, in
the internal test set and 88.0%, 0.895,
0.940, 0.917, and 0.839, respectively,
in the external test set (Online
Supplemental Data).

DISCUSSION
We proposed a deep learning–based
model to differentiate solitary brain
metastasis from GBM preoperatively

using T2WI and CE T1-weighted conventional MR images. The
model was developed using a large study population with varying
scan parameters and validated in an external cohort and thus is
expected to be robust and reproducible. Also, the classification
model showed superior performance to that of the junior neuro-
radiologist and comparable results with those of the experienced
neuroradiologist for both the internal and external test sets.
Moreover, the classification model complemented the perform-
ance of the neuroradiologists, improving the classification per-
formance of both junior and experienced neuroradiologists
referring to the ResNet model.

It was noted that the deep learning–based model more fre-
quently misclassified brain metastasis as GBM than GBM as me-
tastasis. This might be because of the heterogeneity of the
metastasis group, which included various primary cancer sub-
types. In comparison, the GBM group included a histologically
homogeneous group of patients. Although GBMs are known to
have unique imaging and radiomics findings depending on their
underlying genetic mutation statuses,20,21 they are thought to be

Patient demographics of internal and external cohorts

Internal Cohort (n = 598) External Cohort (n = 143)
GBM

(n = 382)
Metastasis
(n = 216)

P
Value

GBM
(n = 100)

Metastasis
(n = 43)

P
Value

Age (years)a 57.3 6 15.2 57.5 6 13.8 .808 57.2 6 12.8 61.0 6 10.2 .081
Male sex (%) 223 (58.4) 134 (62.0) .381 63 (62.4) 25 (56.8) .633
Supratentorial
location (%)

369 (96.9) 167 (77.3) ,.001 98 (97.0) 32 (72.7) ,.001

Primary tumor
(%)

— Lung 91 (42.1) — — Lung 20 (45.5) —

Breast 25 (11.6) Breast 6 (13.6)
GIb 46 (21.3) GIb 7 (15.9)
GUc 16 (7.4) GUc 7 (15.9)
Othersd

38 (17.6)
Othersd

3 (6.8)
aMean 6 SD.
b Gastrointestinal (GI) origin includes tumors of colorectal, esophageal, stomach, and hepatic origin.
c Genitourinary (GU) origin includes tumors of kidney, ovary, and cervix origin.
dOther origin includes melanoma, head and neck, sarcoma, and unknown primary origin.

FIG 3. ROC curve for differentiating GBM and metastasis in the internal test set (AUC, 0.881; opti-
mal cutoff for predictive index, 0.55).
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relatively histologically homogeneous compared with metastases,
which can have completely different histologic backgrounds.

In conventional deep neural networks, deeper networks are
susceptible to the degradation problem, in which the network
depth increases and the accuracy subsequently becomes saturated
and degrades rapidly. ResNet-50 is a deep learning network that
uses a residual learning framework that allows substantially deeper
layers for training than that of conventional networks without deg-
radation of performance. This type of deep learning network is ca-
pable of extracting more features and thus more accurately
analyzing input images compared with conventional deep neural
networks. Since its introduction, it has been widely used in various
tasks in medical imaging, including detection, classification, and
localization,22,23 showing comparable or better performance than
that of conventional neural networks.24,25 Several imaging bio-
markers have been studied to distinguish GBM from solitary brain
metastasis. In previous studies, the shape of the enhancing portion,
the signal intensity, and the extent of the peritumoral T2 hyperin-
tensity were used to differentiate these 2 entities in conventional
MR images.26,27 In those studies, nonspherical morphology of the
enhancing portion and a higher normalized T2 signal intensity of

the peritumoral portion were defining features of GBM. However,
these previous studies had limitations in that they were conducted
in small study populations.

Recent studies have applied radiomics-based machine learn-
ing methods to discriminate between GBM and solitary brain
metastasis.28–30 Radiomics-based machine learning models were
used to preoperatively discriminate between these 2 entities based
on CE T1WI. In that study, the best-performing supervised
model showed accuracy of 85%.31 Another study used radiomics-
based machine learning to distinguish between GBM and solitary
brain metastasis.30 The researchers collectively investigated the
diagnostic performances of 30 diagnostic models, with the 2 best-
performing models showing an accuracy of 80%. Although these
studies had somewhat promising results, they also had limitations
in that the ROIs concentrated solely on the enhancing portions,
failing to include data from the peritumoral portion and lacking
external validation results. A recent study extracted radiomic fea-
tures from an enhancing tumor portion and peritumoral T2
hyperintensity area of GBM and solitary brain metastasis and
constructed a deep learning model based on these radiomic fea-
tures.32 The study conducted external validation of the deep

FIG 4. Images of a 65-year-old woman with history of recurrent ovarian cancer and pathologically proved brain metastasis. Contrast-enhanced
T1WI (A) shows a heterogeneously enhancing mass in the left cerebellum. B, T2WI shows a perilesional T2 hyperintensity area surrounding the
enhancing portion. C, Corresponding class activation maps show that the ResNet-50 model is referring to the mass and perilesional T2 hyperinten-
sity area as well as the surrounding posterior fossa structures. ResNet-50 and both radiologists all correctly classified this lesion as brain metastasis.

FIG 5. Images of a 62-year-old woman with pathologically proved GBM. CE T1WI (A) and T2WI (B) show an enhancing mass in the left frontal
lobe with surrounding perilesional T2 hyperintensity area. Whereas ResNet-50 and radiologist 1 correctly classified this mass as GBM, radiologist
2 misclassified this lesion as metastasis. Corresponding class activation map (C) shows that ResNet-50 is referring to the enhancing portion as
well as the surrounding peritumoral T2 hyperintensity areas.
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learning model with a high AUC value of 0.956. However, radio-
mics-based methods have innate limitations in that they include
labor-intensive segmentation steps. To date, there is no study
using an end-to-end deep learning–based method to discriminate
between GBM and solitary brain metastasis. Our method had
superior performance compared with those in the aforemen-
tioned studies using radiomics-based machine learning methods.
Moreover, a strength of our deep learning model was that it could
be robustly applied to conventional MR images with roughly
drawn rectangular ROIs.

Our study had several limitations. First, instead of a 3D-based
analysis, we used a 2D-based deep learning analysis to discriminate
between GBM and solitary brain metastasis. However, considering
that our training set was rather small (n=450) for deep learning–
based algorithm training, we reasoned that training with multiple
MR image slices would be more suitable for adequate model train-
ing. Moreover, our deep learning model showed good performance
in internal as well as external data, showing that our model has
been properly trained. Second, because the patients had multiple
MR slices, we arbitrarily adopted a new variable termed the “predic-
tive index.” This variable required certain considerations because it
was derived from a small internal test set; however, the diagnostic
performance after adapting this cutoff in the external validation set
demonstrated sustained discrimination performance. Third, in clin-
ical practice, brain masses represent various clinical entities along
with GBM and metastasis. These entities, such as lymphoma,
demyelinating disease, infarction, and so on, should also be consid-
ered and integrated into the classification model in future studies.
Finally, our model used only T2WI and CE T1WI, neglecting infor-
mation from other sequences, such as T2 FLAIR images, and other
advanced MR images, such as perfusion- or diffusion-weighted
images. In addition, T2 FLAIR images are generally used to evaluate
infiltrative nonenhancing glial tissue of GBM from vasogenic
edema of brain metastasis. However, the heterogeneity of T2
FLAIR sequences (ie, precontrast versus postcontrast or 2D versus
3D acquisition) in our patient population prevented their use in
training our deep learning model. Nevertheless, T2WI and CE
T1WI are considered to be the most fundamental MR images and
are almost always included in routine MR protocols, thus making
our classification model more robust.

CONCLUSIONS
We developed a deep learning–based classification model to dis-
criminate between GBM and solitary brain metastasis using con-
ventional MR images. Our model had a diagnostic performance
comparable with that of an experienced radiologist and had a com-
plementary role in discriminating GBM and solitary brain metasta-
sis. Therefore, deep learning may be used as an auxiliary tool for
the discrimination of GBM from solitary brain metastasis.

Disclosures: Sung Soo Ahn—RELATED: Grant: Basic Science Research Pro-
gram through the National Research Foundation of Korea, Comments:
2017R1D1A1B03030440*. *Money paid to institution.
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ORIGINAL RESEARCH
ADULT BRAIN

MRI-Based Deep-Learning Method for Determining Glioma
MGMT Promoter Methylation Status

C.G.B. Yogananda, B.R. Shah, S.S. Nalawade, G.K. Murugesan, F.F. Yu, M.C. Pinho, B.C. Wagner, B. Mickey,
T.R. Patel, B. Fei, A.J. Madhuranthakam, and J.A. Maldjian

ABSTRACT

BACKGROUND AND PURPOSE: O6-Methylguanine-DNA methyltransferase (MGMT) promoter methylation confers an improved
prognosis and treatment response in gliomas. We developed a deep learning network for determining MGMT promoter methyla-
tion status using T2 weighted Images (T2WI) only.

MATERIALS AND METHODS: Brain MR imaging and corresponding genomic information were obtained for 247 subjects from The
Cancer Imaging Archive and The Cancer Genome Atlas. One hundred sixty-three subjects had a methylated MGMT promoter. A
T2WI-only network (MGMT-net) was developed to determine MGMT promoter methylation status and simultaneous single-label
tumor segmentation. The network was trained using 3D-dense-UNets. Three-fold cross-validation was performed to generalize the
performance of the networks. Dice scores were computed to determine tumor-segmentation accuracy.

RESULTS: The MGMT-net demonstrated a mean cross-validation accuracy of 94.73% across the 3 folds (95.12%, 93.98%, and 95.12%, [SD,
0.66%]) in predicting MGMT methylation status with a sensitivity and specificity of 96.31% [SD, 0.04%] and 91.66% [SD, 2.06%], respec-
tively, and a mean area under the curve of 0.93 [SD, 0.01]. The whole tumor-segmentation mean Dice score was 0.82 [SD, 0.008].

CONCLUSIONS: We demonstrate high classification accuracy in predicting MGMT promoter methylation status using only T2WI.
Our network surpasses the sensitivity, specificity, and accuracy of histologic and molecular methods. This result represents an im-
portant milestone toward using MR imaging to predict prognosis and treatment response.

ABBREVIATIONS: IDH ¼ isocitrate dehydrogenase; MGMT ¼ O6-methylguanine-DNA methyltransferase; PCR ¼ polymerase chain reaction; T2WI ¼ T2
weighted Images; TCGA ¼ The Cancer Genome Atlas; TCIA ¼ The Cancer Imaging Archive

O6-methylguanine-DNA methyltransferase (MGMT) pro-
moter methylation is a molecular biomarker of gliomas

that has prognostic and therapeutic implications. Unlike isoci-
trate dehydrogenase (IDH) mutations and 1p/19q co-deletions,
MGMT promoter methylation is an epigenetic event. Epigenetic
events are functionally relevant but do not involve a change in
the nucleotide sequence. Therefore, while MGMT promoter
methylation is an important prognostic marker, it does not

define a distinct subset of gliomas. MGMT is a DNA repair
enzyme that protects normal and glioma cells from alkylating
chemotherapeutic agents. The methylation of the MGMT pro-
moter is an example of epigenetic silencing, which results in a
loss of function of the MGMT enzyme and its protective effect
on glioma cells. The survival benefit incurred by MGMT pro-
moter methylation in patients treated with temozolomide
(TMZ) was determined in 2005.1 Subsequent work by Stupp et
al2 has shown that in patients who received both radiation and
temozolomide, MGMT promoter methylation improved me-
dian survival compared with patients with unmethylated glio-
mas (21.7 versus 12.7months).2 Long-term follow-up from that
initial study has further substantiated the survival benefit.2,3 As
a result, determining MGMT promoter methylation status is
an important step in predicting survival and determining
treatment.

Currently, the only reliable way to determineMGMT promoter
methylation status requires analysis of glioma tissue obtained ei-
ther via an invasive brain biopsy or following open surgical resec-
tion. Surgical procedures carry the risk of neurologic injury and
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complications. Therefore, considerable attention has been dedi-
cated to developing noninvasive, image-based diagnostic methods
to determineMGMT promoter methylation status. A meta-analysis
of MR imaging features demonstrated that glioblastomas with
methylated MGMT promoters were associated with less edema,
high ADC, and low perfusion. However, the summary sensitivity
and specificity of these clinical features was only 79% and 78%,
respectively.4 Although multiple radiomic approaches have also
been attempted forMGMT prediction, none, to date, have achieved
accuracies sufficient for clinical viability.5-9 Sasaki et al10 attempted
to establish an MR imaging–based radiomic model for predicting
MGMT promoter status of the tumor, but it reached a predictive
accuracy of only 67%. Wei et al11 extracted radiomic features from
the tumor and peritumoral edema using multisequence, postcon-
trast MR imaging but only achieved an accuracy of 51%–74% in
predicting MGMT promoter methylation status in astrocytomas.
Drabycz et al5 performed texture analysis on MR images to predict
MGMT promoter methylation status in glioblastoma, but it reached
an accuracy of only 71%. Korfiatis et al9 combined texture features
with supervised classification schemes as potential imaging bio-
markers for predicting the MGMT methylation status of glioblas-
toma multiforme, but they achieved a sensitivity and specificity of
only 0.803 and 0.813, respectively. Ahn et al7 used dynamic con-
trast-enhancedMR imaging and diffusion tensor imaging to predict
MGMT promoter methylation in glioblastoma, but this method

achieved a sensitivity and specificity of only 56.3% and 85.2%,
respectively.

Recent advances in deep learning methods have also been
used for noninvasive, image-based molecular profiling. Our
group has previously demonstrated highly accurate, MR imag-
ing–based, voxelwise, deep learning networks for determining
IDH classification and 1p/19q co-deletion status using only
T2WI.12,13 The benefits of using T2WIs are that they are rou-
tinely acquired, they can be obtained quickly, and high quality
T2WI can even be obtained in the setting of motion degradation.
Because MGMT promoter methylation in gliomas is such an im-
portant biomarker, we sought to develop a highly accurate, fully
automated deep learning 3D network for MGMT promoter
determination of methylation status using only T2WI.

MATERIALS AND METHODS
Data and Preprocessing
Multiparametric MR images of patients with brain gliomas were
obtained from The Cancer Imaging Archive (TCIA) data base.14,15

The genomic information was obtained from both The Cancer
Genome Atlas (TCGA) and TCIA data bases.14,16,17 Subject data-
sets were screened for the availability of preoperative MR images,
T2WI, and known MGMT promoter status. The final dataset of
247 subjects included 163 methylated cases and 84 unmethylated
cases. TCGA subject identification, MGMT status, and tumor
grade are listed in Table 1 of the Online Supplemental Data.

Tumor masks for 179 subjects were available through previ-
ous expert segmentation.18-20 Tumor masks for the remaining 68
subjects were generated by our previously trained 3D-IDH net-
work and were reviewed by 2 neuroradiologists for accuracy.20

These tumor masks were used as ground truth for tumor segmen-
tation in the training step. Ground truth whole-tumor masks for
methylated and unmethylated MGMT promoter type were la-
beled with 1’s and 2’s, respectively (Fig 1). Data preprocessing
steps included the following: 1) the Advanced Normalization
Tools software package (http://stnava.github.io/ANTs/) affine
coregistration21 to the SRI24 T2 template,22 2) skull stripping
using the Brain Extraction Tool (BET; http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/BET)23 from FSL,23-26 3) removing radiofrequency
inhomogeneity using N4 Bias Field Correction (https://simpleitk.
readthedocs.io/en/master/link_N4BiasFieldCorrection_docs.html),27

and 4) normalizing intensity to zero-mean and unit variance. The
preprocessing took,5minutes per dataset.

Network Details
Transfer learning for determination of MGMT promoter status
was implemented using our previously trained 3D-IDH net-
work.20 The decoder part of the network was fine-tuned for a
voxelwise dual-class segmentation of the whole tumor, with 1
and 2 representing methylated and unmethylated MGMT pro-
moter types, respectively. The network architecture is shown in
Fig 2B. A detailed schematic of the network is provided in the
Online Supplemental Data.

Network Implementation and Cross-Validation
To generalize the network’s performance, we performed a 3-fold
cross-validation. The dataset of 247 subjects was randomly shuffled

Cross-validation results

Fold Description MGMT-Net
Fold Number % Accuracy AUC Dice score
Fold 1 95.12 0.9574 0.8140
Fold 2 93.98 0.8978 0.8165
Fold 3 95.12 0.9390 0.8291
Average 94.73 0.93 0.82

[SD, 0.66] [SD, 0.03] [SD, 0.008]

Note:—AUC indicates area under the curve.

FIG 1. Ground truth whole-tumor masks. Red voxels represent
methylated MGMT promoter status (values of 1) and blue voxels
represent unmethylated MGMT promoter status (values of 2). The
ground truth labels have the same MGMT promoter status for all
voxels in each tumor.
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and distributed into 3 groups (approximately 82 subjects for each
group). Group 1 had 82 subjects (54 methylated, 28 unmethylated),
group 2 had 83 subjects (55 methylated, 28 unmethylated),
and group 3 had 82 subjects (54 methylated, 28 unmethylated).
The 3 groups alternated among training, in-training validation,
and held-out testing groups so that each fold of the cross-valida-
tion was a new training phase based on a unique combination of
the 3 groups. The network uses the in-training validation dataset
to evaluate its learning after each training round and updates
model parameters to improve performance. However, the network
performance is reported only on the held-out testing group for
each fold because it is never seen by the network. The group mem-
bership for each cross-validation fold is listed in the Online
Supplemental Data.

Seventy-five percent overlapping 3D patches (size: 32 � 32 �
32 voxels) were extracted from the training and in-training vali-
dation dataset. The patch extraction was performed as a transla-
tion in the x-y-z-plane. During training, only patches with at least
1 tumor voxel were included; thus, the number of patches
included per training cases varied depending on the size of the

tumor. For testing however, the entire image was sampled,
including background masked voxels (of value zero). No patch
from the same subject was mixed with the training, in-training
validation, or testing datasets to prevent the problem of data leak-
age.28,29 Data augmentation steps included horizontal and vertical
flipping, random and translational rotation, the addition of salt
and pepper noise, the addition of Gaussian noise, and projective
transformation. Additional data augmentation steps included
down-sampling images by 50% and 25% (reducing the voxel re-
solution to 2 and 4 mm3). The data augmentation provided a
total of approximately 300,000 patches for training and 300,000
patches for in-training validation for each fold. The networks
were implemented using the Tensorflow30 backend engine, the
Keras31 Python package, and an Adaptive Moment Estimation
optimizer (Adam).32 The initial learning rate was set to 10�5 with
a batch size of 15 and maximal epochs of 100 for each fold.

MGMT-net outputs 2 segmentation volumes (V1 and V2),
which are combined to generate the voxelwise prediction of
methylated and unmethylated MGMT promoter tumor voxels,
respectively. The 2 volumes are fused, and the largest connected

FIG 2. A,MGMT-net overview. Voxelwise classification ofMGMT promoter status is performed to create 2 volumes (methylated and unmethy-
latedMGMT promoter). Volumes are combined using Dual Volume Fusion to eliminate false-positives and generate a tumor-segmentation vol-
ume. Majority voting across voxels is used to determine the overallMGMT promoter status. B, Network architecture forMGMT-net. 3D-dense-
UNets are used with 7 dense blocks, 3 transition-down (TD) blocks, and 3 transition-up (TU) blocks. Conv indicates convolution layer.
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component (the 3D-connected component algorithm in Matlab
[MathWorks]) is obtained as the single tumor-segmentation map.
Majority voting over the voxelwise classes of methylated or unmethy-
lated type provided a single MGMT promoter classification for each
subject. Tesla V100s, P100, P40, and K80 NVIDIA-GPUs were used
to implement the networks. This MGMT promoter determination
process is fully automated, and a tumor segmentation map is a natu-
ral output of the voxelwise classification approach.

Statistical Analysis
Statistical analysis of the network’s performance was performed in
Matlab and R statistical and computing software (http://www.r-
project.org/). Network accuracies were evaluated using majority
voting (ie, a voxelwise cutoff of 50%). The accuracy, sensitivity,
specificity, positive predictive value, and negative predictive value
of the model for each fold of the cross-validation procedure were
calculated using this threshold. Receiver operating characteristic
curves for each fold were generated separately. Dice scores were
calculated to evaluate the tumor-segmentation performance of the
networks. The Dice score calculates the spatial overlap between the
ground truth segmentation and the network segmentation.

RESULTS
The network achieved a mean cross-validation testing accuracy of
94.73% across the 3 folds (95.12%, 93.98%, and 95.12% [SD,

0.66%]). Mean cross-validation sensi-
tivity, specificity, positive predictive
value, negative predictive value, and
area under the curve for the MGMT-
net was 96.31% [SD, 0.04%], 91.66%
[SD, 2.06%], 95.74% [SD, 0.95%],
92.76% [SD, 0.15%], and 0.93 [SD,
0.03], respectively. The mean cross-val-
idation Dice score for tumor segmenta-
tion was 0.82 [SD, 0.008] (Table). The
network misclassified 4 cases for fold
one, 5 cases for fold 2, and 4 cases for
fold three (13 total of 247 subjects). Six
subjects were misclassified as unmethy-
lated, and 7, as methylated.

Receiver Operating Characteristic
Analysis
The receiver operating characteristic
curves for each cross-validation fold
for the network are provided in Fig 3.
The network demonstrated very good
performance with high sensitivities
and specificities.

Voxelwise Classification
The network is a voxelwise classifier
with the tumor segmentationmap being
a natural output. Figure 4 shows exam-
ples of the voxelwise classification for
methylated and unmethylated MGMT
promoter types, respectively. The vol-

ume-fusion procedure was effective in removing false-positives and
improving the Dice scores by approximately 6%. We also computed
the voxelwise accuracy for the network. The mean voxelwise accura-
cies were 81.68% [SD, 0.02%] for methylated type and 70.83% [SD,
0.04%] for unmethylated type.

Training and Segmentation Times
Fine-tuning the network took approximately 1 week. The trained
network took approximately 3 minutes to segment the whole tu-
mor and determine theMGMT status for each subject.

DISCUSSION
We developed a fully-automated, highly accurate, deep learning
network for determining the methylation status of theMGMT pro-
moter that outperforms previously reported algorithms.33-35 Our
network is able to determine MGMT promoter methylation status
from T2WI alone. This eliminates potential failures from image-
acquisition artifacts and makes clinical translation straightforward
because T2WI is routinely obtained as part of standard clinical
brain MR imaging. Previous approaches have required multicon-
trast input, which can be compromised due to patient motion
from lengthier examination times and the need for gadolinium
contrast. Obviating the need for intravenous contrast makes our
algorithm applicable to patients with contrast allergies and renal
failure. Compared with previously published algorithms, our

FIG 3. Receiver operating characteristic (ROC) analysis for MGMT-net. Separate curves are plot-
ted for each cross-validation fold along with corresponding area under the curve (AUC) value.
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methodology is fully automated and uses minimal preprocessing.
The time required for theMGMT-net to segment the whole tumor
and predict the MGMT promoter methylation status for 1 subject
is approximately 3minutes on a K80 or P40 NVIDA-GPU.

Other groups have also proposed deep learning methods for
noninvasive, image-based MGMT molecular profiling, but each
of these has several limitations. Korfiatis et al9 implemented a
2D-based slice-wise network, pre-selecting only cases of glioblas-
toma multiforme for training and prediction. While they
achieved a high slice-wise accuracy, their average subject-wise
MGMT prediction accuracy was only 90%. Most important, in
clinical practice, the tumor grade is unknown a priori. Thus, the
approach of Korfiatis et al is a nonviable clinical method from the
outset. Our approach of using a mix of low-grade and high-grade
gliomas is a better approximation of the real-world clinical work-
flow in which tissue is not yet available.

Similar to the work of Korfiatis et al, Chang et al35 also imple-
mented a 2D-network, but instead used a case mix like ours (low-
grade and high-grade gliomas from the TCIA/TCGA). However,
they were only able to achieve an MGMT prediction accuracy of
83% (range, 76%–88%), and their network required tumor pre-
segmentation. Our algorithm far outperformed the approach of
Chang et al on a similar dataset without the need for presegmen-
tation. Additionally, it is unclear whether 2D algorithms of either
Korfiatis et al9 or Chang et al35 addressed the issue of “data leak-
age.”28,29 This is a potentially significant limitation for 2D net-
works that can occur during the slice-wise randomization process
if different slices of the same tumor from the same subject are
mixed among training, validation, and testing datasets. Unless
this is explicitly addressed during the slice-randomization

procedure, the reported accuracies can be upwardly biased. Our
approach outperforms all prior reports on noninvasive determi-
nation ofMGMT status and is the first to achieve tissue-level per-
formance, representing a milestone in the clinical viability of MR
imaging–basedMGMT promoter status prediction.

The higher performance achieved by our network compared
with previous image-based classification studies can be explained
by several factors. The dense connections in our 3D network
architecture are easier to train, carry information from the previ-
ous layers to the following layers, and can reduce over-fitting.36,37

3D networks also interpolate between slices to maintain interslice
information more accurately. The Dual Volume Fusion postpro-
cessing step improved the Dice scores by approximately 6% by
eliminating extraneous voxels not connected to the tumor. Our
approach also uses voxelwise classifiers and provides a classifica-
tion for each voxel in the image. These steps provide simultane-
ous single-label tumor segmentation. The cross-validation single-
label whole-tumor segmentation performance for the MGMT
network provided excellent Dice scores of 0.82 [SD, 0.008].

The ability to determine MGMT promoter methylation status
on the basis of MR images alone is clinically significant because it
helps determine whether the glioma will be susceptible to temo-
zolomide (TMZ). Alkylating agents such as temozolomide dam-
age DNA by methylating the oxygen at position 6 of the guanine
nucleotide (O6-methylguanine). The process by which many
DNA repair enzymes remove O6-methylguanine, results in DNA
breaks, culminating in cell death. However,MGMT works differ-
ently by restoring the normal guanine residue and rescuing the
glioma cell. Therefore,MGMT activity leads to resistance to ther-
apy. Methylation of theMGMT promoter leads to inactivation of

FIG 4. A, An example of voxelwise segmentation for a tumor with a methylatedMGMT promoter: native T2WI (a), ground truth segmentation
(b), and network output after Dual Volume Fusion (c). Red voxels correspond toMGMTmethylated class, and blue voxels correspond toMGMT
unmethylated class. B, An example of voxelwise segmentation for a tumor with an unmethylated MGMT promoter. The sharp borders visible
between methylated and unmethylated types result from the patch-wise classification approach.
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MGMT and loss of resistance of glioma cells to alkylating agents.
The MGMT protein is encoded on the long arm of chromosome
10 at position 26 (10q26). Transcription of the MGMT gene is
regulated by several promoters.29

Although incompletely understood, at least 9 specific regions
within the promoter’s gene determine whether a cell will express
or not express MGMT.29 However, some regions have been
shown to be more important for loss of MGMT expression.38 In
the clinical setting, methods for determiningMGMTmethylation
focus on these regions in the promoter gene. The 4 most preva-
lent methods to detect MGMT methylation are the following:
immunohistochemistry, pyrosequencing, quantitative methyla-
tion-specific polymerase chain reaction (PCR), and methylation-
specific PCR. Pyrosequencing is considered the theoretic
criterion standard but is not readily available, and although it is
quantitative, there is no agreement on what cutoff values to use
when determining MGMT promoter methylation status.30

Therefore, although it is not quantitative, methylation-specific
PCR is the most widely used method.39 Additionally, most cen-
ters perform MGMT methylation detection on formalin-fixed or
paraffin-embedded tissue specimens. These methods have several
limitations. Evaluating multiple different methylation sites is
technically challenging on a single tissue specimen.39 Tumor het-
erogeneity poses a substantial limitation of these methods because
sampling bias can lead to inaccurate determinations. The presence
of hemorrhage, necrosis, or nonmalignant cells contaminates the
specimen.39 Therefore, some institutions mandate that at least 50%
of the sample to be analyzed contains tumor cells. Prior to PCR,
several tissue-processing steps are required. Bisulfite treatment is
the most critical step because it will produce the modified DNA
that will be used for PCR; however, it also degrades the amount of
DNA available, and incomplete treatment can lead to false-positive
results.39 The reported sensitivity and specificity of methylation-
specific PCR is 91% and 75%, respectively, while the reported sen-
sitivity and specificity of pyrosequencing is 78% and 90%.32

Our noninvasive, MR imaging–based deep learning algorithm
outperformed these methods with a sensitivity and specificity of
96.3% and 91.6%, respectively. The overall determination of
MGMT promoter methylation status is based on the majority
voxels in the tumor. Given the variability in the cutoff values for
pyrosequencing-based detection, we performed a Youden statisti-
cal index analysis to determine whether the optimal cutoff for
our deep learning algorithm was different from majority voting
(.50%). The analysis demonstrated that maximum accuracy,
sensitivity, specificity, positive predictive value, and negative pre-
dictive value were obtained at an optimal cutoff of 50%, the same
as majority voting.

Our algorithm was trained on ground truth obtained from the
TCGA data base. TCGA uses the Infinium Methylation Assay
(https://www.illumina.com/science/technology/microarray/
infinium-methylation-assay.html) to determine MGMT pro-
moter methylation status.40–42 Infinium Methylation Assays are
an immunofluorescence method that uses next-generation high-
throughput microchip arrays and probes. While these methods
have been reported to be more sensitive and specific than the
most widely available clinical assays, they require pre-existing
probes to detect specific methylation sites.42 The sensitivity and

specificity values change depending on the probe and analytic
model used to interpret the results.42 The sensitivities for the best
probes range from 87.5% to 90.6%, while the specificity is
94.4%.42 The overall accuracy of these probes with an optimized
analytic model ranges from 91.24% to 93.6%.34 The accuracy of
the commercially available Infinium Methylation Assay with the
best analytic model is 92%.34 Our algorithm outperforms this
assay with a mean cross-validation testing accuracy of 94.73%.
While the algorithm appears to outperform the ground truth,
there are additional factors that need to be considered for this
dataset. The TCGA data base used very stringent tissue screening
before molecular testing, including review of tissue to ensure a
minimum of 80% tumor nuclei and a maximum of 50% necrosis
with additional quality-control measurements of the extracted
DNA and RNA before analyses. Additionally, the MGMT deter-
minations made in the TCGA data base were verified by a sec-
ondary test.43 Thus, the reported accuracy of the Infinium
Methylation Assay is not necessarily comparable with the accu-
racy in TCIA/TCGA datasets. It is also possible that the algorithm
learns features that allow it to perform better than the single-site
tissue-biopsy sample ground truth performance because the algo-
rithm “samples” the entire tumor and learns imaging features
that are specific toMGMTmutation.

Tissue-based methods for determining MGMT promoter
methylation status remain a complex, multistep process that is
susceptible to failure and inaccuracy even after an adequate tissue
sample has been obtained. Thus, the ability to determine MGMT
promoter methylation status on the basis of routine T2WI alone
is highly desirable. Additionally, because our algorithm was
trained and evaluated on the multi-institutional TCIA database,
it is a better representative of algorithm robustness, real-world
performance, and potential clinical use than the previously
reported methods.25

The algorithm misclassified 13 cases: Six subjects were mis-
classified as unmethylated, and 7, as methylated. Despite these
misclassifications, our network achieved a mean cross-validation
testing accuracy of 94.73%, which is higher than that for the
methylation-specific PCR, pyrosequencing (PYR), and Infinium
Methylation Assays.42 While these tissue-based methods require
an invasive procedure and subsequent tissue processing for at
least 48 hours, our deep learning algorithm can segment the
entire glioma and determine MGMT promoter methylation sta-
tus in 3minutes. The deep learning algorithm can also be fine-
tuned to variations in institutional MR imaging scanners, while
other tissue-based methods currently lack standardization as
mentioned above.

The limitations of our study are that deep learning studies
require large amounts of data and the relative number of subjects
with MGMT promoter methylation is small in the TCGA data-
base. While the number of subjects may seem small, we used a
patch-based algorithm with data augmentation, which provided
well over 300,000 samples (patches) for training and validation.
Additionally, acquisition parameters and imaging vendor plat-
forms vary across imaging centers that contribute data, though
this may also be a regarded as a desirable aspect for the generaliz-
ability of the approach. Our current classification approach uses a
largest connected component step to limit false-positives. As a
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consequence, multifocal tumors represent a potential limitation.
Despite these caveats, our algorithm demonstrated high accuracy
in determiningMGMT promoter methylation status approaching
tissue-level performance.

CONCLUSIONS
We demonstrate high accuracy in determiningMGMT promoter
methylation status using only T2WI. This represents an impor-
tant milestone toward using MR imaging to predict glioma histol-
ogy, prognosis, and appropriate treatment.
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ORIGINAL RESEARCH
ADULT BRAIN

MGMT Promoter Methylation Status in Initial and
Recurrent Glioblastoma: Correlation Study with DWI and

DSC PWI Features
H.J. Choi, S.H. Choi, S.-H. You, R.-E. Yoo, K.M. Kang, T.J. Yun, J.-h. Kim,

C.-H. Sohn, C.-K. Park, and S.-H. Park

ABSTRACT

BACKGROUND AND PURPOSE: O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status in primary and
recurrent glioblastoma may change during treatment. The purpose of this study was to correlate MGMT promoter methylation sta-
tus changes with DWI and DSC PWI features in patients with recurrent glioblastoma after standard treatment.

MATERIALS AND METHODS: Between January 2008 and November 2016, forty patients with histologically confirmed recurrent glioblas-
toma were enrolled. Patients were divided into 3 groups according to the MGMT promoter methylation status for the initial and recurrent
tumors: 2 groups whose MGMT promoter methylation status remained, group methylated (n¼ 13) or group unmethylated (n¼ 18), and 1
group whose MGMT promoter methylation status changed from methylated to unmethylated (n¼ 9). Normalized ADC and normalized rel-
ative CBV values were obtained from both the enhancing and nonenhancing regions, from which histogram parameters were calculated.
The ANOVA and the Kruskal-Wallis test followed by post hoc tests were performed to compare histogram parameters among the 3
groups. The t test and Mann-Whitney U test were used to compare parameters between group methylated and group methylated to
unmethylated. Receiver operating characteristic curve analysis was used to measure the predictive performance of the normalized relative
CBV values between the 2 groups.

RESULTS: Group methylated to unmethylated showed significantly higher means and 90th and 95th percentiles of the cumulative
normalized relative CBV values of the nonenhancing region of the initial tumor than group methylated and group unmethylated
(all P, .05). The mean normalized relative CBV value of the nonenhancing region of the initial tumor was the best predictor of
methylation status change (P, .001), with a sensitivity of 77.78% and specificity of 92.31% at a cutoff value of 2.594.

CONCLUSIONS:MGMT promoter methylation status might change in recurrent glioblastoma after standard treatment. The normal-
ized relative CBV values of the nonenhancing region at the first preoperative MR imaging were higher in the MGMT promoter
methylation change group from methylation to unmethylation in recurrent glioblastoma.

ABBREVIATIONS: CCRT ¼ concurrent chemoradiation therapy; EGFR ¼ epidermal growth factor receptor; GBM ¼ glioblastoma; IDH ¼ isocitrate dehydro-
genase; MGMT ¼ O6-methylguanine-DNA methyltransferase; MM = methylated; MU ¼ methylation to unmethylation; nADC ¼ normalized ADC; NER ¼ non-
enhancing region; nrCBV ¼ normalized relative CBV; rCBV ¼ relative CBV; TMZ ¼ temozolomide; UU ¼ unmethylated; VASARI ¼ Visually Accessible
Rembrandt Images; WHO ¼ World Health Organization

G lioblastoma (GBM) is the most common malignant brain tu-
mor and has a poor prognosis, with a median survival time of

12–15months, even after operation followed by concurrent chemo-
radiation therapy (CCRT) with adjuvant temozolomide (TMZ).1

Patients with GBM containing a methylated O6-methylguanine-
DNAmethyltransferase (MGMT) gene promoter are associated with
a favorable outcome after TMZ chemotherapy, whereas patients
with an unmethylated MGMT promoter do not have such a bene-
fit.2 TheMGMT gene encodes a DNA repair protein involved in the
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removal of TMZ-induced damaged DNA, and epigenetic silencing
by methylation of its promoter on the O6 position of guanine is
correlated with the cytotoxic effect of TMZ.3 MGMT promoter
methylation is reported to be present in 35%–75% of GBMs.4

Pseudoprogression after CCRT is more common in tumors with
MGMT promoter methylation in GBM, and methylation of the
MGMT promoter should be considered when interpreting follow-
up MR imaging.5

MGMT promoter methylation status in primary and recurrent
GBM may change during treatment.3,6,7 Some authors have sug-
gested that reduced MGMT promoter methylation in recurrent
GBM after TMZ treatment is one of the mechanisms for the ac-
quisition of therapeutic resistance; however, controversy remains
as to whether changes in the methylation status of the MGMT
promoter may be a prognostic factor for recurrent GBM.8,9

Many authors have reported the relationships of MGMT pro-
moter methylation status and imaging features, including CT,
DWI, DSC PWI, or DTI, in patients with high-grade glioma or
GBM before treatment.10-13 However, to our knowledge, there has
been no previous report regarding the correlation of DSC PWI
and DWI with changes in theMGMT promoter methylation status
in recurrent GBM. Therefore, the purpose of our study was to cor-
relate changes in the MGMT promoter methylation status with
DSC PWI and DWI features in patients with recurrent GBM after
standard treatment.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
board of Seoul National University Hospital. The requirement for
informed consent was waived. One hundred one patients with ana-
plastic astrocytoma or GBM who underwent surgical resection and
a second operation for suspected recurrence at our hospital between
January 2008 and November 2016 were screened for this study
from the neurosurgery data base. The inclusion criteria were as fol-
lows: 1) histopathologic diagnosis of anaplastic astrocytoma or
GBM based on the World Health Organization (WHO) 2016 crite-
ria at the initial operation; 2) histopathologic diagnosis of recurrent
GBM based on theWHO 2016 criteria at the second operation; and

3) a CCRT and adjuvant TMZ-based regimen between the opera-
tions. Sixty-one patients were excluded because of the following: 1)
unavailable pathologic specimen from either operation (n¼ 15); 2)
unavailable appropriate MR imaging from either operation
(n¼ 22); and 3) a third and fourth operation (n¼ 24).

Finally, 40 consecutive patients (20 men, 20 women; mean
age, 49.85 years; range, 21–74 years) were included in the present
study. We reviewed the clinical characteristics of each patient,
including age, sex, preoperative Karnofsky Performance Status
score at the first and second operation,MGMT promoter methyl-
ation status, isocitrate dehydrogenase (IDH) 1 or 2 mutation sta-
tus, epidermal growth factor receptor (EGFR) amplification
results at each operation, radiation dose, TMZ cycles, and treat-
ment options after the second operation from the electronic med-
ical records of our institution. These patients were divided into 3
groups according to the MGMT promoter methylation status of
the initial and recurrent tumors: unchanged MGMT promoter
methylation status, further divided into methylated (group MM,
n¼ 13) and unmethylated (group UU, n¼ 18), and changed
MGMT promoter methylation status from methylation to unme-
thylation (group MU, n¼ 9) (Fig 1). The extent of resection was
defined on the basis of immediate postoperative MR imaging
obtained within 24–72hours after the operation.14

Imaging Acquisition
A total of 80 MR images were obtained for 40 patients with 1.5T or
3T MR imaging scanners (3T Signa Excite [n ¼ 11], 1.5T Signa
HDxt [n¼ 17], and 1.5T Signa HDx [n¼ 1], GE Healthcare; 3T
Verio [n¼ 45], 3T Magnetom Trio [n¼ 3], 3T Magnetom Skyra
[n¼ 1], and 3T Biograph mMR [n¼ 1], Siemens; and 3T Ingenia
[n¼ 1], Philips Healthcare) with variable channel head coils (8-, 16-
, 32-, and 64-channel). Imaging sequences of the brain included
spin-echo or gradient-echo T1WI, FSE T2WI, FLAIR T2WI, SWI,
contrast-enhanced spin-echo or gradient-echo T1WI with gadobu-
trol (Gadovist; Bayer Schering Pharma) and DSC PWI. DWI was
performed with a single-shot spin-echo EPI sequence in the axial
plane with b-values of 0 and 1000 s/mm2. Using these data, we cal-
culated ADC maps on a voxel-by-voxel basis with the software that
was incorporated into the MR imaging unit. For DSC PWI, a sin-
gle-shot gradient-echo EPI sequence was used. Sixty images were
obtained in each section at intervals equal to the TR. After 4–5 time
points, a bolus of gadobutrol at a dose of 0.1mmol/kg of body
weight and a rate of 4mL/s was injected with an MR imaging–com-
patible power injector (Spectris; Medrad). The imaging parameters
of the MR imaging scanners are shown in the Online Supplemental
Data. Patients generally undergo MR imaging at presurgery, pre-
CCRT, immediate post-CCRT, and continued follow-up. The first
preoperative MR imaging for the initial tumor at presurgery and the
second preoperative MR imaging at recurrence were reviewed
(Online Supplemental Data).

Image Postprocessing and Analysis
Postprocessing and histogram analysis were performed
with dedicated software, NordicICE and Nordic TumorEX
(NordicNeuroLab), using the first preoperative and second pre-
operative MR images. Relative CBV (rCBV) was obtained with
an established tracer kinetic model for the first-pass data.15,16

FIG 1. Study design.
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Realignment for minimizing motion, g -variate fitting for reducing
the recirculation effect, and correction of the dynamic curve for
reducing the leakage effect were applied. To minimize variances in
the rCBV in an individual patient, we normalized the pixel-based
rCBV maps by dividing every rCBV value in a specific section by
the value in the unaffected contralateral deep white matter.17

Normalized ADC (nADC) values were obtained using the same
equation. Coregistrations between the contrast-enhanced T1WI
and the rCBV maps and between the contrast-enhanced T1WI
and the ADC maps were performed on the basis of geometric in-
formation stored in the respective datasets. The differences in sec-
tion thickness between images were corrected automatically by re-
slicing and coregistration, which were based on the underlying
structural images. Two neuroradiologists (H.J.C. and S.H.C. with 6
and 15 years of experience in neuroradiology, respectively) man-
ually defined the ROIs in consensus. To contain each complete
enhancing tumor and avoid macrovessels and cystic, hemorrhagic,
or necrotic portions, they drew ROIs on every tumor section on
contrast-enhanced T1WI using a semiautomatic method with sig-
nal intensity thresholds and seed-growing. To obtain exclusively
T2 hyperintense nonenhancing regions (NERs), we determined
exclusion ROIs (based on FLAIR and ROIs based on contrast-
enhanced T1WI) in the batch process.

After obtaining the total voxel values of the normalized rCBV
(nrCBV) and nADC of each enhancing region and the NER of
the tumor (Online Supplemental Data), we performed histogram
analysis as follows: The mean, 90th percentile, and 95th percentile
of nrCBV and the mean, 5th percentile, and 10th percentile of
nADC of histogram values were calculated. The ratios of the
nrCBV and nADC histogram values of the recurrent and initial
tumors were calculated by (nrCBVrecurrent/nrCBVinitial) and
(nADCrecurrent/ nADCinitial), respectively.

Selected conventional MR imaging features of the tumors were
recorded by a neuroradiologist (H.J.C.) according to the Visually
Accessible Rembandt Images (VASARI) feature scoring system for
human glioma.18 Preoperative tumor volumes based on contrast-
enhanced T1WI and FLAIR images were also measured.

Molecular/Genetic Analysis
Immunohistochemical staining was performed using a Bench
Mark XT (automated immunohistochemical slide staining sys-
tem; Roche Diagnostics). Immunohistochemistry was performed
on individual whole block sections using antibodies against the
IDH 1 R132H mutant protein (H09; Dianova, 1: 50). Sanger
sequencing was used to analyze the frequency of IDH 1 and 2
mutations. Labeled locus-specific EGFR SpectrumOrange/CEP7
SpectrumGreen dual color probes (Abbott Molecular) were used
to determine the status of the EGFR gene. MGMT-specific poly-
merase chain reaction using a methylation EZ Kit (https://www.
qiagen.com/us/listpages/ez1-kits/) was used to evaluate the meth-
ylation status of theMGMT promoter.

Statistical Analysis
Data for each parameter were assessed for normality with the
Kolmogorov-Smirnov test or Shapiro-Wilk normality test. The
ANOVA and the Kruskal-Wallis test followed by post hoc tests
were performed to compare histogram values among the 3

groups. Focusing on the initially methylated MGMT groups, we
used independent t tests and Mann-Whitney U tests to compare
group MM and group MU. Additionally, to evaluate the diagnos-
tic performance of the imaging parameters, we performed re-
ceiver operating characteristic curve analysis, and the area under
the curve was calculated to identify the optimal threshold for
maximizing sensitivity and specificity. Additionally, multivariable
logistic regression analysis was performed with statistically signif-
icant variables on univariable analysis. All statistical analyses
were performed using R statistical and computing software
(https://www.R-project.org) and MedCalc for Windows, Version
17.1 (MedCalc Software). A P value, .05 was considered statisti-
cally significant.

RESULTS
Clinical Characteristics
The clinical characteristics of the patients, including age, sex,
IDH mutation status, EGFR fluorescence in site hybridization
results (on primary and recurrent tumors), histopathology, surgi-
cal extent, first and second preoperative Karnofsky Performance
Status scores, postoperative treatment, and radiation dose after
the first operation were not significantly different among the 3
groups (Table 1).

Histogram Analysis
The mean, 90th percentile, and 95th percentile of the nrCBV val-
ues of the NER of the initial tumor were significantly higher in
group MU than in group MM and group UU (P ¼ 0.006, P ¼
0.001 and P, .001, respectively) (Online Supplemental Data and
Figs 2 and 3). The mean nADC of the NER of recurrent tumors
in group MU was significantly higher than that in group MM
and group UU (P, .001) (Online Supplemental Data). In addi-
tion, the ratio of the mean nADC values of the NER was also sig-
nificantly higher in group MU than in group MM and group UU
(P, .001) (Online Supplemental Data). There was no statistically
significant difference in the nrCBV or nADC values among the 3
groups in the enhancing region of the initial or recurrent tumors.
There was no significant difference in the nADC values in the
NER of the initial tumors among the 3 groups.

Imaging feature trends through time for each group are dem-
onstrated in the Online Supplemental Data.

Subgroup Analysis in Groups MM and MU
In the subgroup analysis, focusing on the initially methylated
MGMT promoter groups (group MM versus group MU), there
was no significant difference in the nADC or nrCBV values in
the enhancing region of the initial tumors (Online Supplemental
Data). In the NER of the initial tumors, the mean 90th percentile
and 95th percentile values of the nrCBV were higher in group
MM than in group MU (P¼ .002). For recurrent tumors, the
nrCBV values in the NER were not significantly different among
the 3 groups. In terms of the mean nADC value of the NER of
recurrent tumors, group MU showed significantly higher values
than group MM (P, .001).

Table 2 summarizes the diagnostic performance of the cumu-
lative histogram nrCBV and nADC values for discriminating sus-
tained MGMT methylation status (group MM) from changed
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MGMT methylation status (group MU) on the basis of the NER
of the initial tumor. The mean histogram value of the nrCBV in
the NER of the initial tumors showed the highest area under the
curve (0.889, P, .001; 95% CI, 0.682–0.982). Multivariable logis-
tic regression was performed with the statistically significant vari-
ables (mean, 90th percentile, and 95th percentile values of the
nrCBV of the NER of initial tumors and mean value of the nADC
of the enhancing region of recurrent tumors) on univariable anal-
ysis. Only the mean nrCBV value of the NER of the initial tumors
was significant (OR ¼ 9.53, P¼ 0.01; 95% CI, 1.575–57.703) in
multiple logistic regression analysis.

Conventional Imaging Features and Volume
Measurements among the 3 Groups
Several conventional imaging features based on the selected
VASARI scale showed no significant differences among
the 3 groups for initial and recurrent tumors (Online
Supplemental Data). Only the enhancing volumes of the
recurrent tumors of group UU were significantly larger than
those of group MU (P ¼ .03).

DISCUSSION
The results of the present study demonstrate that among
patients with recurrent GBM, the histogram parameters of the
nrCBV of the NER of tumors are higher for the group whose
MGMT promoter methylation status changed from methylated

Table 1: Clinical characteristics of the patientsa

Group MM (n= 13) Group UU (n= 18) Group MU (n= 9) Pb

Age (yr) 49.9 (SD, 14.3) 51.6 (SD, 14.5) 46.3 (SD, 11.1) .61
Sex .52
Female 7 (53.8%) 10 (55.6%) 3 (33.3%)
Male 6 (46.2%) 8 (44.4%) 6 (66.7%)

IDH 1 or 2 mutation .06
Negative 9 (90.0%) 14 (100.0%) 6 (66.7%)
Positive 1 (10.0%) 0 (0.0%) 3 (33.3%)

EGFR amplification: initial tumor .85
Negative 7 (53.8%) 10 (55.6%) 4 (44.4%)
Positive 6 (46.2%) 8 (44.4%) 5 (55.6%)
EGFR amplification: recurrent tumor .81
Negative 8 (66.7%) 10 (55.6%) 5 (55.6%)
Positive 4 (33.3%) 8 (44.4%) 4 (44.4%)

WHO grade: initial tumor .12
Grade III anaplastic astrocytoma 1 (7.7%) 0 (0.0%) 2 (22.2%)
Grade IV glioblastoma 12 (92.3%) 18 (100.0%) 7 (77.8%)
WHO grade: recurrent tumor
Grade IV 13 (100.0%) 18 (100.0%) 9 (100.0%)
Surgical extent .32
Total resection 11 (84.62%) 11 (61.11%) 7 (77.78%)
Subtotal resection 2 (15.4%) 0 (0.0%) 0 (0.0%)

1st preoperative KPS 100.0 (90.0–100.0) 92.5 (80.0–100.0) 100.0 (90.0–100.0) .41
2nd preoperative KPS 90.0 (80.0–100.0) 90.0 (70.0–100.0) 100.0 (90.0–100.0) .39
Postoperative treatment after 1st operation .42
CCRT/TMZ 11 (84.6%) 17 (94.5%) 8 (88.9%)
Hypo-CCRT/TMZ 2 (15.4%) 0 (0.0%) 0 (0.0%)
Hypo-CCRT 0 (0.0%) 1 (5.6%) 1 (11.1%)
Radiation dose (Gy) 61.0 (61.0–61.0) 61.0 (61.0–61.0) 61.0 (61.0–61.0) .69

Note:—KPS indicates Karnofsky Performance Status.
aData are number of patients, means [2 SDs] for normally distributed variables, or medians (interquartile ranges) for nonnormally distributed variables.
bP values were calculated using the Kruskal-Wallis test for nonparametric variables and the 1-way ANOVA for parametric variables.

FIG 2. Comparison of nrCBV histogram parameters across each group
of NER in the initial tumor. The mean, 90th percentile, and 95th percen-
tile of the nrCBV values of the NER of the initial tumor were signifi-
cantly higher in group MU than in group MM and group UU. Asterisks
represent statistically significant differences among groups. 90P indi-
cates the 90th percentile; 95P, the 95th percentile.
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to unmethylated than for the group whose MGMT promoter
methylation status was unchanged (either methylated or
unmethylated).

By repairing DNA damaged by alkylating agents such as TMZ,
the MGMT protein is thought to provide resistance against the cy-
totoxic effect of the anticancer drug.19 In addition, silencing the

Table 2: Diagnostic performance of the nrCBV values for discriminating unchanged MGMT methylation status (group MM) from
changed MGMT methylation status (group MU) on the basis of the NER of the initial tumor

Variable AUC Sensitivity (%) Specificity (%) Cutoff Standard Error 95% CI P
Initial tumor
nrCBV mean 0.889 77.78 92.31 .2.594 0.073 0.682–0.982 ,.0001
nrCBV 90P 0.846 88.89 76.92 .4.159 0.091 0.630–0.963 .0001
nrCBV 95P 0.855 66.67 92.31 .6.794 0.082 0.640–0.967 ,.0001

Note:—90P indicates 90th percentile; 95P, 95th percentile; AUC, area under the curve.

FIG 3. FLAIR images (A–C) and nrCBV maps (D–F) with corresponding cumulative histograms (G–I) for representative patients. A, D, G, A 34-year-
old woman in group MM. B, E, H, A 37-year-old woman in group UU. C, F, I, A 32-year-old man in group MU. The histogram values (mean, 90th
percentile, and 95th percentile) of the nrCBV in the NER of the tumors in group MU are higher than those in group UU or group MM.

AJNR Am J Neuroradiol 42:853–60 May 2021 www.ajnr.org 857



MGMT gene by promoter methylation achieves a therapeutic effect
by means of increasing sensitivity to alkylating agents.19 In routine
diagnostics, theMGMT promoter methylation status has predictive
and prognostic value.20 Many investigators have reported that
MGMT promoter methylation status may change from that of the
initial tumor when GBM recurs after treatment.3,6,7 This shift was
also observed in in vitro experiments with patient-derived GBM
cell lines.6,21 We found stability ofMGMT promoter methylation in
31 of 40 patients (77.5%) from the first to the second operation.
Nine of 40 (22.5%) patients showed changes in methylation status,
which was slightly higher than that reported in the latest meta-anal-
ysis (71/476, 14.9%).22 However, the range of changes in MGMT
promoter methylation is very wide, on the basis of the different
methods and cutoff values and the presence of selection bias.22

Meanwhile, conventional and advanced imaging features in
GBM based on MGMT promoter methylation have been studied
by many researchers. Previous studies revealed that tumors with
methylated MGMT promoters showed less aggressive imaging
features, including less edema, higher ADC, and low CBV val-
ues.10,23-25 However, conflicting results have also been reported,
indicating that the imaging features of tumors with methylated
MGMT promoters are not clearly distinguished from those with
an unmethylated status.10,13,26-28 As far as we know, there is no
previous work analyzing the imaging features associated with
MGMT promoter methylation changes after standard treatment.

In the present study, we focused on the imaging features of ini-
tial and recurrent tumors after treatment according to the change in
the MGMT promoter methylation status. There was no significant
difference in the nADC or nrCBV values among the groups in the
enhancing region of initial or recurrent tumors. However, in the
NER of initial tumors, the nrCBV values were higher in group MU
than in the other groups. The importance of the NER in GBM is
increasing in diagnostics, treatment, and prognosis.29-34 In a recent
study, the rCBV of the NER was a significant prognostic biomarker,
independent of morphologic features in GBM.35 In addition, the
volume transfer constant in the NER could be a potential prognostic
imaging biomarker in GBM.36,37 Blood perfusion in the tumor and
surrounding tissue may be related to the chemotherapeutic agent in
drug delivery.38 Yoo et al39 reported that an enhancing lesion with
a low volume transfer constant and ve (volume of extravascular
extracellular space) was more likely to progress because of its low
permeability or leakiness of the BBB, in which the delivery of TMZ
to viable tumor cells might be less effective during standard treat-
ment. A recent study about the combination of tumor perfusion
and MGMT promoter methylation indicated a potential interac-
tion effect in the treatment of recurrent GBM with TMZ.38 The
authors hypothesized that GBM contains immature vessels from
neoangiogenesis, which may influence drug delivery to the tumor
cells. Given that the therapeutic strategy of TMZ involves reduc-
tion of MGMT activity,40 it could be assumed that higher nrCBV
in the NER of the tumor could be related to depleting the methyl-
atedMGMT. Further studies are necessary to evaluate whether epi-
genic alterations during the clinical course of the disease are
related to the perfusion feature of the remaining tumor burden.

In recurrent GBM, treatment strategies are less established.41

Systemic chemotherapy is one option for treatment, but no che-
motherapeutic agents showed major differences in efficacy.

Nevertheless, TMZ rechallenge in patients withMGMT promoter
methylation is a reasonable option.38 In patients with an unme-
thylated MGMT promoter, another treatment option can be sug-
gested according to the results from the recurrent tumor.42 PWI
provides information on nrCBV in a noninvasive manner, and
we suggest that it should be considered in deciding the follow-up
duration or treatment option for patients with higher mean
nrCBVs in the NER of primary tumors with MGMT promoter
methylation. The clinical impact and imaging features should be
further investigated.

This study has some limitations, including its retrospective
nature and small cohort size. First, because different scanners
were used to acquire MR imaging data, there was inherent heter-
ogeneity in the raw data and postprocessing steps. To overcome
this limitation, we used normalized values for the CBV and ADC
values to standardize the data and postprocessing leakage correc-
tion to obtain the CBV values. Second, the evaluation of MGMT
promoter methylation with an MGMT-specific polymerase chain
reaction has some technical issues.43 Furthermore, hemimethyl-
ated promoters were not considered in the MGMT evaluation.43

Nevertheless, MGMT-specific polymerase chain reaction is a
widely accepted method with a significant correlation with
MGMT activity.9 Third, the results ofMGMT promoter methyla-
tion status were tested in surgical specimens obtained primarily
from enhancing tumors. There have been reports about differen-
ces in MGMT promoter methylation and expression, depending
on the sampling area in the GBM.44 However, MGMT promoter
methylation is usually seen as homogeneous within the tumor.45

We did not examine serial sections of the tumor, hypothesizing
that MGMT promoter methylation in the specimens was homo-
geneous. Further studies are needed to address the issue of intra-
tumoral heterogeneity in MGMT promoter methylation. Fourth,
3 anaplastic astrocytomas were included in the first operation.
The inclusion criteria were patients with recurrent glioblastoma
who had primarily surgery and TMZ-based CCRT followed by
adjuvant TMZ. Therefore, 3 anaplastic astrocytomas were
included in the first operation. We re-tested after removal of the
3 cases and found that there was no significant change in the
results (Online Supplemental Data).

CONCLUSIONS
MGMT promoter methylation status might change in recurrent
GBM after standard treatment. The nrCBV values of the NER at
the first preoperative MR imaging were higher in theMGMT pro-
moter methylation change group from methylation to unmethy-
lation in recurrent GBM.

Disclosures: Seung Hong Choi—RELATED: Grant: governmental grants.* Chul-Kee
Park—UNRELATED: Employment: Seoul National University Hospital. *Money paid
to the institution.
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ORIGINAL RESEARCH
ADULT BRAIN

Traumatic Cerebral Microbleeds in the Subacute Phase Are
Practical and Early Predictors of Abnormality of the Normal-

Appearing White Matter in the Chronic Phase
A.W. van der Eerden, T.L. van den Heuvel, V. Perlbarg, P. Vart, P.E. Vos, L. Puybasset, D. Galanaud, B. Platel,

R. Manniesing, and B.M. Goraj

ABSTRACT

BACKGROUND AND PURPOSE: In the chronic phase after traumatic brain injury, DTI findings reflect WM integrity. DTI interpretation in
the subacute phase is less straightforward. Microbleed evaluation with SWI is straightforward in both phases. We evaluated whether the
microbleed concentration in the subacute phase is associated with the integrity of normal-appearing WM in the chronic phase.

MATERIALS AND METHODS: Sixty of 211 consecutive patients 18 years of age or older admitted to our emergency department #24
hours after moderate to severe traumatic brain injury matched the selection criteria. Standardized 3T SWI, DTI, and T1WI were
obtained 3 and 26weeks after traumatic brain injury in 31 patients and 24 healthy volunteers. At baseline, microbleed concentra-
tions were calculated. At follow-up, mean diffusivity (MD) was calculated in the normal-appearing WM in reference to the healthy
volunteers (MDz). Through linear regression, we evaluated the relation between microbleed concentration and MDz in predefined
structures.

RESULTS: In the cerebral hemispheres, MDz at follow-up was independently associated with the microbleed concentration at base-
line (left: B ¼ 38.4 [95% CI 7.5–69.3], P¼ .017; right: B¼ 26.3 [95% CI 5.7–47.0], P¼ .014). No such relation was demonstrated in the
central brain. MDz in the corpus callosum was independently associated with the microbleed concentration in the structures con-
nected by WM tracts running through the corpus callosum (B¼ 20.0 [95% CI 24.8–75.2], P, .000). MDz in the central brain was in-
dependently associated with the microbleed concentration in the cerebral hemispheres (B¼ 25.7 [95% CI 3.9–47.5], P¼ .023).

CONCLUSIONS: SWI-assessed microbleeds in the subacute phase are associated with DTI-based WM integrity in the chronic phase.
These associations are found both within regions and between functionally connected regions.

ABBREVIATIONS: B ¼ linear regression coefficient; Bcmb-conc ¼ linear regression coefficient with microbleed concentration as independent variable;
Bcmb-nr ¼ linear regression coefficient with microbleed number as independent variable; MD ¼ mean diffusivity; MDz ¼ Z-score of mean diffusivity, normalized
to the healthy control participants; t1 ¼ 3 (2–5) weeks after TBI; t2 ¼ 26 (25–28) weeks after TBI; TAI ¼ traumatic axonal injury; TBI ¼ traumatic brain injury;
FA ¼ fractional anisotropy; MARS ¼ Microbleed Anatomical Rating Scale; GCS ¼ Glasgow Coma Scale

The yearly incidence of traumatic brain injury (TBI) is around
300 per 100,000 persons.1,2 Almost three-quarters of patients

with moderate to severe TBI have traumatic axonal injury (TAI).3

TAI is a major predictor of functional outcome,4,5 but it is mostly
invisible on CT and conventional MR imaging.6,7

DTI provides direct information on WM integrity and axonal
injury.5,8 However, DTI abnormalities are neither specific for TAI

nor stable over time. Possibly because of the release of mass effect
and edema and resorption of blood products, the effects of concom-
itant (non-TAI) injury on DTI are larger in the subacute than in
the chronic phase (.3months).4,9,10 Therefore, DTI findings are
expected to reflect TAI more specifically in the chronic than in the
subacute phase (1week–3months).4 Even in regions without con-
comitant injury, the effects of TAI on DTI are dynamic, possibly
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caused by degeneration and neuroplastic changes.6,11,12 These
ongoing pathophysiological processes possibly contribute to the
emerging evidence that DTI findings in the chronic phase are most
closely associated with the eventual functional outcome.12,13

Although DTI provides valuable information, its acquisition,
postprocessing, and interpretation in individual patients are
demanding. SWI, with which microbleeds can be assessed with
high sensitivity, is easier to interpret and implement in clinical
practice. In contrast to DTI, SWI-detected traumatic microbleeds
are more stable1 except in the hyperacute14,15 and the late chronic
phases.16 Traumatic cerebral microbleeds are commonly inter-
preted as signs of TAI. However, the relation is not straightfor-
ward. On the one hand, nontraumatic microbleeds may be
pre-existing. On the other hand, even if traumatic in origin, micro-
bleeds represent traumatic vascular rather than axonal injury.17

Indeed, TAI is not invariably hemorrhagic.18 Additionally, micro-
bleeds may secondarily develop after trauma through mechanisms
unrelated to axonal injury, such as secondary ischemia.18

DTI is not only affected by pathophysiological changes but also
by susceptibility.19 The important susceptibility-effect generated by
microbleeds renders the interpretation of DTI findings at the loca-
tion of microbleeds complex. In the chronic phase, mean diffusiv-
ity (MD) is the most robust marker of WM integrity.4,6 For these
reasons, we evaluated MD in the normal-appearingWM.

Much TAI research focuses on the corpus callosum because it is
commonly involved in TAI5,18,20 and it can reliably be evaluated
with DTI,5,21 and TAI in the corpus callosum is related to clinical
prognosis.6,20 The corpus callosum consists of densely packed WM
tracts that structurally and functionally connect left- and right-sided
brain structures.22 The integrity of the corpus callosum is associated
with the integrity of the brain structures it connects.23 Therefore,
microbleeds in brain structures that are connected through the cor-
pus callosum may affect callosal DTI findings. Analogous to this,
microbleeds in the cerebral hemispheres, which exert their function
throughWM tracts traveling through the deep brain structures and
brain stem,24,25 may affect DTI findings in theWM of the latter.

Our purpose was to evaluate whether the microbleed concen-
tration in the subacute phase is associated with the integrity of nor-
mal-appearing WM in the chronic phase. We investigated this
relation within the cerebral hemispheres and the central brain and
between regions that are functionally connected byWM tracts.

MATERIALS AND METHODS
We report a retrospective interpretation of prospectively collected
data within an observational follow-up cohort study in consecutive
patients with moderate to severe TBI and healthy volunteers,
approved by Radboud university medical center institutional
review board. All healthy volunteers and patients or their next of
kin gave written informed consent.

Study Design and Research Questions
We evaluated whether the microbleed concentration (number of
microbleeds per cm3) detected with SWI in the subacute phase of
TBI is correlated with MD of normal-appearingWM in the chronic
phase. MD was measured in the normal-appearing WM after the
exclusion of abnormalities based on an SWI-based mask drawn for
each patient. The research questions are specified in the Figure.

Patient Selection and MR Acquisition
All 211 consecutive patients 18 years of age or older having sus-
tained a moderate to severe TBI #24hours before presenting at
our level I trauma center emergency department were prospectively
screened for the exclusion criteria specified in the Online
Supplemental Data. Details of the patient selection process are
described in the Online Supplemental Data. Finally, this yielded
SWI, DTI, and T1WI data for 31 patients, obtained median 3
(interquartile range 2–5 [t1]) and median 26 (interquartile range
25–28 [t2]) weeks after TBI using a standardized trauma protocol
on a single 3T MR imaging scanner (Magnetom Trio, Siemens).
The Online Supplemental Data summarize the parameters of the
relevant MR imaging sequences.

Patient characteristics are summarized in the Online
Supplemental Data.

Healthy Volunteers
To increase generalizability and facilitate interpretation, we nor-
malized the patients’ MD values to those of 24 healthy volunteers,
scanned on the same MR imaging scanner with equal acquisition
parameters, and recruited as described in the Online Supplemental
Data. The section “DTI Processing” below describes the normaliza-
tion procedure.

Microbleed Anatomical Rating Scale Atlas
We manually segmented the standard brain in Montreal
Neurological Institute space26 into the regions specified in the
Microbleed Anatomical Rating Scale (MARS) scoring template.27 We
defined the following compound regions: 1) cerebral hemispheres
(left, right, and bilateral), 2) central brain region, and 3) structures
connected through the corpus callosum. See the Online Supplemental
Data for details and definitions of these compound regions.

Microbleed Evaluation
We detected microbleeds and allocated them to MARS regions as
described in the Online Supplemental Data. As recommended,27

we performed our analyses on definite microbleeds only. Per
patient, we calculated the microbleed concentration (cm�3) within
each anatomic region as the number of microbleeds divided by the
volume of the region under investigation on the T1-weighted scan
at t1 (cm3).

Creation of Susceptibility Mask
To rule out bias caused by the effect of susceptibility on DTI find-
ings,19 we created individual exclusion masks, eliminating from
the DTI measurements any potential source of susceptibility
related to trauma and its clinical management. See the Online
Supplemental Data for details.

DTI Processing
We extracted MD values from the normal-appearing WM of the
following compound regions: 1) cerebral hemispheres, 2) central
brain region, and 3) corpus callosum based on the ICBM-DTI-81
WM labels atlas designed by Mori et al.28 Definitions of these
compound regions and details of the DTI processing procedure
are described in the Online Supplemental Data. Regional MDs
were calculated for each patient and healthy volunteer as the
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averaged MD within each region, and the Z score of MD (MDz)
of each region was calculated as:

MDz ¼ MDp � MDv½ �
SDMDv

in which MDp is the patient’s MD, MDv is the mean MD of the
healthy volunteers, and SDMDv is the standard deviation of the
healthy volunteers’MD.

Blinding
The persons processing (T.v.d.H., B.P.) and interpreting the SWI
data (A.v.d.E., B.M.G.) had no access to clinical information nor

DTI results. V.P., who processed the DTI data, had no access to
clinical information nor to microbleed counts.

Statistical Analysis
Data were analyzed by P.V. (statistician) and A.v.d.E. using SPSS
25 statistical software (IBM).

We used 2-sample t-tests to test differences in MDz between
patients and healthy volunteers.

We used linear regression analyses to examine the relation
between the microbleed concentration and MDz, as specified in the
Figure. We adjusted for sex, age at the day of DTI, and time passed
from TBI to DTI acquisition (Table, multivariable model). Because
the severity of TBI is associated with both microbleeds17 and MD,3

FIGURE. Study design and research questions. Images are oblique coronal sections of the Montreal Neurological Institute brain, illustrating the
regions evaluated for each research question (image plane illustrated in the thumbnail image in the right lower corner). aNumber of microbleeds
per cm3 brain tissue. bZ-score of mean diffusivity. t1 indicates Moment of SWI-acquisition, i.e. 3 (2–5) weeks after TBI; t2, Moment of DTI-acquisition,
i.e. 26 (25–28) weeks after TBI; MARS atlas, Microbleed Anatomical Rating Scale atlas27; ICBM-DTI-81 atlas, the ICBM-DTI-81 white matter labels atlas
designed by Mori S et al.28
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it could confound the association between microbleeds and MD.
Therefore, we adjusted the analyses for the Glasgow Coma Scale
(GCS) score at the injury site (research question 2: Online
Supplemental Data; research question 1: results described in
the text). Because microbleed concentrations in different regions of
the same brain may covary, the associations in research question 2
could be confounded by the microbleed concentration in the region
of MD measurement. Therefore, we adjusted the analyses for the
microbleed concentration in the region of MD measurement
(Online Supplemental Data).

To facilitate clinical implementation of our findings, in addi-
tion to the linear regression coefficients for microbleed concen-
tration (Bcmb-conc), we also present the linear regression
coefficients for microbleed number (Bcmb-nr). These 2 coefficients
can be interpreted as follows: with each increase of the micro-
bleed concentration by 1/cm3, MDz increases with Bcmb-conc, but
with each additional microbleed, MDz increases with Bcmb-nr.

Differences with P, .05 were considered significant. Conti-
nuous variables are presented as median (interquartile range).
Categoric variables are presented as number (%). Regression coeffi-
cients are presented as linear regression coefficient (95% CI).

For a detailed description of the statistical procedures, please
refer to the Online Supplemental Data.

As discussed earlier, we choseMD as the DTI variable of interest.
To facilitate comparison with other papers, we performed the same
analyses with the more frequently reported fractional anisotropy
(FA). Please refer to the Online Supplemental Data for the results.

RESULTS
At t1, the 31 patients had a total of 856 microbleeds (median 24
[interquartile range, 14–35] per patient), anatomically distributed as
shown in Supplemental Online Table A4. MDz at t2 was higher in
patients than in healthy volunteers (Supplemental Online Table A4).

Associations within Regions (Research Question 1)
Within both of the cerebral hemispheres, MDz at t2was positively
associated with the microbleed concentration at t1 (Table and

Online Supplemental Data). This association was independent of
sex, age, and time passed from TBI to DTI acquisition (Table). It
was also independent of GCS score at the injury site (Bcmb-conc

30.3 [95% CI 11.5–49.1, P¼ .003] and 36.3 [95% CI 8.8–63.7,
P¼ .011] for microbleed concentration in the right and left cere-
bral hemisphere, respectively, in bivariable linear regression cor-
rected for GCS score). Within the central brain region, MDz was
not associated with the microbleed concentration (Table and
Online Supplemental Data).

Associations between Connected Regions (Research
Question 2)
MDz in the corpus callosum at t2 was positively associated with
the microbleed concentration in the structures connected through
the corpus callosum at t1 (Table and Online Supplemental Data)
even after correction for the microbleed concentration in the cor-
pus callosum itself (Online Supplemental Data). The 95% CIs of
Bcmb-conc in these 2 regions did not overlap (Online Supplemental
Data).

MDz in the central brain region was positively associated with
the microbleed concentration at t1 in the cerebral hemispheres
(Table and Online Supplemental Data) even after correction for
the microbleed concentration in the central brain region itself
(Online Supplemental Data).

All of these associations were independent of GCS score, sex,
age, and time passed from TBI to DTI acquisition (Table, Online
Supplemental Data).

See the Online Supplemental Data for the results of the equiv-
alent analyses with FA.

DISCUSSION
We have shown that as early as the subacute phase of TBI, micro-
bleeds are predictors of the integrity of normal-appearing WM in
the chronic phase. Microbleeds are not only predictive of WM in-
tegrity in the same region but also of WM integrity in function-
ally connected regions.

Association between microbleed concentrations at t1 and MDz at t2

Research
Question

Region of
Microbleed

Concentration

White Matter
Region of MD
Measurement

Univariable Multivariablea

Bcmb-conc

(95% CI, P)
Bcmb-nr

(95% CI)
Bcmb-conc

(95% CI, P)
Bcmb-nr

(95% CI)
1.a Cerebral hemispheres: Cerebral

hemispheres:
Left Left 35.2

(8.6–61.8, .011)
0.067
(0.016–0.117)

38.4
(7.5–69.3, .017)

0.073
(0.014–0.131)

Right Right 28.3
(11.1–45.5, .002)

0.055
(0.022–0.089)

26.3
(5.7–47.0, .014)

0.051
(0.011–0.091)

1.b Central brain region Central brain
region

8.2
(�8.5–24.9, .322)

0.024
(�0.025–0.074)

7.8
(�9.9–25.6, .374)

0.023
(�0.029–0.076)

2.a Structures connected
through the corpus
callosum

Corpus callosum 44.2
(23.6–64.8, .000)

0.041
(0.022–0.060)

20.0
(24.8–75.2, .000)

0.019
(0.023–0.070)

2.b Cerebral hemispheres Central brain
region

24.2
(6.8–41.5, .008)

0.024
(0.007–0.040)

25.7
(3.9–47.5, .023)

0.025
(0.004–0.046)

Note:–Results of linear regression analyses. None of the variables other than microbleed concentration is associated with MDz with P, .05 in the multivariable analyses.
aMultivariable linear regression analyses with the following independent variables: microbleed concentration, sex, age at the day of DTI imaging (years), and time passed
from TBI to DTI acquisition (weeks). MDz indicates Z-score of mean diffusivity; t1, 3 (2–5) weeks after trauma; t2, 26 (25–28) weeks after trauma; Bcmb-conc, linear regression
coefficient with microbleed-concentration as independent variable; Bcmb-nr, linear regression coefficient with number of microbleeds as independent variable.
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To our knowledge, this is the first study to address the associa-
tion between microbleeds detected early with SWI and later DTI
findings in normal-appearing WM in consecutive patients with
moderate to severe TBI.

Our findings are based on more microbleeds than the 3 previ-
ous studies on the relation between traumatic microbleeds and
DTI. Whereas our patients had a total of 856 microbleeds, occur-
ring in 30 patients (1 patient had no microbleeds), the patients
reported previously had only 97–138 microbleeds,29,30 occurring
in 14 and 29 patients,29,30 or an unreported number of micro-
bleeds, occurring in 8 patients.31 The relatively large amount of
microbleeds allowed us to correct for possible interfering factors
such as age, sex, GCS score, and time passed from TBI to DTI
acquisition.

The interpretation of our results is facilitated by the use of
microbleed concentrations and normalized MD values, which
enhance uniformity between regions with different volumes and
reference MD values. In contrast, previous groups quantified
their microbleed data using dichotomized,31 ordinal,29 or abso-
lute microbleed numbers in regions of varying volume30 and
used absolute values of the DTI variables.29-31

The inclusion of DTI findings inside the microbleeds29,31

by previous authors may have introduced possible confound-
ing by the effects of susceptibility on DTI findings.19 Two of
the previous studies detected microbleeds with a less sensitive
technique.29,31 Previous authors evaluated SWI and DTI
simultaneously at widely varying time points after TBI30 or
defined less clearly the timing of microbleed detection.31 They
defined their inclusion criteria less clearly30,31 or the severity
of TBI differed from our patients.30

Relation between Microbleeds and WM Integrity within
the Cerebral Hemispheres
Within both of the cerebral hemispheres, WM integrity in the
chronic phase is predictive of the microbleed concentration in
the subacute phase. This prediction is independent of GCS score,
sex, age, and time passed from TBI to DTI acquisition. Although
our data do not allow evaluation of the causality of this associa-
tion, our findings support the assessment of microbleeds in daily
practice because microbleeds are easier to evaluate in a clinical
setting than DTI, especially in the subacute phase. The relation
we found between microbleeds and WM integrity is consistent
with autopsy studies showing that MR imaging–detected micro-
bleeds are related to axonal necrosis,32 and anatomopathologic
microbleeds are related to axonal injury.33

Compatible with our findings, the 2 previous longitudinal MR
imaging studies found a lower FA in patients with microbleeds31

and inside callosal and cerebral hemispheric microbleeds.29 In con-
trast to the association we found between microbleeds and MD in
the cerebral hemispheres, Toth et al30 found no such association
within the subcortical WM. On the one hand, this suggests a rela-
tion between cortical microbleeds and integrity of the underlying
WM. On the other hand, the apparent difference between their
and our findings may partly rely on methodologic differences,
such as the different and widely varying timing of their scans, the
small number of microbleeds and of patients with microbleeds,
and the wide range of trauma severity.30

Relation between Microbleeds and WM Integrity in
Connected Regions
We have shown that microbleeds are predictive of WM abnor-
mality in functionally connected regions: microbleeds in struc-
tures connected by WM tracts running through the corpus
callosum are predictive of the integrity of the corpus callosum,
and microbleeds in the cerebral hemispheres are predictive of the
integrity of the central brain region.

Our findings suggest that the integrity of WM is not only
determined by nearby primary traumatic lesions but can also be
affected by distant traumatic lesions. Indeed, the distant relation
described earlier is independent of the microbleeds in the cor-
pus callosum and the central brain region themselves. The in-
tegrity of the corpus callosum is even more strongly predicted
by microbleeds in the connected regions than by local micro-
bleeds in the corpus callosum itself. Analogous to this, in the
central brain, the size of the regression coefficients suggests a
stronger association of abnormality with microbleeds in the cer-
ebral hemispheres than with microbleeds in the central brain,
though the difference is not statistically significant. The distant
effect of microbleeds could be an expression of degradation
within neural networks at distance of the primary injury,18 such
as the thalamocortical and pontothalamocortical deafferentia-
tion observed in patients with TBI.24 It could be mediated by
the axons or vessels involved in the primary injury, either by
functional deprivation of the corpus callosum and the central
brain, respectively or by biochemical changes within the long
axons or perivascular spaces.17

Consistent with our findings, Kumar et al31 found a
decreased MD in the corpus callosum only in the patients with
microbleeds, which were all outside the corpus callosum, and a
normal MD in the patients without microbleeds. Like us, Toth
et al30 found no local effect of microbleeds within the corpus
callosum on callosal integrity. Unlike us, they found no associa-
tion between microbleeds in the subcortical WM and integrity
of the normal-appearing callosal tissue. The methodologic dif-
ferences discussed earlier may have contributed to this lack of
association.30

Limitations
A potential bias results from the manual delineation of the micro-
bleeds and concomitant injury.

The limited number of patients did not allow us to assess the
potential prognostic value of microbleed concentration or of
MDz measurements.

Inherent to TBI research, the effects of injury severity and
concomitant intracranial injury on MD are difficult to disentan-
gle from the microbleeds’ effects. To minimize these effects, we
included GCS score in our analyses and measured MD outside
any concomitant lesions using the susceptibility mask.

Implications and Future Perspectives
We have shown that as early as the subacute phase of TBI, micro-
bleeds inform us on the expected integrity of normal-appearing
WM in the chronic phase and that this relation differs between
regions. The evidence of the prognostic value of DTI in the
chronic phase is growing,6,13 but in the subacute phase, DTI has
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less robust prognostic value, possibly because of the more
dynamic and heterogeneous pathophysiologic mechanisms influ-
encing DTI findings in that phase.6,11 The evidence for the prog-
nostic value of traumatic microbleeds is limited.17 Our findings
encourage a shift in the search for the prognostic value of micro-
bleeds to the use of their regional distribution and their concen-
tration instead of their number and a shift of attention to early
prognostication when microbleeds have the clear advantage of
stability over DTI.

The different relations we found between microbleeds and
MD and FA, respectively, may indicate that not only chronic
encephalopathic degeneration34 but also earlier stages of distant
effects of traumatic lesions develop in a centripetal way. The tim-
ing of DTI-evaluation in our study is at the border between the
subacute and the chronic stage. At that transitional stage, the pe-
ripheral brain may already be entering the chronic stage, but the
central brain is still in the subacute phase. This hypothesis should
be tested in further studies.

CONCLUSIONS
Whereas DTI interpretation is complex in the subacute phase of
TBI, microbleeds assessed with SWI in the subacute phase proved
to be predictive of DTI abnormalities of the normal-appearing
WM in the chronic phase. Associations are not only found within
regions but also between functionally connected regions. The lat-
ter are independent of the local microbleed concentration and
GCS score, indicating that microbleeds may exert effects at a
distance.
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ORIGINAL RESEARCH
ADULT BRAIN

Inversion Recovery Ultrashort TE MR Imaging of Myelin is
Significantly Correlated with Disability in

Patients with Multiple Sclerosis
H. Jang, Y.-J. Ma, E.Y. Chang, S. Fazeli, R.R. Lee, A.F. Lombardi, G.M. Bydder, J. Corey-Bloom, and J. Du

ABSTRACT

BACKGROUND AND PURPOSE:MR imaging has been widely used for the noninvasive evaluation of MS. Although clinical MR imag-
ing sequences are highly effective in showing focal macroscopic tissue abnormalities in the brains of patients with MS, they are
not specific to myelin and correlate poorly with disability. We investigated direct imaging of myelin using a 2D adiabatic inversion
recovery ultrashort TE sequence to determine its value in assessing disability in MS.

MATERIALS AND METHODS: The 2D inversion recovery ultrashort TE sequence was evaluated in 14 healthy volunteers and 31 patients
with MS. MPRAGE and T2-FLAIR images were acquired for comparison. Advanced Normalization Tools were used to correlate inversion
recovery ultrashort TE, MPRAGE, and T2-FLAIR images with disability assessed by the Expanded Disability Status Scale.

RESULTS: Weak correlations were observed between normal-appearing white matter volume (R ¼ –0.03, P¼ .88), lesion load
(R¼ 0.22, P¼ .24), and age (R¼ 0.14, P¼ .44), and disability. The MPRAGE signal in normal-appearing white matter showed a weak
correlation with age (R ¼ –0.10, P¼ .49) and disability (R ¼ –0.19, P¼ .31). The T2-FLAIR signal in normal-appearing white matter
showed a weak correlation with age (R¼ 0.01, P¼ .93) and disability (R¼ 0.13, P¼ .49). The inversion recovery ultrashort TE signal
was significantly negatively correlated with age (R ¼ –0.38, P¼ .009) and disability (R ¼ –0.44; P¼ .01).

CONCLUSIONS: Direct imaging of myelin correlates with disability in patients with MS better than indirect imaging of long-T2
water in WM using conventional clinical sequences.

ABBREVIATIONS: ANTs ¼ Advanced Normalization Tools; EDSS ¼ Expanded Disability Status Scale; GML ¼ long-T2 GM; GMS ¼ short-T2 GM; IR-UTE ¼
inversion recovery prepared UTE; NAWM ¼ normal-appearing white matter; UTE ¼ ultrashort TE; WML ¼ long-T2 WM; WMS ¼ short-T2 WM

MS is the most common demyelinating disease of the brain.1

Demyelination affects many aspects of neurologic function,
including speech, balance, and cognitive awareness. Across time,
this frequently leads to severe and irreversible clinical disability.
MR imaging has been widely used for accurate diagnosis of MS,
with current techniques focused on imaging the long-T2 water
components in WM and GM.2-4 MS lesions often appear hypoin-
tense with T1-weighted gradient recalled-echo sequences2 and
hyperintense with T2-weighted FSE and T2-weighted FLAIR

sequences.3 Active lesions can be highlighted with gadolinium-
enhanced imaging.4 The magnetization transfer ratio has been
used as an indirect marker of myelin disorder in regions of nor-
mal-appearing WM (NAWM).5 There are also several other
advanced imaging techniques for indirect myelin imaging via
assessment of myelin water, such as multicomponent T2 or T2*
analysis6,7 and direct visualization of components with short
transverse relaxation times.8,9

While conventional MR imaging sequences are highly effec-
tive in detecting focal macroscopic brain tissue abnormalities,
they are not specific for pathologic substrates of MS lesions such
as demyelination and remyelination, and they may not correlate
well with patients’ neurologic deficits. Current MR imaging tech-
niques correlate only modestly with disability assessed by the
Expanded Disability Status Scale (EDSS).10-15 The total lesion
load showed statistically significant-but-weak correlations with
the EDSS score in several large-scale studies (R¼ 0.1–0.3).10-12

Composite scores including relaxation times of different tissues
and/or volumetric measures generally correlate more strongly
with the EDSS score, with a maximum observed correlation of

Received May 17, 2020; accepted after revision November 16.

From the Departments of Radiology (H.J., Y.-J.M., E.Y.C., S.F., R.R.L., A.F.L., G.M.B.,
J.D.) and Neurosciences (J.C.-B.), University of California San Diego, San Diego,
California; and Radiology Service (E.Y.C., R.R.L.), VA San Diego Healthcare System,
San Diego, California.

This work was supported by grants from the National Institutes of Health (1R01
NS092650, T32 EB005970-09) and GE Healthcare.

Please address correspondence to Jiang Du, PhD, University of California San
Diego, Department of Radiology, 200 West Arbor Drive, San Diego, CA 92103-8226;
e-mail: jiangdu@ucsd.edu

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A7006

868 Jang May 2021 www.ajnr.org

https://orcid.org/0000-0002-3597-9525
https://orcid.org/0000-0003-0830-9232
https://orcid.org/0000-0003-3633-5630
https://orcid.org/0000-0002-9435-3004
https://orcid.org/0000-0001-5628-4151
https://orcid.org/0000-0002-6820-1779
https://orcid.org/0000-0002-8468-0087
https://orcid.org/0000-0001-9790-8610
https://orcid.org/0000-0002-9203-2450
mailto:jiangdu@ucsd.edu


R¼ 0.34 (P, .001).13 Lesions seen with gadolinium-enhanced
imaging are only moderately correlated with disability in the first 6
months and are not predictive of changes in the EDSS score in the
subsequent 1 or 2 years.14 A large-scale multicenter study reported
very limited correlation between the EDSS score and normalized
brain volume (R ¼ –0.18), cross-sectional area (R ¼ –0.26), mag-
netization transfer ratio of whole-brain tissue (R ¼ –0.16), and
GM (R¼ –0.17).15

The poor performance of conventional MR imaging sequences
in assessing disability highlights the need for novel MR imaging
techniques that can directly image myelin lipid and enable direct
assessment of both myelin damage and repair. However, myelin
has an extremely short transverse relaxation time and is not directly
detectable with conventional MR images, which typically have TEs
of several milliseconds or longer. Ultrashort TE (UTE) sequences
can directly detect signal from myelin with ultrashort T2 (ie,
excluding water with longer T2s).16-21 In this study, we describe
imaging of WM using a 2D adiabatic inversion recovery prepared
UTE (IR-UTE) sequence in healthy volunteers and patients with
MS and evaluate its performance in assessing disability in patients
with MS compared with 2 conventional clinical sequences.

MATERIALS AND METHODS
Imaging Subjects
A total of 31 patients with MS (21 women; 26–75 years of age;
mean, age 55.8 years) were recruited. All patients underwent a

complete neurologic examination with
an EDSS score at the time of MR imag-
ing by a neurologist with .30years of
experience. Another 14 healthy volun-
teers (5 women; 24–56 years of age;
mean age, 37.3 years) were also
recruited for comparison. Institutional
review board approval from Human
Research Protections Program at
University of California, San Diego
was obtained, and informed consent
was collected from each subject.

Pulse Sequence
A 2D IR-UTE sequence (Fig 1A) was
implemented on a 3T clinical MR imag-
ing scanner (MR750; GE Healthcare).
The sequence uses half sinc radio-
frequency pulses (duration¼ 472 ms,
bandwidth¼2.7 kHz) for excitation.19

Two excitations were performed with
the gradient polarity reversed on the
second occasion. The data from these
excitations were added to produce a sin-
gle radial line of k-space. After re-gridd-
ing, we reconstructed the raw data by
inverse Fourier transformation. Bipolar
slice-selective gradients and readout
gradients were used to help reduce eddy
currents.19

While a UTE sequence can detect signal from myelin protons,
the major challenge is the much higher signal obtained from water
in long-T2 WM and long-T2 GM (WML and GML in Fig 1).16

Because myelin represents only a small fraction of the total UTE sig-
nal, it is essential to suppress the WML signal to generate specific
images of myelin in WM. To do this, a relatively long adiabatic fast-
passage inversion pulse (Silver-Hoult pulse, duration= 8.64ms) was
used to invert the longitudinal magnetization of WML and
GML.

16-21 The transverse magnetization of myelin (WMS and GMS

in Fig 1) has an extremely short T2* and was saturated during the
long adiabatic inversion pulse.22 Data acquisition was started at the
TI necessary for the inverted longitudinal magnetization of WML to
reach its null point, leaving signals from myelin and other long-T2
tissues (eg, GML) to be detected by a dual-echo UTE acquisition.
The second echo acquired signals from non-nulled long-T2 tissues
such as GML but did not detect signal from myelin because the sig-
nal from this tissue decays to zero by the second TE. Subtraction of
the second echo image from the first one provided selective imaging
of the myelin in WM. Figure 1B describes this contrast mechanism.
Note that on the subtracted image using magnitude reconstruction,
myelin in WM has a positive signal, while ultrashort T2 compo-
nents, including myelin in GM, have a negative signal (Fig 1C).

Image Acquisitions
Clinical 3D MPRAGE, 3D T2-FLAIR, and 2D IR-UTE sequences
were performed for all 45 subjects. The 3D MPRAGE sequence
used the following parameters: FOV¼ 220 � 220 � 160 mm3,

FIG 1. The 2D IR-UTE sequence (A) and contrast mechanism with adiabatic inversion recovery (B)
and echo subtraction (C). At TI, WM signal comes only from WMS. In GM, there is a cancellation
between positive GMS and negative GML longitudinal magnetizations at TI, which reduces the
net transverse magnetization in GM after the excitation pulse. At the second echo, WMS and
GMS signals both decay to zero or near zero, but the GML transverse magnetization is essentially
unchanged. Subtraction of the second echo from the first leads to a positive signal for myelin in
WM, but a negative signal for myelin in GM. This result creates very high contrast between the
myelin in WM and GM (WMS ¼ short-T2 WM, WML ¼ long-T2 WM, GMS ¼ short-T2 GM,
GML ¼ long-T2 GM).

AJNR Am J Neuroradiol 42:868–74 May 2021 www.ajnr.org 869



bandwidth¼ 83.4 kHz, flip angle¼ 12°, matrix¼ 256� 256� 136,
TE¼ 3.2ms, TR¼ 8.2ms, TI¼ 450 ms, acceleration factor¼ 4,
scan time¼ 4 minutes 12 seconds. The 3D T2-FLAIR sequence
used the following parameters: FOV¼ 256 � 256 � 256 mm3,
bandwidth¼ 83.4 kHz, flip angle¼ 90°, matrix¼ 256� 256� 256,
TE¼ 116.5ms, TR¼ 7600 ms, TI¼ 2162 ms, acceleration factor¼
4, scan time¼ 6 minutes 54 seconds. The 2D IR-UTE sequence
used the following parameters: FOV¼ 240 � 240 mm2, section
thickness¼ 4 mm, bandwidth¼ 256 kHz, flip angle¼ 60°,
matrix¼ 256� 256, number of projections¼ 131, sampling points
per projection¼ 192, TR¼ 1500 ms, TI¼ 425 ms, dual-echo with
TEs of 8 ms and 2.3ms, scan time¼ 5 minutes 5 seconds. A 12-
channel brain coil was used for signal reception.

Image Analysis
For image analysis, automatic brain segmentation codes were writ-
ten in R programing language (http://www.r-project.org/) with
Advanced Normalization Tools (ANTs; http://stnava.github.io/
ANTs/).23 The codes processed the 3D MPRAGE, 3D T2-FLAIR,
and 2D IR-UTE images for all 45 subjects. The MPRAGE and T2-
FLAIR images were processed with an N4 bias correction and then
normalized (or registered) to a standard domain provided by the
ICBM 152 brain template (https://www.mcgill.ca/bic/software/
tools-data-analysis/anatomical-mri/atlases/icbm152lin)24 using an
affine transform followed by a deformable transform. Next,
MPRAGE images of brain tissue were segmented into GM, WM,

and CSF using a multivariate 3-class
segmentation.25 For the 2D IR-UTE
sequence, the echo-subtracted image
was input to a similar-but-simplified
framework, with N4 bias correction
and 3-class tissue segmentation and
without spatial normalization.

The raw segmentation map from
ANTs was postprocessed using Matlab
2017b (MathWorks). The initial WM
map from MPRAGE and T2-FLAIR
was refined by removing regions with
T2 lesions on the basis of the upper
threshold set by the weighted sum of
minimum and maximum signals in
WM on T2-FLAIR images (weighting
factors of 0.8 and 0.2). A radiologist
with .15years of experience manually
refined the initial WM map from 2D
IR-UTE by segmenting out the hypoin-
tense lesions. This step produced the
final NAWM maps. All NAWM maps
were manually inspected by a researcher
with 9 years of experience in MR imag-
ing research and a radiologist with
15years of experience.

Statistical Analysis
All statistical analyses were conducted
using Matlab 2017b. The mean NAWM
signal was calculated for all subjects for

MPRAGE, T2-FLAIR, and 2D IR-UTE. Effects of flip angle, loading,
analog-digital conversion, and reconstruction scaling were auto-
matically compensated for by calibrating a transmit gain in prescan
and by performing signal rescaling on the basis of receiver gains in
image reconstruction to directly compare NAWM signal among dif-
ferent subjects.

The NAWM signal was compared in the 2 groups of healthy
controls (n¼ 14) and patients with MS (n¼ 31) using a 2-tailed
Mann-Whitney-Wilcoxon test, with a significance level set to .05.
The Spearman correlation was calculated between the NAWM
signal and age in all subjects (n¼ 45). The correlation between
the NAWM signal and the EDSS scores in patients with MS was
also calculated. In addition, NAWM volume (relative volume of
NAWM to the total brain) and lesion load (relative volume of T2
lesions to WM) were calculated. Correlations between calculated
NAWM volume and the EDSS score as well as between lesion
load and the EDSS score in patients were calculated.

RESULTS
Figure 2 shows results with MPRAGE (Fig 2A–C) and T2-FLAIR
images (Fig 2D–F) in 3 representative subjects, a healthy volun-
teer (a 49-year-old man: upper row) and 2 patients with MS with
an EDSS score of 2 (a 56-year-old man: middle row) and with an
EDSS score of 6 (a 46-year-old woman: lower row). The NAWM
signal map from MPRAGE shows a marked reduction in signal

FIG 2. MPRAGE (A, B, and C, first column) and T2-FLAIR (D, E, and F, third column) images with
their corresponding NAWM maps shown to the right of them (second and fourth columns,
respectively) in a healthy volunteer (a 49-year-old man: A and D, upper row), a patient with MS
with an EDSS score of 2 (a 56-year-old man: B and E, middle row), and a patient with MS with an
EDSS score of 6 (a 46-year-old woman: C and F, lower row).
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in the patient with MS with the higher EDSS score of 6 (lower
row).

Figure 3 shows the results with the IR-UTE sequences in 3
representative subjects: a healthy volunteer (a 49-year-old man:
Fig 3A), a patient with MS with an EDSS score of 2 (a 56-year-old
man: Fig 3B), and a patient with MS with an EDSS of 6 (a 46-
year-old woman: Fig 3C). The UTE images at TE¼ 8 ms (first col-
umn) show myelin signal present in the NAWM region. This
decays to zero, or near zero, at the second TE of 2.3ms due to the
short T2* of myelin (second column). The long-T2 components

in WM and GM are suppressed on echo subtraction, producing
high-contrast myelin-specific images (third column). The signal
on the segmented NAWM maps (fourth column) in the patient
with MS with the higher EDSS score of 6 (Fig 3C) is much lower
than that of the healthy volunteer (Fig 3A) and the patient with
MS with an EDSS score of 2 (Fig 3B).

Figure 4 shows the scatterplots between NAWM volume and
the EDSS score (Fig 4A) and between lesion load and the EDSS
score (Fig 4B). The NAWM volume and lesion load were calculated
from the segmented tissue maps obtained with the clinical sequen-

ces. Both the NAWM volume and the
lesion load show low correlations with
the EDSS score, which did not reach
significance (R ¼ –0.03, P¼ .88 and
R¼ 0.22, P¼ .24, respectively).

The mean NAWM signal in the
MPRAGE images was 3602.6 (SD,
498.1) in the control group and 2676.7
(SD, 877.8) in the MS group. The mean
NAWM signal on the T2-FLAIR
images was 1267.7 (SD, 184.2) in the
control group and 1184.8 (SD, 218.4)
in the MS group. The mean myelin sig-
nal in NAWM obtained with the IR-
UTE image was 169.6 (SD, 39.5) in the
control group and 136.3 (SD, 39.2) in
the MS group. Figure 5 shows boxplots
and the Mann-Whitney-Wilcoxon test
between healthy controls and patients
with MS. Both the MPRAGE (Fig 5A)
and the IR-UTE (Fig 5C) NAWM
maps show a significant difference in
the 2 groups with P values of .003 and
.02, respectively, while the T2-FLAIR
NAWMmaps (Fig 5B) show no signifi-
cant difference (P¼ .23).

Figure 6 shows scatterplots of
NAWM signals and subject age on
MPRAGE (Fig 6A), T2-FLAIR (Fig
6B), and IR-UTE (Fig 6C) maps in the
healthy controls and patients with MS.
The MPRAGE and T2-FLAIR maps
show weak correlations, which did not
reach significance (R ¼ –0.10, P¼ .49
and R¼ 0.01, P¼ .93, respectively). The
IR-UTE map shows a moderate nega-
tive correlation (R¼ –0.38, P¼ .009).

Figure 7A–C shows scatterplots
between the NAWM signal and EDSS
score for MPRAGE (Fig 7A), T2-FLAIR
(Fig 7B), and IR-UTE (Fig 7C). The
MPRAGE data show a weak negative
correlation with the EDSS score, which
did not reach significance (R ¼ –0.19,
P¼ .31), and T2-FLAIR shows a weak
positive correlation with the EDSS
score, which did not reach significance

FIG 3. IR-UTE images and NAWM map. These show first-echo IR-UTE images (TE¼ 8 ms) in the
first column, second-echo images (TE ¼ 2.3ms) in the second column, and echo-subtraction
images in the third column with the corresponding NAWM maps in the fourth column for a
healthy volunteer (a 49-year-old man: A, upper row), a patient with MS with an EDSS score of 2 (a
56-year-old man: B, middle row), and a patient with MS with an EDSS score of 6 (a 46-year-old
woman: C, lower row). The 2D IR-UTE images are in the native domain, which is different from
the MPRAGE and T2-FLAIR images, which are in the normalized template domain.

FIG 4. Scatterplots and the corresponding Spearman correlations between NAWM volume and the
EDSS score (A), and between lesion load and the EDSS score (B). Both NAWM volume and lesion load
show only low correlations with the EDSS score (R¼ –0.03, P¼ .88, and R¼ 0.22, P¼ .24, respectively).
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(R¼ 0.13, P¼ .49). The IR-UTE data show a much larger negative
correlation with the EDSS score (R ¼ –0.44, P¼ .01). Figure 7D
shows the scatterplot between the EDSS score and the patient’s age.
There is a weak positive correlation that did not reach significance
(R¼ 0.14, P¼ .44).

DISCUSSION
This is the first study to demonstrate a significant correlation
between IR-UTE-based direct MR imaging of myelin and disability
in MS assessed by the EDSS score. MPRAGE and T2-FLAIR pro-
vided a low correlation with the EDSS score, consistent with the lit-
erature.10-15 NAWM volume and lesion load also correlated poorly
with the EDSS score. The novel IR-UTE sequence provided a much
higher correlation than the clinical sequences. The IR-UTE signal
reduction in NAWM with an increase in the EDSS score is consist-
ent with increasing demyelination in NAWM as patient disability
worsens. A moderate negative correlation was observed between the
NAWM signal and the patient's age on IR-UTE, which implies that
IR-UTE also detects age-related myelin reduction. The overall mye-
lin change correlated with the EDSS score observed with IR-UTE
may also include a contribution from age-related myelin reduction.
However, a much weaker correlation was observed between the
patient’s age and the EDSS score, implying that disability related to
disease is the dominant factor observed in this study.

Myelination is dynamically regulated throughout life. It is dis-
rupted in a variety of neurologic conditions including MS, which
is characterized by the formation of focal or global demyelinating
lesions disseminated in time and space. MS likely affects NAWM
as well as GM. These are frequently associated with neurologic
deficits. It is very difficult or impossible to separate demyelination
and remyelination with conventional MR imaging sequences at
different phases of MS. With the advent of IR-UTE sequences, it
may be possible to separate demyelination from remyelination
and dynamically monitor myelin changes with time. However,
more validation studies are still needed.

It has been reported in the literature that colocalized iron may
also affect MR imaging contrast in a human brain.26,27 The pro-
posed IR-UTE method only resolves signal from myelin with
ultrashort T2* decay. T2* of iron depends on the concentration,
but both normal and abnormal brains show iron levels below
�0.2 ppm,28 in which T2* is expected to be much longer than
that of myelin. Quantitative susceptibility mapping can be used
to assess iron. Combining quantitative susceptibility mapping
with UTE may allow higher detection sensitivity to a broader
range of iron.29,30

A limitation of this study is that the 2D IR-UTE sequence is
based on half-pulse radiofrequency excitations and the use of gra-
dients for section selection, which result in eddy currents causing
distortions in the section profile. Some simple calibration methods31

FIG 5. Mann-Whitney-Wilcoxon tests between the control (n¼ 14) and MS groups (n¼ 31) for NAWM signal on MPRAGE (A), T2-FLAIR (B), and
IR-UTE (C) maps. The MPRAGE and IR-UTE maps show statistically significant differences between the 2 groups with P values of .003 and .02,
respectively. The T2-FLAIR maps show no significant difference between the 2 groups (P¼ .23). In the boxplots, red and black horizontal lines
represent median and minimum/maximum values. The upper and lower edges of the blue boxes indicate the 75th and 25th percentiles,
respectively.

FIG 6. Scatterplots between NAWM signal and age on MPRAGE (A), T2-FLAIR (B), and IR-UTE (C) maps with the all subjects, including both the
healthy controls and patients with MS. A weak correlation is seen on the MPRAGE (R ¼ –0.10, P¼ .49) and T2-FLAIR (R¼ 0.01, P¼ .93) maps. The
IR-UTE maps show a much larger negative correlation with the subject’s age (R¼ –0.38, P¼ .009). a.u. indicates arbitrary units.
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are likely to improve the robustness of this technique. The results in
this study may be improved by the use of a novel 3D-IR-UTE
sequence, which does not require 2D section selection.32,33 The 3D
technique provides volumetric imaging of myelin with reduced sen-
sitivity to eddy currents.

There are other limitations of this study. First, the number of
patients withMS was relatively low, possibly reducing the statistical
power in the analyses. Second, T1 variation in NAWM may com-
promise the adiabatic nulling of WM water signal, which is a major
limitation for single IR-based UTE myelin imaging techniques.16-21

More advanced techniques, such as the sliding window technique
or complex echo subtraction can help suppress residual water signal
contamination.32,33 Third, myelin in GM was not investigated
because it has an even lower myelin proton density thanWM,mak-
ing it more difficult to detect. GML has a longer T1 than in WM,
making it difficult to suppress both WML and GML simultaneously
using a single TI. More advanced techniques are needed for accu-
rate and quantifiable imaging of myelin in GM.

CONCLUSIONS
The correlation between the EDSS score and direct imaging of

myelin in WM demonstrated in this study may provide a link

between the pathologic substrate that characterizes MS and

patients’ clinical statuses. This may lead to more specific moni-

toring of the degree to which remyelination can be enhanced

with treatment and assessment of how much this ameliorates

disability.
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ORIGINAL RESEARCH
ADULT BRAIN

Peak Width of Skeletonized Mean Diffusivity as
Neuroimaging Biomarker in Cerebral Amyloid Angiopathy

N. Raposo, M.C. Zanon Zotin, D. Schoemaker, L. Xiong, P. Fotiadis, A. Charidimou, M. Pasi, G. Boulouis,
K. Schwab, M.D. Schirmer, M.R. Etherton, M.E. Gurol, S.M. Greenberg, M. Duering, and A. Viswanathan

ABSTRACT

BACKGROUND AND PURPOSE: Whole-brain network connectivity has been shown to be a useful biomarker of cerebral amyloid
angiopathy and related cognitive impairment. We evaluated an automated DTI-based method, peak width of skeletonized mean
diffusivity, in cerebral amyloid angiopathy, together with its association with conventional MRI markers and cognitive functions.

MATERIALS AND METHODS: We included 24 subjects (mean age, 74.7 [SD, 6.0] years) with probable cerebral amyloid angiopathy
and mild cognitive impairment and 62 patients with MCI not attributable to cerebral amyloid angiopathy (non-cerebral amyloid an-
giopathy–mild cognitive impairment). We compared peak width of skeletonized mean diffusivity between subjects with cerebral
amyloid angiopathy–mild cognitive impairment and non-cerebral amyloid angiopathy–mild cognitive impairment and explored its
associations with cognitive functions and conventional markers of cerebral small-vessel disease, using linear regression models.

RESULTS: Subjects with Cerebral amyloid angiopathy–mild cognitive impairment showed increased peak width of skeletonized mean dif-
fusivity in comparison to those with non-cerebral amyloid angiopathy–mild cognitive impairment (P , .001). Peak width of skeletonized
mean diffusivity values were correlated with the volume of white matter hyperintensities in both groups. Higher peak width of skeleton-
ized mean diffusivity was associated with worse performance in processing speed among patients with cerebral amyloid angiopathy, af-
ter adjusting for other MRI markers of cerebral small vessel disease. The peak width of skeletonized mean diffusivity did not correlate
with cognitive functions among those with non-cerebral amyloid angiopathy–mild cognitive impairment.

CONCLUSIONS: Peak width of skeletonized mean diffusivity is altered in cerebral amyloid angiopathy and is associated with per-
formance in processing speed. This DTI-based method may reflect the degree of white matter structural disruption in cerebral
amyloid angiopathy and could be a useful biomarker for cognition in this population.

ABBREVIATIONS: CAA ¼ cerebral amyloid angiopathy; CMB ¼ cerebral microbleeds; CSO-PVS ¼ perivascular spaces in the centrum semiovale; cSS ¼ corti-
cal superficial siderosis; cSVD ¼ cerebral small vessel disease; ICH ¼ intracerebral hemorrhage; IQR ¼ interquartile range; MCI ¼ mild cognitive impairment;
MD ¼ mean diffusivity; MMSE ¼ Mini-Mental State Examination; PSMD ¼ peak width of skeletonized mean diffusivity; nTBV ¼ normalized total brain volume;
nWMHV ¼ normalized white matter hyperintensity volume; WMH ¼ white matter hyperintensities

Sporadic cerebral amyloid angiopathy (CAA) is a highly preva-
lent cerebral small-vessel disease (cSVD) in the elderly.1 CAA

is a well-known cause of lobar intracerebral hemorrhage (ICH)
and is also increasingly recognized as a major contributor to vascu-
lar cognitive impairment and dementia.2,3 Although underlying
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mechanisms leading to cognitive impairment in CAA remain
uncertain, it has been hypothesized that recurrent vascular lesions
cause progressive disruption of the brain’s structural connectivity,
compromising network efficiency.4,5 Conventional MR imaging
markers of CAA, including lobar cerebral microbleeds (CMB),6

cortical superficial siderosis (cSS),7 white matter hyperintensities
(WMH),8 and cortical microinfarcts 9 have been linked to cogni-
tive functions. However, these associations are mostly weak and
inconsistent across studies, suggesting that these markers may
reflect only the tip of the iceberg in the whole spectrum of vascular
pathology.10

Accumulating evidence suggests that DTI methods detect loss
of microstructural integrity and other abnormalities not captured
by structural MRI and tend to show stronger associations with
cognition in subjects with cSVD.11,12 Yet, the direct application
of DTI in routine clinical practice is hampered by highly variable,
complex, and time-consuming processing techniques.

Peak width of skeletonized mean diffusivity (PSMD) is a
recently developed, fully automated DTI marker based on the
skeletonization of white matter tracts and histogram analysis of
mean diffusivity (MD).13 PSMD has been shown to be particu-
larly sensitive to vascular-related white matter abnormalities,
demonstrating consistent associations with processing speed in
subjects with cSVD.13 However, despite the common nature and
high prevalence of CAA in aging populations, potential applica-
tions of PSMD in CAA have been scarcely investigated.

In the current study, we tested whether PSMD reflects the
burden of underlying cSVD and cognitive dysfunctions in sub-
jects with CAA. Among subjects with mild cognitive impairment
(MCI) recruited specifically from a memory clinic setting, we
explored the following: 1) whether PSMD is increased in subjects
with CAA compared with those with non-CAA, 2) whether it is
associated with structural MRI markers of CAA, and 3) whether
it is correlated with cognitive functions.

MATERIALS AND METHODS
The data supporting findings of this study are available from the
corresponding author on reasonable request.

Participants
We analyzed data from a memory clinic research cohort from the
Massachusetts General Hospital between March 2010 and October
2016 and designed a case-control study. Patients underwent clini-
cal examination, neuropsychological evaluation, and research MRI.
The Institutional Review Board of Massachusetts General Hospital
approved this study, and written informed consent was obtained
from all participants or their surrogates.

We included subjects 55 years of age or older meeting Petersen
criteria (2004)14 for MCI based on clinical assessment of functional
status, neurologic evaluation, and extensive neuropsychological
assessment. On visual examination of research MRIs, patients with
MCI were categorized as the following: 1) CAA-MCI if they fulfilled
the Modified Boston criteria15 for probable CAA (55 years of age or
older; multiple lobar CMBwith or without cSS or a single lobar cer-
ebral microbleed and the presence of cSS), or 2) non-CAA-MCI. In
both groups, exclusion criteria were dementia, history of sympto-
matic or asymptomatic ICH (defined as hemorrhagic focus of . 5

mm in diameter), the presence of deep CMB (suggesting arteriolo-
sclerosis as underlying cSVD), contraindications for MRI, and the
presence of excessive motion artifacts on DTI on careful qualitative
visual inspection.

Data Collection
We systematically collected demographic information and medical
history for each participant. All subjects underwent a standardized
neuropsychological test battery, as previously described.9 Global
cognitive status was assessed with the Mini-Mental State
Examination (MMSE).16 Performance on neuropsychological tests
was clustered to create composite scores exploring specific cogni-
tive domains:17executive function (Trail-Making Test B18 and
Digit Span Backward19), processing speed/attention (Trail-Making
Test A,20 Digit Span Forward, and the Wechsler Adult Intelligence
Scale, Third Edition Digit Symbol Coding19), memory (Hopkins
Verbal Learning Test–Revised21 and Wechsler Memory Scale for
logical memory,22 immediate recall, and delayed recall), and lan-
guage function (Boston Naming Test23 and Animal Naming
Test24). Performance on each test was first transformed into sex-,
age-, and education-adjusted z scores using published normative
data.16,24-26 Then, the z scores were averaged within each compos-
ite domain to obtain domain-specific scores for each subject.

MRI Acquisition
Neuroimaging was acquired on a 3T MRI scanner (TIM Trio;
Siemens), using a 32-channel head coil. MRI sequences included
high-resolution diffusion-weighted imaging (60 directions; TR ¼
8040 ms; TE ¼ 84 ms; slice thickness ¼ 2 mm; in-plane resolut-
ion ¼ 2 � 2 mm; b-value ¼ 700 s/mm2), 3D T1-weighted multie-
cho (TR ¼ 2300 ms; TE ¼ 2.98 ms; slice thickness ¼ 1 mm; in-
plane resolution ¼ 1 � 1 mm), 3D FLAIR (TR ¼ 6000 ms; TE ¼
455 ms; slice thickness¼ 1 mm; in-plane resolution ¼ 1 � 1 mm),
and SWI (TR ¼ 27 ms; TE ¼ 20 ms; slice thickness ¼ 1.5 mm; in-
plane resolution¼ 0.86� 0.86 mm).

The median delay between neuropsychological evaluation and
MRI was 1.85 months (interquartile range [IQR] ¼ 0.00–3.06
months) and was shorter in subjects with CAA-MCI compared
with those with non-CAA-MCI (median, 0 [IQR ¼ 0.0–0.24]
months versus 2.1 [1.17–3.30] months; P, .001).

DTI and PSMD Processing
PSMD was calculated from unprocessed DTI data using a publicly
available script (PSMD Marker, Version1.0; http://www.psmd-
marker.com).13 This fully automated pipeline relies on the FMRIB
Software Library (FSL, Version 6.0.1; http://www.fmrib.ox.ac.uk/
fsl) for the preprocessing of DTI data (eddy current and mo-
tion correction, [eddy_correct https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
eddy]), brain extraction (FSL Brain Extraction tool; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/BET), and tensor fitting (dtifit; http://fsl.fmrib.
ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html), followed by skeletoniza-
tion of preprocessed DTI data, application of a custom mask, and
histogram analysis (Fig 1). Precisely, DTI data were skeletonized
using the Tract-Based Spatial Statistics procedure (TBSS; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/TBSS), part of the FSL, and the FMRIB
1-mm fractional anisotropy template (FA template; https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Atlases, thresholded at a fractional
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anisotropy value of 0.2). MD images were projected onto the skele-
ton, using the fractional anisotropy–derived projection parameters.
Next, to avoid contamination of the skeleton through CSF partial
volume effects, we further masked the MD skeleton with a stand-
ard skeleton thresholded at a fractional anisotropy value of 0.3 and
a mask provided with the PSMD pipeline to exclude regions adja-
cent to the ventricles, such as the fornix. Finally, PSMD was calcu-
lated as the difference between the 95th and fifth percentiles of the
MD values of voxels contained within the skeleton.13 To ensure
that results were not driven by outliers, we identified extreme
PSMD (values below 1.5� IQR from the first quartile or above 1.5
� IQR from the third quartile) and excluded them from analyses.

Neuroimaging Markers of cSVD
MRI markers of cSVD were quantified by investigators blinded to
all clinical data and according to the Standards for Reporting
Vascular Changes on Neuroimaging (STRIVE) recommendations.27

The presence, number, and location of CMB were evaluated on
the SWI according to the current consensus criteria.27,28 They were
classified as lobar when located in cortical and corticosubcortical
areas. cSS was visually assessed according to recently proposed crite-
ria and transformed into a dichotomous variable (absence versus
presence).29 Perivascular spaces in the centrum semiovale (CSO-
PVS) were rated on axial T1-weighted MRI, according to a previ-
ously developed score,30 and were analyzed as both dichotomous
(#2 versus .2) and ordinal variables. CMB, cSS, and CSO-PVS

were analyzed by 2 experienced raters (N.R. and D.S.) using vali-
dated scales, and final ratings were obtained via a consensus.

After visual inspection of MR image quality, WMH volume,
total brain volume, and total intracranial volume were calculated
using FreeSurfer, Version 5.3 (http://surfer.nmr.mgh.harvard.
edu), as previously described.31 Normalized total brain volume
(nTBV) was calculated as the total brain volume/intracranial vol-
ume ratio, and normalized WMH volume (nWMHV) was calcu-
lated as WMH volume/intracranial volume� 100.

Statistical Analysis
We compared the clinical and imaging characteristics between
subjects with MCI with and without CAA using the x 2 or Fisher
test for categoric variables and an independent t test or Mann-
Whitney U test for continuous variables, as appropriate. The dis-
tribution of continuous variables was tested for normality with
the Shapiro-Wilk test.

Log-transformed PSMD values were compared between
patients with CAA-MCI and those with non-CAA-MCI using
ANOVA, adjusted for age. We further adjusted for log-trans-
formed nWMHV and cognitive status (MMSE).

Receiver operating characteristic curve analyses were used to
quantify the performance of PSMD and nWMHV in discriminat-
ing subjects with CAA from those with non-CAA.

The association between PSMD and MRI markers of cSVD
and PSMD and cognitive performances was evaluated in CAA-

FIG 1. FLAIR images from a subject with CAA-MCI (A) and one with a non-CAA-MCI (B), demonstrating different burdens of WMH. MD maps display
the skeletonized WM tracts from the same subjects with CAA-MCI (C) and non-CAA-MCI (D). E, Histograms depict the MD values of the voxels con-
tained in theWM tract skeleton from the same subjects with CAA-MCI (solid line) and non-CAA-MCI (dashed line). F, The boxplot represents group dif-
ferences in PSMD between CAA-MCI and non-CAA-MCI. The dagger indicates the results derived from ANCOVA, adjusting for age at MRI (P, .001).
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MCI and non-CAA-MCI separately. Linear regression models
were used to explore relationships between PSMD and structural
MRI markers of cSVD (lobar CMB count, CSO-PVS score, the
presence of cSS, nWMHV, and nTBV), adjusting for age. The asso-
ciation between PSMD and cognitive scores in each domain was
explored using linear regression models in both groups separately,
adjusting for structural MRI markers of cSVD and the time delay
between the neuropsychological evaluation and the MRI. Because
cognitive scores were already adjusted for age, sex, and education
level, these variables were not included in the models.

The statistical significance level was set at .05 for all analyses.
We used the Statistical Package for the Social Sciences, Version
24.0 for Windows (IBM) and R (v3.5.3) for statistical analysis.

RESULTS
We identified 134 subjects with cognitive impairment enrolled in
this prospective study who underwent a research MRI. Of them,
42 subjects were excluded on the basis of the prespecified criteria:
diagnosis of dementia (n ¼ 6), possible CAA category (n ¼ 10),
presence of deep CMB (n ¼ 5), lack of neuropsychological tests
(n ¼ 19), and the presence of excessive motion artifacts on DTI,
based on qualitative visual inspection (n ¼ 2). Additionally, 3
outliers with extreme PSMD values (all with high values) were
identified in each group and were excluded from the analysis.
The final cohort consisted of 86 subjects with MCI (mean age,
73.7 [SD, 7.7] years; 38.4% female) without a history of ischemic
stroke or ICH, including 24 subjects with probable CAA (CAA-
MCI; 27.9%) and 62 without CAA (non-CAA-MCI; 72.1%).

Comparison between Subjects with CAA and Those with
Non-CAA
Subjects with CAA-MCI and non-CAA-MCI were similar in age
and vascular risk factors (Table 1). MMSE scores were lower in

subjects with CAA-MCI compared with subjects with non-CAA-
MCI (P¼ .003). Patients with CAA-MCI had worse performance
in memory than subjects with non-CAA-MCI (P ¼ .005). The 2
groups had similar scores across all other cognitive domains (P.

.05, for all). Compared with those with non-CAA-MCI, subjects
with CAA-MCI presented with a higher burden of MRI markers
of cSVD, including a higher prevalence of cSS (P , .001), higher
lobar CMB count (P , .001), greater nWMHV (P ¼ .016), a
higher prevalence of high CSO-PVS scores (P, .001), and lower
nTBV (P ¼ .004). PSMD values were significantly higher in
CAA-MCI in comparison with non-CAA-MCI (P , .001) (Fig
1F), even after adjusting for age (P, .001). In a post hoc analysis,
we found that PSMD remained significantly higher in subjects
with CAA-MCI compared with subjects with non-CAA-MCI
when further controlling for nWMHV (P ¼ .007) or cognitive
status (MMSE z scores) (P , .001). In receiver operating charac-
teristic analyses, PSMD (area under the curve ¼ 0.755; 95% CI,
0.636–0.873; P, .001) was able to significantly discriminate sub-
jects with CAA from those without CAA, and it yielded a greater
area under the curve than nWMHV (area under the curve ¼
0.668; 95% CI, 0.544–0.792; P ¼ .016) (Online Supplemental
Data).

Associations between PSMD and Markers of cSVD
In linear regression analyses adjusted for age, increased PSMD was
associated with greater nWMHV both in CAA-MCI (b ¼ 0.75;
P , .001) and non-CAA-MCI (b ¼ 0.69; P , .001) groups, but
not with nTBV, CMB, CSO-PVS, or cSS (Table 2). In multiple
regression models including all quantified structural MRI markers
of cSVD, only nWMHV remained independently associated with
PSMD in subjects with CAA-MCI (b ¼ 0.66; P , .001) and
non-CAA-MCI (b ¼ 0.71; P , .001) (Table 2 and Online
Supplemental Data).

Table 1: Baseline characteristics of subjects with CAA-MCI and those with non-CAA-MCI

CAA-MCI (n = 24) non-CAA-MCI (n = 62) P Value
Demographics
Age at NPT (mean) [SD] (yr) 74.73 [5.99] 73.25 [8.33] .36
Female (No.) (%) 7 (29.2) 26 (41.9) .27
Education (median) (IQR) (yr) 16 (16, 18) 16 (14, 18) .04a

Vascular risk factors
Hypertension (No.) (%) 13 (54.2) 40 (64.5) .38
Diabetes (No.) (%) 1 (4.2) 10 (16.1) .17
Atrial fibrillation (No.) (%) 4 (16.7) 5 (8.1) .26
Dyslipidemia (No.) (%) 13 (54.2) 44 (71.0) .14
Neuropsychological performances
MMSE (median) (IQR) 25.5 (24–28) 28 (26–29) .006a

MMSE (z score) (median) (IQR) –1.88 (–3.28, –0.16) 0 (–1.48–1.11) .003a

Memory (z score) (median) (IQR) –1.91 (–2.38, –0.75) –0.47 (–1.60–0.56) .005a

Processing speed (z score) (median) (IQR) –0.24 (–0.62–0.15) –0.11 (–0.46–0.27) .34
Language (z score) (median) (IQR) –0.44 (–0.91–0.36) –0.36 (–1.17–0.19) .95
Executive function (z score) (median) (IQR) –0.59 (–1.89–0.22) –0.21 (–0.86–0.12) .20

Imaging
PSMD (� 10–4 mm2/s) (median) (IQR) 4.48 (3.81–5.09) 3.63 (3.28–4.13) ,.001a

Lobar CMB count (median) (IQR) 5.5 (3.0–24.50) 0 (0–0) ,.001a

cSS (presence) (No.) (%) 9 (37.5) 0 (0.0) ,.001a

High CSO-PVS score (.2) (No.) (%) 11 (45.8) 3 (4.8) ,.001a

nWMHV (median) (IQR) 0.42 (0.28–1.74) 0.29 (0.14–0.75) .02a

nTBV (mean) [SD] 0.61 [0.04] 0.64 [0.05] .004a

Note:—NPT indicates neuropsychological tests.
a Significant.
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Associations between PSMD and Cognitive Function
In the CAA-MCI group, multiple regression models accounting
for lobar CMB count, cSS, CSO-PVS score, nWMHV, and nTBV
demonstrated that increased PSMD was independently associated
with worse performance in processing speed (b ¼ –1.08; P ¼
.004) (Table 3 and Online Supplemental Data). In the non-CAA-
MCI group, multiple regression analyses did not reveal any signifi-
cant associations between PSMD and scores reflecting each cogni-
tive domain (Table 3 and Online Supplemental Data).

DISCUSSION
Several key findings emerge from this study on PSMD in patients
with CAA presenting with MCI in the absence of ICH. First, sub-
jects with MCI with CAA showed increased PSMD values com-
pared with subjects with MCI without CAA, even after adjusting
for baseline differences in age, nWMHV, and cognitive status.

Second, we confirmed that PSMD was strongly associated with
WMHV in our CAA population, but not with other structural
markers of cSVD. Third, we found that PSMD values were associ-
ated with worse performance in processing speed among subjects
with CAA-MCI after controlling for the presence of other MRI
markers of cSVD. In contrast, PSMD was not associated with cog-
nitive function in subjects with non-CAA-MCI.

PSMD studies have, so far, focused mainly on community-dwell-
ing13,32,33 and cognitively impaired elderly subjects,13,34 as well as
those with inherited13,35 and sporadic cSVD.13,36 To our knowledge,
only 1 previous study has investigated the performance of PSMD in
sporadic CAA, including subjects with and without ICH recruited
from both stroke-prevention and memory clinics.37 Because CAA
pathology is highly prevalent and significantly contributes to vascu-
lar cognitive impairment in the elderly population,38 further investi-
gating the performance of PSMD in the context of CAA is an
important step for the validation of this new neuroimaging bio-
marker as a surrogate for cognitive dysfunction in cSVD.39

As expected, the PSMD values we obtained in subjects with
CAA in a memory clinic were remarkably similar to those found in
other sporadic cSVD cohorts,13,36 including another CAA cohort,37

corroborating the reproducibility and stability of PSMD across dif-
ferent scanners, sequences, and even clinical samples.13,40

The observed increase in PSMD values among subjects with

CAA-MCI supports the hypothesis that whole-brain microstruc-

tural integrity is impaired in this population. Our results are in

accordance with previous studies showing microstructural abnor-

malities in CAA when relying on other DTI-based methods.11,41

Most important, PSMD offers several advantages in comparison

with other DTI methods: It is a fully automated and fast technique;

it offers higher interscanner reproducibility; power calculations have

shown smaller sample size estimates for PSMD; and it is more

strongly associated with performance in processing speed.13

Group differences in PSMD remained significant (CAA-MCI

versus non-CAA-MCI) even after adjusting for age, nWMHV,

and MMSE scores. This finding suggests that PSMD differences

are not solely driven by these factors and may indicate that this

marker, like other global DTI measures, might capture abnormal-

ities not visible on structural MRI sequences.

Table 2: Association between PSMD and MRI markers of small-vessel disease in subjects with CAA-MCI and non-CAA-MCIa

Model 1b Model 2c

Std. b 95% CI P Std. b 95% CI P
CAA-MCI (n ¼ 24)
Lobar CMB count 0.15 –0.27 0.58 .46 0.15 –0.13 0.42 .28
cSS 0.27 –0.15 0.70 .20 0.12 –0.16 0.40 .38
CSO-PVS score 0.31 –0.09 0.71 .13 0.20 –0.10 0.49 .18
nWMHV 0.75 0.49 1.02 ,.001d 0.66 0.37 0.95 ,.001d

nTBV –0.26 –0.79 0.26 .31 –0.17 –0.54 0.20 .34
Non-CAA-MCI (n ¼ 62)
CSO-PVS –0.02 –0.24 0.21 .87 0.10 –0.07 0.27 .25
nWMHV 0.69 0.50 0.89 ,.001d 0.71 0.51 0.91 ,.001d

nTBV –0.23 –0.51 0.06 .11 –0.14 –0.36 0.08 .20

Note:—Std. b indicates standardized beta coefficient.
a Linear regression models with PSMD (�10�4 mm2/s) as the dependent variable.
b Simple Linear regression analyses adjusted for age.
cMultiple regression models, including all neuroimaging markers and adjusted for age. In subjects with non-CAA-MCI, the presence of cSS and lobar CMB count was auto-
matically excluded from the models due to the absence of variance within the group.
d Significant.

Table 3: Association between PSMD and cognitive performance
in subjects with CAA-MCI and non-CAA-MCIa

Adjusted Modelb

Std. b 95% CI P Value
CAA-MCI (n ¼ 24)
Global cognitive status –0.40 –1.21 0.41 .31
Memory –0.69 –1.52 0.15 .10
Processing speed/
attention

–1.08 –1.76 –0.40 .004c

Language –0.47 –1.16 0.21 .16
Executive function –0.64 –1.37 0.10 .09
non-CAA-MCI (n ¼ 62)
Global cognitive status 0.30 –0.13 0.72 .17
Memory 0.14 –0.28 0.56 .50
Processing speed/
attention

0.16 –0.27 0.59 .46

Language 0.14 –0.29 0.57 .52
Executive function 0.11 –0.30 0.53 .58

aMultiple regression models with cognitive performance as the dependent variable.
bModels include PSMD, nWMHV, nTBV, CSO-PVS score, the presence of cSS and
lobar CMB count; adjusting for the time delay between the neuropsychological
evaluation and the MRI. In subjects with non-CAA-MCI, the presence of cSS and
the lobar CMB count were automatically excluded from the models due to an ab-
sence of variance within the group.
c Significant.
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In our CAA-MCI sample, PSMD was strongly associated with
nWMHV, but not with hemorrhagic markers of CAA (lobar
CMBs and cSS), a finding in line with those from a recent study
on a different CAA sample,37 and this finding suggests that white
matter tract disruption in CAA may be more closely linked to
cSVD damage from ischemic rather than hemorrhagic origin.

The encouraging finding that PSMD is independently associ-
ated with processing speed in our subjects with CAA-MCI, after
adjusting for other conventional MRI markers of cSVD, is in con-
sonance with recently published results from another CAA sam-
ple.37 The lack of association between PSMD and cognition in
the non-CAA-MCI sample is consistent with findings from other
studies in cohorts with low burdens of cSVD.13,36 PSMD, like
other DTI metrics, appears to be more sensitive to cSVD-related
white matter abnormalities than to neurodegenerative pathol-
ogy.13,42 The low burden of cSVD pathology observed in our
non-CAA sample might explain the absence of association
between PSMD and processing speed.

Our results argue in favor of a strong link between PSMD and
processing speed in cSVD populations, as advocated in the origi-
nal PSMD study.13 However, mechanisms underlying these
strong associations with cognition are incompletely understood.
McCreary et al37 reported that a greater variation in white matter
MD could be seen in microarchitectural disruption caused by
pathologic processes. Although the histopathologic features spe-
cifically associated with increases in PSMD remain unknown, tis-
sue rarefaction and lower myelin density have been related to
MD variations in subjects with CAA.43 It is possible that similar
microstructural abnormalities underlie changes in PSMD in
CAA, reflecting disruption of synaptic transmission, which could
affect cognition.

Our study has limitations. The small sample size of our
cohort may account for the relatively weak cognitive correla-
tions observed. Hence, our findings should be considered pre-
liminary and require external validation in larger CAA cohorts.
By including only subjects with MCI (cognitively healthy and
subjects with CAA and dementia were excluded), our study was
not designed to assess relationships between PSMD and the full
spectrum of cognitive impairment, ranging from MCI to de-
mentia. Still, our significant findings in subjects with mild forms
of cognitive impairment argue in favor of the robustness
of PSMD as a biomarker for cognitive function in CAA.
Additionally, our study included participants with a specific
presentation of CAA (ie, mild cognitive symptoms without
ICH). We excluded subjects with ICH because this likely repre-
sents a different phenotype of the disease.44 While we designed
our study to examine this specific group of subjects with CAA
who frequently present in memory clinic settings, our results
cannot be generalized to other CAA populations or phenotypes.
Another limitation of our study is the absence of comparisons
between PSMD and other previously validated DTI-based
markers to assess whether this new method constitutes a supe-
rior biomarker.

Nonetheless, this study also has several strengths and expands
on previous literature by evaluating the relevance of PSMD in a
specific phenotype of CAA and investigating its independent cog-
nitive and neuroimaging associations.

CONCLUSIONS
PSMD values are higher among cognitively impaired subjects with
CAA in comparison with those without CAA and are associated
with nWMHV and performance in processing speed. Our prelimi-
nary results support the relevance of PSMD, a completely auto-
mated DTI-based method, in capturing microstructural brain
changes in subjects with CAA, even in the absence of ICH. PSMD
may serve as a biomarker in future clinical trials involving CAA
and other cSVD.
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CLINICAL REPORT
INTERVENTIONAL

A Novel Endovascular Therapy for CSF Hypotension
Secondary to CSF-Venous Fistulas

W. Brinjikji, L.E. Savastano, J.L.D. Atkinson, I. Garza, R. Farb, and J.K. Cutsforth-Gregory

ABSTRACT

SUMMARY:We report a consecutive case series of patients who underwent transvenous embolization of the paraspinal vein, which
was draining the CSF-venous fistula, for treatment of spontaneous intracranial hypotension. These are the first-ever reported cases
of this treatment for CSF-venous fistulas. All patients underwent spinal venography following catheterization of the azygous vein
and then selective catheterization of the paraspinal vein followed by embolization of the vein with Onyx. All patients had
improvement of clinical and radiologic findings with 4 patients having complete resolution of headaches and 1 patient having 50%
reduction in headache symptoms. Pachymeningeal enhancement resolved in 4 patients and improved but did not resolve in 1
patient. Brain sag resolved in 4 patients and improved but did not resolve in 1 patient. There were no cases of permanent neuro-
logic complications. All patients were discharged home on the day of the procedure.

ABBREVIATIONS: DSM ¼ digital subtraction myelography; SIH ¼ spontaneous intracranial hypotension

CSF-venous fistulas have been increasingly recognized as a
cause of spontaneous intracranial hypotension (SIH).1 The

exact pathogenesis of these lesions is unclear, with potential
hypotheses being that these lesions represent aberrant connec-
tions between the nerve root sleeve and a paraspinal vein or that
these lesions are secondary to increased CSF drainage via spinal
arachnoid granulations into adjacent radicular veins. Advanced
imaging techniques such as digital subtraction myelography
(DSM) and decubitus CT myelography have improved the detec-
tion of these occult lesions.2-5 A number of treatment options
have been proposed for CSF-venous fistulas, including surgical li-
gation, nerve root skeletonization (ie, isolation of the nerve root
and surrounding vasculature), and blood/fibrin patching.6

Surgical ligation has been shown to be extremely effective in
treating CSF-venous fistulas, likely by means of disconnecting the
venous outflow pathway of the CSF-venous fistula.

On reviewing the anatomy of the paraspinal venous system in
the cervical, thoracic, and lumbar spine, it is apparent that cathe-
ter-based navigation of these veins is feasible. In fact, multiple
studies dating back to the 1970s and 1980s have documented

techniques for spinal phlebography, which, in those times, were
used primarily to diagnose mass effect from disc herniations and
spinal masses and have shown that catheter-based venography of
the paraspinal venous system is safe.7-9 Given the relatively sim-
ple organization of the paraspinal venous system, we considered
it feasible to navigate into these veins and close the venous out-
flow of the CSF-venous fistula using liquid embolic materials
such as Onyx (Covidien). Herein, we report the first series of
patients undergoing transvenous embolization of paraspinal veins
draining CSF-venous fistulas for treatment of SIH.

MATERIALS AND METHODS
Patient Selection
Following institutional review board approval at the Mayo Clinic,
we retrospectively reviewed our series of patients with CSF hypo-
tension secondary to definite CSF-venous fistula diagnosed on
DSM. All patients had imaging evidence of CSF hypovolemia on
MR imaging, including brain sag and pachymeningeal enhance-
ment and no extradural fluid collection on total spine MR imag-
ing, and all patients underwent clinical evaluation by neurology
subspecialists in headache and CSF disorders. All included
patients were imaged and embolized between July 2020 and
August 2020, when all CSF venous fistulas were treated endovasc-
ularly only. All images were reviewed on the PACS.

DSM Technique
Our technique for DSM has been previously described.2 Briefly,
all DSMs were performed with spinal angiography set to 1 frame
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per 1–2 seconds. A tiltable table was used to adjust spine angling.
All DSMs were performed with a single plane. In general, a 20-ga
spinal needle was placed at L2–L3 or below and into the thecal
sac. Following return of CSF, in general, 10mL of saline was
slowly injected into the thecal sac. Following this, 5-6 mL of
iohexol (Omnipaque 300; GE Healthcare) was injected in rapid
fashion while the imaging system was centered on the thoracic
spine, and angiography was performed. Another 5-6 mL of con-
trast was then injected in the thoracolumbar region, and angiog-
raphy was performed. Of note, for the first run in all patients, the
first rib was clearly in the FOV to allow us to clearly identify the
level of the leak. For the run focusing on the thoracolumbar
spine, we clearly had the lowest rib in the FOV so that rib count-
ing could be easily performed. In general, patients were imaged
on consecutive days with the left side down being performed on
day 1 and right side down performed on day 2.

Patient Imaging Evaluation
All patients included underwent baseline and 2- to 3-month fol-
low-up brain MR imaging with and without IV contrast. MR
imaging sequences included precontrast sagittal T1, FLAIR, T2,
and gradient recalled-echo as well as postcontrast T1-weighted
imaging. MRIs were analyzed according to the methods put forth
by Dobrocky et al.10 For the purpose of this study, we call this the
Bern SIH score. We analyzed the following imaging findings: ve-
nous sinus distension, pachymeningeal enhancement, the pres-
ence of subdural fluid collections, suprasellar cistern effacement
(defined as #4.0mm), effacement of the prepontine cistern
of #5.0mm, and mamillopontine distance of #6.5mm.
Measurements were performed exactly according to the criteria
described by Dobrocky et al. Three imaging findings were consid-
ered major (2 points each), including pachymeningeal enhance-
ment, venous sinus engorgement, and suprasellar cistern
effacement. Three were considered minor (1 point each), includ-
ing subdural fluid collection, effacement of the prepontine cis-
tern, and mamillopontine distance of #6.5mm. Patients were
then classified as having a low, intermediate, or high probability
of having a CSF leak with total Bern SIH scores of#2 points, 3–4
points, or$5 points, respectively, on a scale of 9 points. All imag-
ing was reviewed by a single neurointerventional radiologist with
2.5 years of postfellowship experience who was not blinded to
patient health information at the time of MR imaging.

Patient Clinical Evaluation
All patients underwent a comprehensive neurologic evaluation
before and after endovascular therapy. For the evaluation,
patients were queried regarding position-dependent symptoms,
hearing loss, tinnitus, and cognitive disturbance (ie, brain fog).

Endovascular Technique
For embolization of the fistulas, our approach was to selectively
catheterize the paraspinal vein that was identified as draining the
fistula on the DSM and then embolize the vein using Onyx. For 4
patients, we obtained venous access in the right common femoral
vein, and in 1 patient, we obtained venous access in the right in-
ternal jugular vein. Following this, we would advance a 5F
Vertebral catheter (Merit Medical) in the superior vena cava. To

enter the azygous vein, the catheter was steered to a point in a
posterior direction, and with the patient taking a gentle inspira-
tion, we would probe around the origin of the azygous vein with
an 0.035-inch Glidewire (Terumo). Once the wire was able to
access the azygous vein, we would advance the wire as far distally
as possible, in general to the level of T12. Then, we would slowly
advance the Vertebral catheter into the azygous vein. When the
0.035-inch wire did not provide enough support, we would use a
stiff Glidewire. Following this, we would use a Headway Duo
microcatheter (MicroVention) to selectively catheterize the para-
spinal vein draining the fistula. To perform this procedure, we
would point the tip of the Vertebral catheter in the direction of
the paraspinal vein (right posterior for right-sided fistulas, left
posterior for left-sided fistulas). Then, we would advance the
Headway Duo microcatheter over a gently angled 14-inch
wire into the paraspinal vein by probing with the wire. Once the
wire was in the proximal paraspinal vein, we would advance the
microcatheter.

Once the microcatheter was past the anatomic landmark of
the pedicle (ie, in the proximal intercostal vein, roughly 1 cm
from the site of fistula), a venogram was performed of the para-
spinal vein. Then, we would proceed with embolization, starting
with about 0.5mL of Onyx 34 to build a plug that would not
escape into the systemic venous system and then push about
1mL of Onyx 18 into the network surrounding the nerve root
sleeve. Onyx did enter the epidural venous plexus in 1 patient,
but it was well tolerated with no resultant symptoms. Entry into
the epidural plexus was identified by the flow of Onyx medial to
the pedicle. In general, follow-up CT was performed for evalua-
tion of the Onyx cast. For 1 lesion at T4, it was difficult to cathe-
terize the T4 vein from a transfemoral route, given the sharp
takeoff angle of the supreme intercostal vein off the apex of the
azygous arch, so a transjugular approach was chosen.

Statistical Analysis
Descriptive statistics are reported. To compare the mean Bern
SIH scores, we used a paired t test to determine whether there
was improvement in imaging findings of CSF hypotension.

RESULTS
A summary of the 5 patients reported in this series is shown in
the Table. Mean patient age was 60 [SD, 10] years. Four patients
were men, and 1 patient was a woman. All patients had position-
and Valsalva-dependent headaches. Two patients had hearing
loss. Three patients had cognitive disturbances described as brain
fog, and 4 patients had tinnitus.

All 5 patients had bilateral DSMs. CSF-venous fistulas were
located at the right T4 in 2 patients, the right T7 in 1 patient, the
right T8 in 1 patient, and bilateral T9 in 1 patient. The CSF-ve-
nous fistulas are shown in Fig 1.

For the embolization procedure, the transfemoral route was
used in 4 of 5 patients, and a transjugular approach, in 1 patient.
In all cases, the draining paraspinal vein could be selectively
catheterized and embolized with Onyx. Two patients who under-
went embolization of right T4 CSF-venous fistulas reported back
pain in the right T4 dermatome, which resolved after 1 month.
There were no cases of permanent radiculitis or radiculopathy,
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no cases of new neurologic deficits after the procedure, and no
access-site complications. There were no cases of embolization
material entering the subarachnoid space. All patients were dis-
charged home on the day of the procedure. No patients required
narcotics for postoperative pain. No patients had rebound hyper-
tension. An example of the steps of the embolization procedure
are shown in Fig 2.

On baseline imaging, all patients had MR imaging findings
consistent with a high probability of CSF leak with a mean

Bern SIH score of 7.6 [SD, 1.5]. At
follow-up (median follow-up of
2 months; range, 1.5–3months), the
mean Bern score was 0.6 [SD, 0.9]
(P = .002). Three patients had com-
plete resolution of brain sag, sub-
dural fluid collections, and pachy-
meningeal enhancement with a
final Bern score of 0. One patient
had persistent effacement of the
suprasellar cistern, and 1 patient
had persistent-but-subtle pachyme-
ningeal enhancement. Pre- and
postimaging findings are shown in
Figs 3 and 4.

At last follow-up (median follow-
up of 3months; range, 2–4months),
all patients had documented clinical
improvement. Three patients had
complete resolution of SIH-related
symptoms. One patient had com-
plete resolution of headaches and
hearing loss but had persistent tin-
nitus. However, this patient was
found to have a semicircular canal
dehiscence, which confounded the
evaluation of the tinnitus. One
patient, the patient with mild resid-

ual pachymeningeal enhancement, had a 50% improvement
in headache and hearing loss, but persistent tinnitus.

DISCUSSION
We present the first case series of transvenous catheter–based
embolization of CSF-venous fistulas causing SIH. In all cases, the
fistulas were localized using DSM, and in all cases, embolization
resulted in significant improvement in both imaging findings and

FIG 1. Examples of CSF-venous fistulas from the 5 patients. A, CSF-venous fistula at the right T8
in patient 1 with contrast in the paraspinal vein (blue arrow). B, CSF-venous fistula at the right T4
in patient 2 with contrast in the paraspinal vein (blue arrows). C, CSF-venous fistula at the right
T7 in patient 3 with contrast in the paraspinal vein (blue arrows). D, Large CSF-venous fistula in
patient 4 with complete opacification of the right T4 paraspinal vein (blue arrow). E and F,
Bilateral CSF-venous fistulas at T9 in patient 5 (blue arrows).

Patient characteristics and outcomes

Patient
No.

Age
(yr)/Sex Symptoms

Fistula
Level Approach Complications

Bern
Score
Pre-Tx

Bern
Score
Post-Tx

Improvement in
Symptoms?

1 44/M Position- and Valsalva-
dependent headache

Right T8 Transfemoral None 8 0 Complete resolution

2 67/F Position- and Valsalva-
dependent headache,
tinnitus, brain fog

Right T4 Transfemoral Pain at right T4,
resolved after
1 month

9 0 Complete resolution

3 58/M Position- and Valsalva-
dependent headache,
tinnitus, brain fog,
hearing loss

Right T7 Transfemoral None 6 2 50% Improvement in
headache and
hearing loss, stable
tinnitus

4 65/M Position- and Valsalva-
dependent headache,
tinnitus, brain fog

Right T4 Transjugular Pain at right T4,
resolved after
1 month

9 0 Complete resolution

5 68/M Position- and Valsava-
induced headache,
tinnitus, hearing loss,
vertigo

Bilateral
T9

Transfemoral None 6 1 Complete resolution of
headache and
hearing loss,
persistent tinnitus
with SCC dehiscence

Note:—SCC indicates semicircular canal; TX, treatment.
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clinical symptoms. Pain localized to
the site of the embolization was a com-
mon minor complication, but in no
cases did this require narcotics, and in
all cases, the pain subsided in a matter
of weeks. All procedures were per-
formed on an outpatient basis, and
there were no permanent neurologic
deficits. Our findings are important
because they suggest that CSF-venous
fistulas may be amenable to oblitera-
tion via transvenous embolization and
may not require surgical intervention.

Currently, surgical intervention
that includes laminectomy, facetec-
tomy, and ligation of the nerve root
and associated veins has been reported
to be most effective in obliterating
CSF-venous fistulas.11 This interven-
tion works by completely disconnect-
ing the fistula, including both the CSF-
filled nerve root sleeve as well as the
draining vein. In a recent series of 42
patients who underwent surgical liga-
tion of fistulas, 49% were headache-
free and 27% had at least 50% im-
provement at 5 months, and 80% had
improvement or resolution of MR
imaging findings of CSF hypotension.6

Other minimally invasive treatment
options such as epidural blood patch
and fibrin glue injection have been

FIG 2. Steps involved in CSF-venous fistula embolization (patient 5). A, The azygous vein is selec-
tively catheterized using a 5F Vertebral catheter. The catheter is directed posteriorly to face the
azygous vein. In this case, the patient had to take a shallow inspiration to open up the valve
between the azygous vein and the superior vena cava. B, The catheter is then advanced into the
azygous vein over a stiff Glidewire. This support is needed for the catheter to make the 180° turn.
C, This patient had bilateral CSF-venous fistulas at the right T9. We advanced a Headway Duo
microcatheter into the right T9 paraspinal vein, and a venogram was performed. The same proce-
dure was performed for the left T9 paraspinal vein (D). E, Both veins are embolized with Onyx 34
to build a plug followed by Onyx 18. F, Postoperative CT shows excellent filling of the radicular
veins at T9 bilaterally, essentially sealing off the CSF-venous fistulas.

FIG 3. Pre- and posttreatment sagittal T1-weighted MRIs in patients 1–5. Patient 1 had a decreased mamillopontine distance, effacement
of the prepontine and supracellar cistern, tonsillar descent, and engorgement of the pituitary gland. Following embolization, there was
normalization of the suprasellar cistern and mamillopontine cistern distances as well as the prepontine cistern and resolution of tonsillar
ectopia. Pituitary engorgement improved as well. Patient 2 had prepontine and suprasellar cistern effacement and decreased mamillo-
pontine distance and tonsillar ectopia. Following embolization, these all resolved. Note the incidental pituitary cyst. Patient 3 had
decreased mamilopontine distance and effacement of the suprasellar cistern and prepontine cistern, all of which normalized postembo-
lization. Patient 4 had effacement of the suprasellar cistern and prepontine cistern and decreased mamillopontine distance, all of which
resolved on follow-up MR imaging. Patient 5 had effacement of the suprasellar cistern and prepontine cistern. There was still suprasellar
cistern effacement on posttreatment MR imaging, but the prepontine cistern distance normalized. Pt indicates patient; Pre, pretreat-
ment; Post, postreatment.
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reported as potential treatment options for CSF-venous fistulas
and are thought to work by compressing the fistula. However,
these have been shown to be effective in a minority of patients.12

As demonstrated in this report, occlusion of the CSF draining
vein with a liquid embolic agent such as Onyx leads to a reduc-
tion in shunting sufficient to result in symptomatic and radio-
graphic cure. This effect could be due to direct occlusion of the
fistula by the liquid embolic agent or by creating local venous
hypertension that reverses the favorable pressure gradient for
CSF to leak into the vein.13 Given that the anatomy of the nerve
root sleeve has somewhat of a plexus-like organization, we have
opted to use Onyx to embolize these fistulas because Onyx can
permeate tinier veins and venules, especially in its more dilute
formulation (Onyx 18). We build a plug with Onyx 34 because
this keeps the Onyx 18 from refluxing into the azygous vein and
then into the lung.

Limitations
Our case series has limitations. First, the follow-up duration
ranges from 2 to 4months in these patients. Scoring of the Bern
SIH score was performed by a single neurointerventional radiol-
ogist, possibly introducing some bias. The long-term effects of
this treatment have yet to be elucidated, including the possibility
of delayed rebound hypertension. Given that Onyx is a perma-
nent embolic agent and that these fistulas are slow-flow shunts
with very small pressure gradients, we have no reason to believe
that fistulas would recanalize. We suspect that it is more likely
that patients would develop additional fistulas at other levels,
which could later be embolized. Second, because patients are
referred to us frommultiple centers, we do not have uniform pre-
treatment MR imaging protocols and some MR imaging scans
pretreatment were performed at 1.5T. Third, we did not collect

measures such as the Headache Impact Test-6, quality of life, and
other standardized questionnaires but will do so in the future.
Fourth, while we do not report any technical complications in
this series, there are a few complications that could potentially
occur with such an embolization. One such example is that reflux
of Onyx into the azygous vein could result in Onyx ending up in
the lung, causing small pulmonary emboli. We suspect that these
emboli would be tolerated similar to how most cement emboli
following vertebroplasty are asymptomatic and well-tolerated.

CONCLUSIONS
We report the first case series of transvenous paraspinal vein
embolization of a CSF-venous fistula. This novel treatment
approach resulted in clinical and radiographic improvement in
all patients with no permanent complications. Further studies are
needed to confirm our technique and to study the durability of
this treatment effect.
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Distal Transradial Access for Diagnostic Cerebral
Angiography and Neurointervention: Systematic Review and

Meta-analysis
H. Hoffman, M.S. Jalal, H.E. Masoud, R.B. Pons, I. Rodriguez Caamaño, P. Khandelwal, T. Prakash, and

G.C. Gould

ABSTRACT

BACKGROUND: Radial artery access for cerebral angiography is traditionally performed in the wrist. Distal transradial access in the
anatomic snuffbox is an alternative with several advantages.

PURPOSE: Our aim was to review the safety and efficacy of distal transradial access for diagnostic cerebral angiography and
neurointerventions.

DATA SOURCES:We performed a comprehensive search of the literature using PubMed, Scopus, and EMBASE.

STUDY SELECTION: The study included all case series of at least 10 patients describing outcomes associated with distal transradial
access for diagnostic cerebral angiography or a neurointervention.

DATA ANALYSIS: Random-effects models were used to obtain pooled rates of procedural success and complications.

DATA SYNTHESIS: A total of 7 studies comprising 348 (75.8%) diagnostic cerebral angiograms and 111 (24.2%) interventions met the
inclusion criteria. The pooled success rate was 95% (95% CI, 91%–98%; I2 ¼ 74.33). The pooled minor complication rate was 2%
(95% CI, 1%–4%; I2 ¼ 0. No major complications were reported. For diagnostic procedures, the combined mean fluoroscopy time
was 13.53 [SD, 8.82] minutes and the mean contrast dose was 74.9 [SD, 35.6] mL.

LIMITATIONS: A small number of studies met the inclusion criteria, all of them were retrospective, and none compared outcomes
with proximal transradial or femoral access.

CONCLUSIONS: Early experience with distal transradial access suggests that it is a safe and effective alternative to proximal radial
and femoral access for performing diagnostic cerebral angiography and interventions. Additional studies are needed to establish its
efficacy and compare it with other access sites.

ABBREVIATIONS: dTRA ¼ distal transradial access; FT ¼ fluoroscopy time; pTRA ¼ proximal transradial access; RAO ¼ radial artery occlusion; TFA ¼ trans-
femoral access; TRA ¼ transradial access; US ¼ ultrasound

Neuroendovascular procedures have traditionally been per-
formed using transfemoral access (TFA). Transradial access

(TRA) recently gained popularity due to its lower rate of access site
complications, quicker recovery time, and greater patient satisfac-
tion.1 However, TRA is not without complications, including radial
artery occlusion (RAO), hematoma, vasospasm, pseudoaneurysm,

and arteriovenous fistula.2 Distal transradial access (dTRA) with

puncture of the radial artery in the anatomic snuffbox may be safer

than proximal transradial access (pTRA) in the forearm.3 The for-

mer is distal to the origin of the superficial palmar arch, lowering

the risk of hand ischemia with RAO, and preserves the proximal

radial artery for future interventions. It also affords shorter time to

achieve hemostasis and improved ergonomics for both the patient

and the operator.4 The latter may be especially beneficial in left-

sided approaches and in patients who have limited supination.
Although numerous reports on the safety and efficacy of

dTRA for coronary angiography and percutaneous coronary
interventions are available, data regarding this approach for neu-
roendovascular procedures are sparse and have not been
reviewed. The goal of this study was to perform a systematic
review and meta-analysis of dTRA for cerebral angiography and
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neurointerventions to determine the success and complication
rates of this approach.

MATERIALS AND METHODS
This study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines.5

Search Strategy
We performed a comprehensive search of the literature as of August
21, 2020, using PubMed, Scopus, and EMBASE with the following
keywords: (“distal radial” OR “distal transradial” OR “snuffbox”)
AND (“cerebral”OR “neuroendovascular”OR “neurointervention”).

Selection Criteria
Studies were included if the authors reported original data
regarding their outcomes performing distal transradial access for
diagnostic cerebral angiography or neurointerventions. Only se-
ries of at least 10 patients were considered.

Data Extraction
A standardized form was used to extract the following data from the
included studies: 1) number of patients undergoing the dTRA
approach, 2) mean age, 3) proportion of diagnostic and interven-
tional procedures, 4) success rate and reasons for failures, 5) compli-
cation rate and nature of complications, 6) use of ultrasound (US),

7) use of the Barbeau or Allen test, 8)
method for achieving hemostasis, 9)
mean radial artery diameter in the snuff-
box, 10) sheath used, 11) mean number
of vessels catheterized (diagnostic proce-
dures), 12) mean fluoroscopy time (FT)
(diagnostic procedures), and 13) con-
trast dose (diagnostic procedures). Data
were extracted in duplicate by 2 authors
(M.S.J. and H.H.), and all inconsisten-
cies were resolved with discussion. In
cases of missing data, the corresponding
authors were contacted for clarification.
The authors of 1 study provided details
regarding additional cases that met the
inclusion criteria, which were included
in the quantitative analysis.6

Critical Appraisal
The methodologic quality of the stud-
ies was assessed using a previously
described version of the Newcastle-
Ottawa Scale modified for case se-
ries.7 Studies were evaluated in 4
domains: selection, ascertainment,
causality, and reporting. Risk of pub-
lication bias across studies was eval-
uated using a funnel plot.

Statistical Analysis
Pooled estimates for outcomes were cal-

culated using random-effects models and are represented by forest
plots. The primary outcome was the proportion of procedural suc-
cess, which was defined as catheterization of the intended vessels and
completion of the angiogram or intervention without conversion to
pTRA or common femoral access. Secondary outcomes included
complication rates, defined as major or minor. Major complications
included symptomatic RAO, pseudoaneurysm or arteriovenous fis-
tula formation, and hematoma requiring transfusion. Minor compli-
cations included minor bleeding, asymptomatic RAO, and local pain
or numbness extending beyond the duration of the procedure.
Heterogeneity was evaluated with the I2 statistic. Outliers were identi-
fied using the Grubb test with a 5% significance level. Meta-regres-
sion models were developed to determine the associations between
routine use of US and procedural success as well as complications.

RESULTS
Search Results
A total of 7 studies6,8-13 met the inclusion criteria and were
included in the meta-analysis (Fig 1). All 7 studies were retro-
spective case series, and none of them compared outcomes asso-
ciated with dTRA and pTRA or TFA. The methodologic quality
of the 7 studies is described in Table 1.

Description of Studies and Procedural Characteristics
The 7 included studies comprised 348 (75.8%) diagnostic cerebral
angiograms and 111 (24.2%) interventions. Three studies included

FIG 1. PRISMA flow diagram.
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only diagnostic angiograms,9.12.13 one included only interven-
tions,10 and 3 combined both.6,8,11 Details of the interventions
are provided in Table 2. The mean ages in each study ranged
between 52 and 64.4 years. There was a slight female predomi-
nance (58.8%). The modified Allen test was routinely used in
1 study,9 but this did not preclude the authors’ use of dTRA.
Five studies reported routinely using US to guide arterial
puncture,6,8,10,12,13 while 1 study used it in approximately 20%
of cases9 and another did not use US at all.11 The mean diame-
ter of the radial artery in the anatomic snuffbox was reported
in 3 studies9,10,13 and ranged from 2.19 to 2.4mm.

Procedural Success
Success rates ranged from 20% to 100%. The 20% success rate
reported by Goland et al11 was determined to be a statistically sig-
nificant (P, .05) outlier and was removed from the analysis. As
shown in Fig 2, the pooled success rate was 95% (95% CI, 91%–
98%), though there was significant heterogeneity (I2 ¼ 74.33,
P, .01). Routine US use was associated with procedural success
(OR ¼ 1.41; 95% CI, 0.98–2.02), though this approached but did
not reach statistical significance (P¼ .061). Reasons for conver-
sion to pTRA or TFA included an inability to cannulate the radial
artery, vasospasm, the presence of arteria lusoria, the presence of

Table 1: Assessment of methodologic quality of the 11 included studies using criteria described by Murad et al7

Study

Selection Ascertainment Causality Reporting
Do the patients rep-
resent the whole ex-

perience of the
investigator?a

Was the ex-
posure

adequately
ascertained?

Was the out-
come

adequately
ascertained?b

Were other alternative
causes that may

explain the observa-
tion ruled out?

Was follow-up
long enough
for outcomes
to occur?b

Are the cases
described
with suffi-
cient detail?

Weinberg et al8 2020 Yes Yes Yes Yes No Yes
Pons et al6 2020 Yes Yes Yes Yes Yes Yes
Saito et al9 2020 Yes Yes Yes Yes Yes Yes
Kuhn et al10 2020 Yes Yes Yes Yes No Yes
Goland et al11 2019 NR NR Yes No No No
Patel et al12 2019 Yes Yes Yes Yes No Yes
Brunet et al13 2019 Yes Yes Yes Yes No No

Note:—NR indicates not reported.
a This criterion was met if authors reported consecutive series of patients.
b Follow-up was considered sufficient if authors reported any delayed follow-up after the procedure in the form of telephone interviews, clinical examinations, or sonog-
raphy evaluations of the distal radial artery.

Table 2: Details of each study

Study No.
Mean Age [SD]

(yr)
Proportion
Women (%)

Proportion of
Interventions

(%) Interventions (No.)
Success
Rate (%)

Complication
Rate (%)

Complication
Description

(No.)
Weinberg
et al8

2020

120 54.7 [14.7] 55.8 7.5 AVM/dAVF (7)
Aneurysm (1)
Other (1)

100 1.7 Hematoma (1)
Radial artery
spasm (1)

Pons et
al6 2020

98 58 [15.6] 44 46.9 Aneurysm (17)
Stroke (13)
ICAD (4)
AVM/dAVF (4)
CAS (3)
BTO (3)
Embolization (2)

96.9 4.1 Hematoma (3)
Dissection (1)

Saito et
al9 2020

51 59.4 [13.5] 68.6 0 NA 92.2 2 Numbness (1)

Kuhn et
al10

2020

48 64.4 56.3 100 Aneurysm (18)
Embolization (8)
CAS (6)
AVM/dAVF (3)
Stroke (3)
ICAD (3)
Vasospasm (1)
Spinal
embolization (1)

89.6 2.1 Asymptomatic
RAO (1)

Goland et
al11 2019

19 52 [14.5] 57.9 42.1 Aneurysm (9) 20 NR NA

Patel et
al12 2019

38 54.5 [11.5] 50 0 NA 89.5 5.9 Local pain (2)

Brunet et
al14 2019

85 53.8 [15] 78.8 0 NA 91.8 NR NA

Note:— AVM indicates arteriovenous malformation; BTO, balloon test occlusion; CAS, carotid artery stent placement; dAVF, dural arteriovenous fistula; ICAD, intracranial
atherosclerotic disease; NA, not applicable; NR, not reported.
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a radial artery loop, and lack of catheter support in the aortic
arch. All 6 success rates were within the 95% confidence interval
of the funnel plot for publication bias (Fig 3).

Successful selective catheterization of specific vessels was
described in 2 studies.6,9 Pons et al6 reported decreasing success
rates in selecting the right ICA (97%), left ICA (93.5%), and left
vertebral artery (82%). Saito et al9 also reported decreased success
in catheterizing the left ICA.

Complications
Five studies reported access-related complication rates.6,8-10,12 No
major complications were experienced in any of the series. The
incidence of minor complications ranged from 1.7% to 5.9%. As
shown in Fig 4, the pooled complication rate was 2% (95% CI,
1%–4%), and there was low heterogeneity (I2 ¼ 0, P ¼ .77).

Routine US use was not associated with access-related complica-
tions (OR¼ 1.00; 95% CI, 0.96–1.05; P¼ .829). Of the 10 compli-
cations reported, hematoma was the most common (40%),
followed by pain or numbness (30%), radial artery spasm (10%),
dissection (10%), and asymptomatic RAO (10%). Only 1 study6

reported the rate of procedural complications (6.5%), which were
related to aneurysm treatment in 2 patients and carotid stent
placement in one.

Procedural Details
Each study that included interventions described the use of 6F
sheaths, while 5F sheaths were used for diagnostic cerebral angio-
grams with the exception of 1 study9 in which 4F sheaths were
used. The use of Simmons type 1 or 2 catheters was described for
diagnostic angiography in 4 studies.6,9,11,12 For interventions, long

FIG 2. Forest plot demonstrating the pooled procedural success rate.

FIG 3. Funnel plot depicting the success rates for the 6 studies included in the pooled rate. The solid line represents the pooled success rate,
and the hashed lines indicate its 95% confidence interval.
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sheaths were described in 2 studies6,10 and included 6F 9-cm
sheaths, including the Shuttle (Cook) and Ballast (Balt), as well as
the AXS Infinity LS (Stryker Neurovascular). Kuhn et al10 also
reported the use of Fubuki guide catheters (Asahi Intecc) in a
sheathless fashion. Alternatively, 5F or 6F guide or intermediate
catheters were placed directly through a short radial sheath.6,11 The
mean/median number of vessels catheterized ranged from 1.5 to 5.
FTs for diagnostic procedures could be combined from 4 studies
(n ¼ 285),8,9,12,13 yielding a mean FT of 13.53 [SD, 8.82] minutes.
Contrast doses for diagnostic procedures were available in 3 stud-
ies,8,9,12 producing a combined mean of 74.9 [SD, 35.6] mL. All 7
studies described their methods for hemostasis. The PreludeSYNC
DISTAL Radial Compression Device (Merit Medical) was the most
common (4 studies), while the Safeguard Radial Compression
Device (Merit Medical), the TR BAND Radial Compression Device
(Terumo), and the Stepty P compression bandage (NICHIBAN)
were used in 1 study each. One study did not use a hemostatic
device.

DISCUSSION
Following the publication of multiple studies in the cardiology lit-
erature demonstrating the improved safety of TRA compared
with TFA,14-17 the radial artery is becoming increasingly used for
neurointerventional procedures. Multiple authors have reported
high procedural success rates using TRA not only for diagnostic
angiograms but also for interventions.18,19 TRA also affords
direct access to the ipsilateral vertebral artery and easier vessel
catheterization in type III aortic arches. dTRA has the same bene-
fits as pTRA, with the potential advantages of reduced risk of
hand ischemia, improved ergonomics, preservation of the proxi-
mal radial artery for future endovascular procedures or bypass,
and shorter time to achieve hemostasis. While the safety and effi-
cacy of dTRA have been established for coronary angiography
and intervention,20 less evidence supports its use in cerebral angi-
ography and neurointerventions. The latter requires more distal
access in increasingly tortuous vessels, meriting its own study.
Although success and complication rates associated with pTRA
for neurointervention have been reviewed,2 dTRA requires a sep-
arate investigation due to its unique features. These include the
smaller diameter, angled course in the snuffbox, propensity for
vasospasm, and greater distance from the supra-aortic vessels of
the distal radial artery. We found a high overall rate of procedural
success and a low complication rate with dTRA, suggesting that it

may be a useful addition to the neurointerventionalist’s arma-
mentarium. The lack of any direct comparison with pTRA in the
literature precludes any conclusion regarding the superiority of
one approach over the other.

The puncture site for dTRA is in the proximal anatomic snuff-
box (Fig 5), which is a triangular depression bounded by the ten-
dons of the abductor pollicis longus and extensor pollicis brevis
muscles laterally and the tendon of the extensor pollicis longus
medially. The scaphoid and trapezium bones form the floor of
the snuffbox. Here, the radial artery courses in a medial-to-lateral
direction and continues as the deep palmar arch.

Summary of Evidence
We identified a high pooled success rate of 95% in this study,
which is comparable with the rates described in the cardiology lit-
erature. It is also similar to the 4.8% rate of crossover to TFA in a
meta-analysis of pTRA for coronary interventions.15 In a meta-
analysis of 5 studies with 3209 patients undergoing dTRA,
Hamandi et al20 identified a nearly identical success rate of 94.7%.
A separate meta-analysis of 4212 patients yielded similar results,
demonstrating a 95.4% success rate.21 The inability to use dTRA
can arise from various causes and steps in the procedure. Failure to
cannulate the distal radial artery may occur due to hypoplasia or
vasospasm from multiple punctures. A minimum artery diameter
of 2mm has been described, but little empiric evidence is available
to support this. All 3 studies reporting the distal radial artery diam-
eter obtained mean measurements of .2mm, and Brunet et al13

did not identify a difference in radial artery diameter between the
proximal and distal segments. US guidance may reduce the num-
ber of attempts required for arterial cannulation. Although the dis-
tal radial artery is usually palpable in the snuffbox, US can help
ensure a single-wall puncture and visualize the course of the artery.
The radial artery travels from medial to lateral in the snuffbox,
requiring a 30°–45° angulation of the needle.22 The Radial Artery
Access with Sonography Trial (RAUST) demonstrated a reduced
number of attempts and shorter time to access with US guidance,
though this was performed for pTRA.23 Six of the 7 studies in this
review described the use of US, and meta-regression demonstrated
an association between US and procedural success that neared sta-
tistical significance.

Vasospasm may also preclude dTRA, which was a frequently
cited reason for access failure in this review. Slow injection of
2.5mg of verapamil and 200mg of nitroglycerin is commonly

FIG 4. Forest plot demonstrating the pooled rate of minor complications.
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performed once access is obtained to
avoid vasospasm around the sheath.
Longer sheaths can also bypass the
proximal radial artery where vaso-
spasm is usually encountered. However,
vasospasm may also be encountered on
initial cannulation of the artery, espe-
cially with multiple punctures. In our
experience, this can sometimes be
avoided by infiltrating the periarterial
tissues with a mixture of 1mL of lido-
caine and 200mg of nitroglycerin before
puncture. Following successful sheath
placement, the remainder of the proce-
dure is performed in a manner similar
to pTRA, with potential reasons for
conversion to TFA including the pres-
ence of a radial artery loop, arteria luso-
ria configuration, and lack of catheter
support in the aortic arch. The latter
may be particularly relevant for dTRA
because of the approximately 5 cm of
extra distance from the puncture site to
the target vessel.

Complications were rare, minor,
and self-limiting, findings similar to
those in prior reports. Hamandi et al20

identified low rates of various complica-
tions with dTRA, ranging between
0.11% and 2.3%. In addition, RAO was
lower with dTRA compared with
pTRA.20 Park et al24 found a 2.2%
minor complication rate with noncoro-
nary and noncerebral interventions,
which is almost identical to our pooled
complication rate of 2%. These rates are
lower than those of TFA, which is asso-
ciated with a 2.8%–5.1% complication
rate.25 Furthermore, many of these
were major complications such as retro-
peritoneal hematoma, arteriovenous fis-
tula, and pseudoaneurysm. Our 2%
complication rate was similar to the
2.75% minor complication rate associ-
ated with pTRA.2 However, major
complications have been reported with
pTRA, including symptomatic RAO
following carotid artery stent place-
ment.26 Only 1 case of RAO was
reported in this review, which was
asymptomatic. This may underestimate
the true incidence, however, given that
follow-up US or angiography was not
routinely performed. Minimizing the
volume of air in the compression band
needed to achieve hemostasis can
reduce the risk of RAO.13 This follows

FIG 5. Diagram of the distal radial artery puncture site in the wrist and its proximal course super-
imposed on the surrounding anatomic structures. a indicates artery; sup, superficial.
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the principles of the patent hemostasis technique, which is associ-
ated with lower rates of RAO.27

In our experience with the PreludeSYNC DISTAL, typical vol-
umes range between 5 and 8mL, which enable rapid hemostasis
and discharge following elective diagnostic procedures. The time
to achieve hemostasis may be shorter with dTRA than with
pTRA.28 Overall, the lack of hand ischemia in any of the patients
in this review can be explained by the location of the access site
distal to the origin of the superficial palmar arch, which anastomo-
ses with the ulnar artery and the deep palmar arch. Hematomas
composed approximately half of the complications, which did not
require transfusion. The radial artery in the snuffbox is superficial
and easily compressible against the scaphoid bone. Prolonged pain
was another minor complication, and both cases were self-limited.
Patients may experience puncture site pain during the procedure,
which is usually due to vasospasm. Typically, this resolves with
conclusion of the procedure and removal of the sheath. US guid-
ance could lower the rate of complications by reducing the num-
ber of arterial punctures, but we did not find an association
between routine US use and the complication rate, likely due to
the low pooled complication rate and relatively small sample size.
Overall, the results of this review suggest that dTRA is very safe for
both diagnostic procedures and interventions.

Fluoroscopy times for diagnostic angiograms performed with
dTRA were slightly longer compared with prior reports using
pTRA (6.5–10.3minutes).29,30 However, direct comparison is dif-
ficult without adjusting for the number of vessels catheterized
and operator experience. As mentioned previously, the additional
length to the aortic arch with dTRA theoretically could make the
procedure more difficult and increase FTs. Studies directly com-
paring FT between pTRA and dTRA are warranted.

Limitations
Limitations include the small number of studies, which reflects
the relatively late adoption of radial access in the neurointerven-
tional field. All these studies were retrospective, and the deci-
sion to perform dTRA could have introduced selection bias.
In addition, there were relatively few interventions included
(n ¼ 111). Success rates are highly dependent on operator expe-
rience, and a substantial learning curve for dTRA exists.
Therefore, various levels of experience could have introduced
variability into the success rate, which we attempted to account
for with a random-effects model. This may have contributed to
the significant heterogeneity of this outcome. Several studies
did not report each variable that we collected, which we tried to
address by contacting the original authors. Procedural compli-
cations (ie, occurring after obtaining access) were sparsely
reported but are important for assessing the overall safety of the
approach. Only 2 studies reported their success in selecting spe-
cific vessels, which is an important measure of the efficacy of
dTRA, given that left ICA and vertebral artery catheterization is
more difficult with this approach. An additional limitation is
the lack of any comparison with pTRA or TFA.

Future Directions
Additional series regarding the safety and efficacy of dTRA for cer-
ebral angiography and neurointervention are needed because the

current literature comprises a small number of centers with opera-
tors who may have had prior experience performing radial access.
In 1 study, all operators had performed at least 50 angiograms with
pTRA.13 Therefore, caution should be used when extrapolating the
results of this meta-analysis. To this end, characterization of opera-
tors’ learning curves transitioning to dTRA may be informative.
Studies directly comparing pTRA and dTRA may offer insight
regarding any superiority of one approach over the other. The
ongoing DIStal Versus COnventional RADIAL Access for
Coronary Angiography and Intervention (DISCO) radial trial
(clinicaltrials.gov Identifier: NCT04171570) will determine the suc-
cess and complication rates associated with each radial artery
access site for coronary procedures. Similar trials for neurointer-
vention are warranted. As more operators adopt dTRA, the tech-
nique will likely be refined and even greater success rates will be
realized. The development of catheters specifically designed for
transradial neurointervention may also improve the efficacy of the
approach.

CONCLUSIONS
dTRA is a safe and effective option for diagnostic cerebral angiog-
raphy and neurointervention that has distinct advantages com-
pared with pTRA and TFA. However, the literature is mostly
limited to small, single-institution case series and diagnostic pro-
cedures. Additional studies are required with large sample sizes,
greater proportions of interventions, prospective enrollment, and
direct comparisons with other approaches.
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Posterior Circulation Endovascular Thrombectomy for Large-
Vessel Occlusion: Predictors of Favorable Clinical Outcome

and Analysis of First-Pass Effect
A.M. Alexandre, I. Valente, A. Consoli, M. Piano, L. Renieri, J.D. Gabrieli, R. Russo, A.A. Caragliano,

M. Ruggiero, A. Saletti, G.A. Lazzarotti, M. Pileggi, N. Limbucci, M. Cosottini, A. Cervo, F. Viaro, S.L. Vinci,
C. Commodaro, F. Pilato, and A. Pedicelli

ABSTRACT

BACKGROUND AND PURPOSE: Successful vessel recanalization in posterior circulation large-vessel occlusion is considered crucial,
though the evidence of clinical usefulness, compared with the anterior circulation, is not still determined. The aim of this study
was to evaluate predictors of favorable clinical outcome and to analyze the effect of first-pass thrombectomy.

MATERIALS AND METHODS: A retrospective, multicenter, observational study was conducted in 10 high-volume stroke centers in
Europe, including the period from January 2016 to July 2019. Only patients with an acute basilar artery occlusion or a single, domi-
nant vertebral artery occlusion (“functional” basilar artery occlusion) who had a 3-month mRS were included. Clinical, procedural,
and radiologic data were evaluated, and the association between these parameters and both the functional outcome and the first-
pass effect was assessed.

RESULTS: A total of 191 patients were included. A lower baseline NIHSS score (adjusted OR, 0.77; 95% CI, 0.61–0.96; P¼ .025) and higher
baseline MR imaging posterior circulation ASPECTS (adjusted OR, 3.01; 95% CI, 1.03–8.76; P¼ .043) were predictors of better outcomes.
The use of large-bore catheters (adjusted OR, 2.25; 95% CI, 1.08–4.67; P¼ .030) was a positive predictor of successful reperfusion at first-
pass, while the use of a combined technique was a negative predictor (adjusted OR, 0.26; 95% CI, 0.09–0.76; P¼ .014).

CONCLUSIONS: The analysis of our retrospective series demonstrates that a lower baseline NIHSS score and a higher MR imaging
posterior circulation ASPECTS were predictors of good clinical outcome. The use of large-bore catheters was a positive predictor
of first-pass modified TICI 2b/3; the use of a combined technique was a negative predictor.

ABBREVIATIONS: BAO ¼ basilar artery occlusion; F-P mTICI ¼ first-pass effect mTICI; IQR ¼ interquartile range; mTICI ¼ modified TICI; pc-ASPECTS ¼ pos-
terior circulation ASPECTS; pc-LVO ¼ large-vessel occlusion of the posterior circulation

Posterior circulation stroke accounts for about 20% of all ische-
mic stroke cases.1,2 The etiology is variable (thromboembolic,

atherosclerosis, arterial dissection, perforating vessels disease, and
so forth), affecting different vascular territories; rarely, this type

of stroke is due to a large-vessel occlusion of the posterior circula-
tion (pc-LVO), representing about 1% of all acute ischemic
strokes,3,4 Acute pc-LVO carries a high risk of disabling stroke
or death. In this context, designing a randomized controlled
trial is challenging, and even appropriate patient selection is
problematic. Successful vessel recanalization is considered
crucial for survival or for improving functional outcome,5,6

though the evidence of the clinical usefulness of endovascular
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treatment in pc-LVO compared with anterior circulation
LVO is still not determined due to a lack of randomized con-
trolled trial data.

In this setting, a recent study supports the safety and efficacy
of endovascular treatment for patients with acute ischemic stroke
caused by basilar artery occlusion (BAO) who could be treated
within 24 hours of the estimated occlusion time.7

The aims of our study included the evaluation of the effective-
ness of the endovascular treatment for acute BAO or single, dom-
inant vertebral artery occlusion (“functional” BAO), the analysis
of predicting factors of favorable outcome, and of first-pass effect.

MATERIALS AND METHODS
Patients and Study Design
This retrospective, multicenter, observational study was con-
ducted in 10 European high-volume stroke centers ($100 throm-
bectomies performed annually). We included all consecutive
patients with acute pc-LVO who underwent a mechanical throm-
bectomy between January 2016 and July 2019. Only patients with
an acute BAO or a single, dominant vertebral artery occlusion
(functional BAO) were included. We excluded all patients with
incomplete follow-up data (Fig 1). Clinical and radiologic data
were retrospectively collected and stored in a specific data base at
each center. We collected and reviewed the following data: age,
sex, baseline NIHSS score, arterial occlusion site, administration
of intravenous thrombolysis, onset-to-groin time, procedural du-
ration, time from onset to reperfusion, first-line thrombectomy
technique, procedure-related complications, postprocedural com-
plications, reperfusion grade (assessed using the modified TICI
[mTICI] scale8), and the 90-day mRS score. The presumed etiol-
ogy of the stroke has been classified on the angiographic assess-
ment,9 according to the literature.

Ethics approval was obtained from the institutional review
board of each center. Informed consent for participation in the
study was obtained only in patients who were neurologically able
to give it; for all the other patients, the informed consent was
obtained from a legal representative. All patients underwent base-
line imaging (CT and/or MR imaging) according to the acute
stroke imaging protocol at each center. According to guidelines,10

before thrombectomy, intravenous recombinant tissue plasmino-
gen activator was administered to eligible patients who could be
treated within 4.5 hours of symptom onset.

Differences in technical performances among the centers
involved were analyzed by comparing the percentages of success-
ful reperfusion (mTICI 2b/3).

Endovascular Treatment. All procedures were performed with
the patient under general anesthesia or conscious sedation after
evaluation by a dedicated anesthesiology team. The thrombec-
tomy devices were chosen at the interventionalist’s discretion,
using a stent retriever, aspiration, or a combined technique
approach in the first instance, with a possible switch toward
another strategy in case of reperfusion failure (mTICI 0/2a).

Periprocedural complications were also recorded. Aspiration
catheters with an inner lumenof .0.060 inches were considered
large-bore catheters.

Time Assessment
The symptom-to-groin time was defined as the interval between
the estimated time of stroke onset (or the time last-seen-well)
and the time of arterial puncture. Reperfusion time was defined
as the interval between the time of arterial puncture and the
final angiogram. The symptom-to-reperfusion time was the
time from stroke onset to the final angiogram.

Outcome Assessment
The primary outcome was clinical independence, defined as an
mRS score of 0–2 at the 90-day outpatient visit or telephone
interview, assessed by stroke neurologists at each center.
Reperfusion was assessed according to the mTICI scale;8 suc-
cessful reperfusion was defined as an mTICI of 2b/3 and was
considered as the efficacy outcome when comparing techni-
ques. Image analysis was performed by neuroradiologists at
each center.

The secondary outcome was the achievement of successful
reperfusion (mTICI 2b/3) at first attempt (the so-called first-pass
effect11,12).

Statistical Analysis
Demographics and clinical characteristics were compared between
subjects with unfavorable (mRS score 3–6) and favorable (mRS
score 0–2) outcomes at 90 days and between patients with or with-
out first-pass successful reperfusion (F-P mTICI 2b/3). For contin-
uous measures, mean [SD] and median and interquartile range
(IQR) are presented, and P values were calculated with a 2-tailed t
test for Gaussian continuous variables, and the Mann-Whitney U
or Kruskal-Wallis test for non-Gaussian continuous variables.
Normality distribution was tested with the Shapiro-Wilk test. For
categoric measures, frequencies and percentages are presented, and
P values were calculated with a x2 or 2-tailed Fisher exact tests as

FIG 1. Enrollment flow chart. PCA indicates posterior cerebral artery.
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appropriate. Multivariate analysis was performed using a logistic
regression model with 90-day favorable outcome and F-P mTICI
2b/3 as dependent variables separately; except for age and sex as
confounding factors, only variables with P, .05 at univariate anal-
ysis were included into the multivariate models. An interaction
term between center and technique used was included in both
multivariable models to control for the possible effect modification
by the center.13 All variables (with the exception of confounding
factors) included in the multivariate model with a variable-inflating
factor of .2.5 were excluded from the analysis due to multicolli-
nearity issues. To improve the interpretability of the results, we
used the marginal effects of our independent variables. The efficacy
of different techniques was assessed using the multivariate logistic
regression model adjusted for prespecified confounding factors
(age, sex, occlusion site, and onset-to-groin time); the technique
that yielded the worst results was used as reference category. A
subgroup analysis on patients with presumed atherosclerotic etiol-
ogy was performed with 90-day favorable outcome as a dependent
variable.

Receiver operating characteristic curve analysis was per-
formed to determine the discriminative power (area under the
curve) of 3 models derived from the multivariate logistic regres-
sion analysis for 90-day good outcome (mRS 0–2), considering
only clinical variables (age, sex, NIHSS), considering only techni-
cal variables (thrombectomy techniques, mTICI, F-P mTICI,

large-bore catheters, groin-to-reperfusion time), or considering
the whole model.

Statistical analysis has been performed with STATA 15.1
(StataCorp).

RESULTS
The mean age was 68.3 [SD, 13.9] years, and 61 patients (31.9%)
were women. The baseline characteristics and main results are
summarized in Table 1. The mean number of passages in contact
aspiration procedures was 1.43 [SD, 0.79]; in the stent retriever
procedures, it was 1.78 [SD, 1.04]; and in combined-technique
procedures, it was 2.95 [SD, 1.65]. Favorable outcome (90-day
mRS 0–2) was obtained in 73/191 patients (38.2%), whereas an
ability to walk unassisted by another person (90-days mRS 0–3)
was achieved in 88 patients (46%). The rate of successful
reperfusion achieved was 86.3%, respectively, 97.2% in the
mRS 0–2 group and 80.5% in the mRS 3–6 group. The distri-
bution of 90-day mRS according to mTICI is summarized in
Fig 2. Types of complications are summarized in the Online
Supplemental Data.

Univariate analysis showed an association between presumed
stroke etiology and outcome (P, .001), with a worse outcome
for atherosclerotic occlusions (22.3% versus 38.2%; P¼ .001);
atherosclerotic occlusions had worse results in technical outcome

Table 1: Baseline, clinical, and technical characteristics

Characteristics Overall
Poor Outcomes at 90-Day mRS

(3–6)
Favorable Outcomes at 90-Day

mRS (0–2)
P

Value
No. 191 118 (61.78%) 73 (38.21%)
Age (mean) 68.3 [SD, 13.97] 69.94 [SD, 12.83] 65.63 [SD, 15.35] .037
Women 61 (31.9%) 40/118 (33.9%) 21/73 (28.7%) .460
Baseline NIHSS (IQR) 12 (7–20) 15 (9–26) 9 (5–15) ,.001
CT 161 (84.2%) 96/118 (81.6%) 65/73 (89.0%) .156
CTA 130 (68.0%) 77/118 (65.2%) 53/73 (72.6%) .290
CTP 18 (9.4%) 10/118 (8.4%) 8/73 (10.9%) .568
MR imaging 80 (41.9%) 53/118 (44.9%) 27/73 (36.9%) .280
Pc-ASPECTS (CT) 8.16 [SD, 2.76] 8.08 [SD, 2.60] 8.27 [SD, 3.00] .168
Pc-ASPECTS (MR imaging) 6.63 [SD, 1.64] 6.33 [SD, 1.62] 7.22 [SD, 1.55] .006
Occlusion site .611
BA 180 (94.2%) 112/118 (94.9%) 68/73 (93.1%)
VA 11 (5.3%) 6/118 (5.1%) 5/73 (6.89%)

Presumed etiology .001
Atherosclerotic 67 (35.1%) 52/118 (44.1%) 15/73 (20.8%)
Thromboembolic 124 (64.9%) 66/118 (55.9%) 58/73 (79.4%)

Thrombolysis 57 (30%) 28/118 (23.7%) 29/73 (40.3%) .019
Wake-up stroke 13 (6.8%) 8/118 (6.8%) 5/73 (6.8%) .985
Contact aspiration 110 (57.6%) 58/118 (49.1%) 52/73 (71.2%) .003
Stent retriever 23 (12.0%) 15/118 (12.7%) 8/73 (10.9%) .718
Combined 43 (22.5%) 33/118 (27.9%) 10/73 (13.7%) .022
Use of alternative thrombectomy
techniques

11 (5.7%) 8/118 (6.8%) 3/73 (4.10%) .441

No endovascular access 4 (2.1%) 4/118 (3.4%) 0
mTICI 2b/3 165 (86.4%) 95/118 (80.5%) 70/73 (95.9%) .003
mTICI 3 129 (67.5%) 64/118 (54.2%) 65/73 (89.0%) ,.001
First-pass effect mTICI 2b/3 97 (50.8%) 48/118 (40.7%) 49/73 (67.1%) ,.001
First-pass effect mTICI 3 82 (42.9%) 36 (30.5%) 46 (63.0%) ,.001
Large-bore catheters 74 (38.7%) 39/118 (33.0%) 35/73 (47.9%) .040
Symptom-to-groin (IQR) 290 (201–420) 295 (201–405) 278.9 (201–455) .941
Reperfusion time (IQR) 50.5 (27–92.5) 60 (30–105) 40.5 (25–77) .021
Onset-to-reperfusion (IQR) 392.5 (285–570) 392.5 (300–560) 388.5 (275–655) .747

Note:—VA indicates vertebral artery; BA, basilar artery.
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considering both mTICI and F-P mTICI and a higher mortality
rate compared with the overall population (38.8% versus 29.3%).

Table 2 summarizes the results of multivariate logistic regres-
sion analysis for predicting good outcome. The model included

age, sex, baseline NIHSS, MR imaging pc-ASPECTS, aspiration
technique, combined technique, large-bore catheters, reperfusion
status (mTICI 2b/3, mTICI 3, F-P mTICI 2b/3, and F-P mTICI
3), reperfusion time, intravenous thrombolysis, and presumed

stroke etiology. mTICI 3 and F-P
mTICI 3 were excluded from the anal-
ysis due to multicollinearity issues. Of
the other variables included, statisti-
cally significant predictors of better
outcomes were lower baseline NIHSS
(adjusted OR, 0.77; 95% CI, 0.61–0.96;
P¼ .025) and higher baseline MR
imaging pc-ASPECTS (adjusted OR,
3.01; 95% CI, 1.03–8.76; P¼ .043)
(Fig 3).

Results of univariate and multivari-
ate logistic regression analysis for pre-
dictors of first-pass successful re-
perfusion (mTICI 2b/3) are reported in
Table 3 and Table 4. This model
included age, sex, presumed stroke eti-
ology, aspiration technique, combined
technique, and large-bore catheters.
The use of large-bore catheters
(adjusted OR, 2.25; 95% CI, 1.08–4.67;
P¼ .030) and female sex (adjusted OR,
2.05; 95% CI, 1.02–4.11; P¼ .041) were
positive predictors of successful reper-
fusion at first-pass; the use of a com-
bined technique was a negative
predictor of successful reperfusion at
first-pass (adjusted OR, 0.26; 95% CI,
0.09-0.76; P¼ .014).

Results of subgroup analysis for the
atherosclerotic etiology for predicting
good outcome are shown in the Online
Supplemental Data. In this subgroup, a
lower baseline NIHSS score was associ-
ated with better outcome (adjusted OR,

FIG 2. Ninety-day mRS according to mTICI. The dashed line indicates mRS 0–2; the dotted line,
mRS 0–3 mRS; the continuous line,mRS 0–5 and mortality.

Table 2: Multivariate logistic regression analysis for 90-day good outcome
Variable OR 95% CI P Value

Age 0.91 0.84–1.00 .067
NIHSS baseline 0.77 0.61–0.96 .025
Pc-ASPECTS MR imaging 3.01 1.03–8.76 .043
Contact aspiration 18.06 0.39–833.14 .139
Combined 0.10 0.00–17.07 .383
mTICI 2b/3 0.24 0.00–9.65 .450
Thrombolysis 0.02 0.00–2.19 .106
First-pass effect mTICI 2b/3 3.24 0.11–95.42 .495
Presumed etiology (atherosclerotic) 0.12 0.00–1.88 .133
Large-bore catheters 0.98 0.04–21.89 .991
Reperfusion time 0.99 0.97–1.02 .869

FIG 3. A, Probability of good outcome according to MR imaging pc-ASPECTS. B, Probability of good outcome according to the baseline NIHSS
score comparing the whole sample and the atherosclerotic subgroup.
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0.86; 95% CI, 0.75–0.98; P¼ .027). In this subgroup, percutaneous
transluminal angioplasty of the stenosis was performed in 3
patients; stent placement of the stenosis, in 5 patients; and percuta-
neous transluminal angioplasty plus stent placement, in 1 patient.
Multivariate analysis (adjusted for prespecified confounding fac-
tors) comparing the 3 techniques (Table 5) showed no
differences, considering neither a successful nor a complete reper-
fusion, whereas contact aspiration showed better results in both F-
P mTICI 2b/3 (adjusted OR, 6.67; 95% CI, 2.65–15.30; P, .001)
and F-P mTICI3 (adjusted OR, 5.88; 95% CI, 2.38–14.49;
P, .001).

The analysis of the area under the curve–receiver operating
characteristic curves showed that by combining only the 2 classes
of variables, we obtained the maximum area under the curve and
the accuracy of the model reached its best value (Fig 4).

No differences were found in the rates of successful reperfu-
sion among the centers involved in this study (P¼ .925).

DISCUSSION
A favorable clinical outcome (mRS 0–2) was observed in 38.2%;
when we considered patients with 90-day 0–3 mRS, which can be
considered an acceptable result if compared with the natural his-
tory of this disease, the percentage increased to 46%. These data
are higher than those reported by Bouslama et al14 and by the

BASILAR study investigators;7 this
result could be due to a lower mean
NIHSS score in our cohort.

Our analysis showed that the base-
line NIHSS score (OR, 0.77; P¼ .025)
and the pc-ASPECTS on MR imaging
(OR, 3.01; P¼ .043) are predictors
of 90-day good clinical outcome, as
previously reported by several stud-
ies.14-18 The correlation between a
lower baseline NIHSS score and the
probability of good outcome was
first demonstrated by the
ENDOSTROKE study group for
endovascular therapy,17 whose
results are similar to those we
observed and in line with previous
studies about thrombolytic treat-
ment in basilar occlusions.19

The probability of good outcome
rapidly decreases at each MR imaging
pc-ASPECTS point drop; with an MR
imaging pc-ASPECTS of ,6, the

adjusted probability of good outcome is ,10%. Most patients
underwent CT and CTA; CTP was performed in only 9.4% of
patients, probably because of its limited efficacy in posterior fossa
evaluation, whereas MR imaging was used 41.8%, because of the
lack of availability in the emergency setting in some of the involved
centers. A recent study by Guillaume et al20 had additionally dem-
onstrated that although a rapid recanalization of BAO in patients
with pretreatment DWI pc-ASPECTSof ,8 was associated with
good clinical outcome, a dramatic decrease in good outcome proba-
bility was observed with the increase of time to reperfusion, and
those patients could be considered “fast progressors.” A further
consideration is that CT pc-ASPECTS cannot accurately differenti-
ate patients with ischemia in life-threatening brain regions, such as
the pons, mesencephalon, and diencephalon.9 We concur that MR
imaging becomes essential in those cases in which the potential
benefit of endovascular thrombectomy is not clear.

When we adjusted for confounding factors, age was not asso-
ciated with good clinical outcome, unlike what was reported
by Gramegna et al,9 who noted an association between
younger age and a favorable clinical outcome. This difference
is not justified by either the mean age of the 2 subgroups,
which was similar (68.3 and 70.9 years) or by the percentage
of favorable clinical outcome (38.2% and 36.2%, respectively);
this difference could be due to the smaller population of their
study compared with ours.

Obtaining a successful reperfusion (mTICI 2b/3) is the main
goal for neurointerventionalists; the percentage of successful
reperfusion that we achieved was 86.3%, in line with other se-
ries.14 The successful reperfusion (mTICI 2b/3) correlated signifi-
cantly with the outcome in univariate analysis (P, .001), but not
in multivariate analysis (P¼ .495). Probably, TICI 2b reperfusion
is simply not good enough, and the goal of reperfusion should be
TICI 2c/3. Moreover, among patients in whom a successful reper-
fusion was obtained and who underwent MR imaging, 69.70% of

Table 3: Univariate analysis for predictors of first-pass effect

Characteristics Overall
First-Pass Effect,

mTICI 0/2a
First-Pass Effect,

mTICI 2b/3
P

Value
No. 187 90 (48.13%) 97 (51.87%)
Age (mean) (yr) 68 [SD, 13.9] 66.2 [SD, 13.30] 69.7 [SD, 14.4] .085
Women 61 (32.6%) 22/90 (24.4%) 39/97 (40.2%) .022
CTA 126 (68.1%) 57/90 (63.3%) 69/97 (71.1%) .256
Occlusion site .540
BA 176 (94.1%) 86/90 (95.6%) 90/97 (92.8%)
VA 11 (5.9%) 4/90 (4.4%) 7/97 (7.2%)
Presumed etiology .014
Atherosclerotic 66 (35.3%) 40/90 (44.4%) 26/97 (26.80%)
Thromboembolic 121 (64.7%) 50/90 (55.6%) 71/97 (73.2%)
Thrombolysis 56 (29.9%) 27/90 (30%) 29/97 (29.9%) .988
Contact aspiration 110 (58.8%) 39/90 (43.3%) 71/97 (73.2%) ,.001
Stent retriever 23 (12.3%) 12/90 (13.3%) 11/97 (11.3%) .678
Combined 43 (23.0%) 33/90 (36.7%) 10/97 (10.3%) ,.001
Use of alternative
thrombectomy
techniques

Large-bore catheters 74 (39.6%) 24/90 (26.7%) 50/97 (51.5%) .001
Symptom-to-groin (IQR) 293 (210–420) 287 (201–405) 300.5 (210–432.5) .086

Note:—VA indicates vertebral artery; BA, basilar artery.

Table 4: Multivariate logistic regression analysis for predictors
of first-pass effect

Variable OR 95% CI P Value
Age 1.02 0.99–1.04 .091
Female 2.05 1.02–4.11 .041
Presumed etiology (atherosclerotic) 0.68 0.33–1.38 .289
Contact aspiration 1.30 0.50–3.34 .582
Combined 0.26 0.09–0.76 .014
Large-bore catheters 2.25 1.08–4.67 .030
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them had a pc-ASPECTS of ,8; consequently, the probability of
good outcome was low (Online Supplemental Data).

F-P mTICI 2b/3 and the use of large-bore catheters were both
associated with good clinical outcome in the univariate analysis
(respectively, P, .001 and P¼ .04), but none of these technical
results were confirmed in the multivariate analysis. This discrepancy
between univariate and multivariate analysis could be attributed to
the small sample size when we consider specific technical subgroups.

Reperfusion time (in minutes) was significantly lower in the
good-outcome group (40.5 versus 60; P¼ .021). However, the
impact of reperfusion time on good clinical outcome at 90 days was
not consistent in multivariate analysis, unlike in other studies.20,21

This finding could be explained because faster procedures are more
frequently associated with thromboembolic occlusions (P, .001;
Online Supplemental Data), which are more likely to be related to a
better outcome.

The multivariate analysis for successful reperfusion at first-
pass showed that the use of large-bore catheters (OR, 2.25;
P¼ .030) and female sex (OR, 2.05; P¼ .041) are positive predic-
tors of successful reperfusion at first-pass, while the use of a

combined technique (OR, 0.26;
P¼ .014) is a negative predictor of
successful reperfusion at first-pass.
The better technical outcome reached
in the female sex could be explained
by slightly less prevalence of athero-
sclerotic occlusions in this group
(27.9% versus 38.9%). The combined
technique had worse results, and this
cannot be explained by either the
need for the change of strategy or the
number of revascularization attempts.
Even if predictors of first-pass effects
have already been studied by other
authors for anterior circulation occlu-
sion,22,23 this is the first time that this
concept has been applied to posterior
circulation stroke.

When we compared the 3 techni-
ques (adjusting for prespecified con-
founding factors), no difference was
found in obtaining either an mTICI
2b/3 or an mTICI 3, especially if there
were no differences in better func-
tional outcomes and complication

rates. However, aspiration had better results in F-P mTICI 2b/3
(OR, 5.82; P, .001) and F-P mTICI3 (OR, 5.27; P, .001). These
results could be partially explained by the most frequent use of the
A Direct Aspiration First Pass Technique in most of the centers
involved in the study.

Common guidelines containing specific recommendations with
strong levels of evidence for treating posterior circulation stroke are
lacking because randomized controlled trial results are missing. The
Acute Basilar Artery Occlusion: Endovascular Interventions versus
Standard Medical Treatment (BEST)24 trial was terminated prema-
turely due to a high crossover rate and negative results in the inten-
tion-to-treat analysis. The Basilar Artery International Cooperation
Study (BASICS)25 recently showed that endovascular therapy
administered ,6 hours from stroke onset in conjunction with best
medical management did not substantially improve functional out-
come at 90days (mRS 0–3) compared with best medical manage-
ment alone.26 In this trial, 44.2% of the participants randomly
assigned to receive endovascular therapy together with best medi-
cal management experienced a favorable functional outcome, com-
pared with 37.7% of the control group. This result was mainly due

Table 5: Multivariate logistic analysis of successful reperfusion among aspiration, stent retriever, and other techniques (combined
technique was used as a reference category)

Technical Outcome

Aspiration Stent Retriever Other Techniques
Unadjusted OR

(95% CI)
Adjusted OR
(95% CI)

Unadjusted OR
(95% CI)

Adjusted OR
(95% CI)

Unadjusted OR
(95% CI)

Adjusted OR
(95% CI)

mTICI 2b/3 1.32 (0.46–3.78) 0.79 (0.25–2.55) 1.70 (0.31–9.20) 4.22 (0.40–44.17) 0.72 (0.12–4.23) 1.39 (0.18–10.58)
mTICI 3 1.82 (0.86–3.84) 1.47 (0.66–3.29) 1.22 (0.42–3.51) 2.03 (0.59–6.97) 1.14 (0.29–4.51) 1.40 (0.28–6.82)
First-pass effect
mTICI 2b/3

6.00 (2.67–13.48)a 5.75 (2.41–13.70)a 3.02 (1.02–8.92)a 2.04 (0.60–6.96) 2.75 (0.69–10.94) 2.07 (0.37–11.46)

First-pass effect
mTICI 3

5.65 (2.40–13.29)a 5.18 (2.11–12.72)a 2.33 (0.73–7.38) 1.90 (0.52–6.99) 2.49 (0.58–10.64) 1.68 (0.27–10.20)

a P value , .05.

FIG 4. Receiver operating curve (ROC) analysis of different predictive models. The technical
model area includes the following: thrombectomy techniques, mTICI, F-P mTICI, large-bore cath-
eters, and groin-to-reperfusion time. The clinical model area includes age, sex, and NIHSS score.
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to a better-than-expected outcome in the control group.
Endovascular therapy tended to be more effective in patients older
than 70 years than in younger patients, and most interesting, there
was a significant difference in outcome favoring endovascular ther-
apy in patients with worse clinical presentation (NIHSS $10),
while there was a trend toward a better outcome after thrombolysis
in patients with minor deficits, or NIHSS ,10. Favorable results
(mRS 0–2) were 35.1%, while in our cohort, they were 38.2%; mRS
0–3 was 44.2% in their endovascular group, while in our cohort, it
was 46%. Compared with our study, mortality was higher (43.2%
versus 29.3%).

Another trial is currently running, the Basilar Artery Occlusion:
Chinese Endovascular Trial (BAOCHE; CinicalTrials.gov identifier:
NCT02737189). This trial investigates the benefit of standard medi-
cal treatment associated with endovascular treatment in acute BAO
versus standard medical treatment alone, but it is facing the chal-
lenge of achieving the inclusion target because a growing number
of stroke centers are unwilling to randomize patients to standard
medical treatment alone after the many positive results of trials for
endovascular therapy in patients with anterior circulation stroke.

Using a propensity score-matching analysis, a recent non-
randomized cohort study7 demonstrated that endovascular therapy
administered within 24hours of the estimated occlusion time is
associated with better functional outcomes and reduced mortality.
These findings suggest that endovascular thrombectomy might be
considered the standard of care for eligible patients with acute
BAO, despite the lack of a published randomized controlled trial.

Limitations
This study has several limitations: first, its retrospective and
observational design and the consequent use of post hoc hypothe-
ses. Then, mTICI and ASPECTS were assessed by the attending
stroke specialist and interventional neuroradiologist without a
central core lab; so, bias cannot be excluded. Stroke imaging pro-
tocols could differ among the centers involved in the study.

CONCLUSIONS
The analysis of our retrospective series showed that a lower base-
line NIHSS score and a higher MR imaging pc-ASPECTS were
predictors of good clinical outcome for acute BAO treated with
endovascular thrombectomy. A lower baseline NIHSS score was
also a predictor of good clinical outcome in the atherosclerotic
subgroup. The use of large-bore catheters was a positive predictor
of F-P mTICI 2b/3, while the use of a combined technique was a
negative predictor of F-P mTICI 2b/3. The aspiration technique
achieved better results in F-P mTICI 2b/3 and F-P mTICI 3 com-
pared with other thrombectomy techniques.

Disclosures: Nicola Limbucci—UNRELATED: Consultancy: Cerenovus, Medtronic,
Stryker.
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Early Postmarket Results with EmboTrap II Stent Retriever
for Mechanical Thrombectomy: A Multicenter Experience
A. Srivatsan, V.M. Srinivasan, R.M. Starke, E.C. Peterson, D.R. Yavagal, A.E. Hassan, A. Alawieh, A.M. Spiotta,

Y. Saleem, K.M. Fargen, S.Q. Wolfe, R.A. de Leacy, I.P. Singh, I.L. Maier, J.N. Johnson, J.-K. Burkhardt,
S.R. Chen, and P. Kan

ABSTRACT

BACKGROUND AND PURPOSE: EmboTrap II is a novel stent retriever with a dual-layer design and distal mesh designed for acute is-
chemic stroke emergent large-vessel occlusions. We present the first postmarket prospective multicenter experience with the
EmboTrap II stent retriever.

MATERIALS AND METHODS: A prospective registry of patients treated with EmboTrap II at 7 centers following FDA approval was
maintained with baseline patient characteristics, treatment details, and clinical/radiographic follow-up.

RESULTS: Seventy patients were treated with EmboTrap II (mean age, 69.9 years; 48.6% women). Intravenous thrombolysis was given in
34.3%, and emergent large-vessel occlusions were located in the ICA (n ¼ 18), M1 (n ¼ 38), M2 or M3 (n ¼ 13), and basilar artery (n ¼ 1).
The 5 � 33 mm device was used in 88% of cases. TICI$ 2b recanalization was achieved in 95.7% (82.3% in EmboTrap II–only cases), and
first-pass efficacy was achieved in 35.7%. The NIHSS score improved from a preoperative average of 16.3 to 12.1 postprocedure and to
10.5 at discharge. An average of 2.5 [SD, 1.8] passes was recorded per treatment, including non-EmboTrap attempts. Definitive treatment
was performed with an alternative device (aspiration or stent retriever) in 9 cases (12.9%). Some hemorrhagic conversion was noted in
22.9% of cases, of which 4.3% were symptomatic. There were no device-related complications.

CONCLUSIONS: Initial postmarket results with the EmboTrap II stent retriever are favorable and comparable with those of other
commercially available stent retrievers. Compared with EmboTrap II, the first-generation EmboTrap may have a higher first-pass ef-
ficacy; however, data are limited by retrospective case analysis, incomplete clinical follow-up, and small sample size, necessitating
future trials.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; BGC ¼ balloon-guide catheter; FPE ¼ first-pass efficacy; LKN ¼ last known healthy; sICH ¼ symptomatic in-
tracerebral hemorrhage

Several landmark trials in 2015 established mechanical throm-
bectomy with stent retriever devices as the treatment of

choice for emergent large-vessel occlusion acute ischemic stroke
(AIS) in the anterior circulation. The thrombectomy window was
further expanded in certain cases on the basis of the recent
Endovascular Therapy Following Imaging Evaluation for
Ischemic Stroke 3 (DEFUSE 3) and Clinical Mismatch in the

Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) studies.1-7 Various stent
retrievers are available in the United States, such as the Solitaire
(Medtronic) and Trevo (Stryker), each with different configura-
tions, mechanisms, and clinical outcome profiles.

The EmboTrap device (Neuravi/Cerenovus) received FDA ap-
proval in May 2018 and is indicated for neurovascular reperfusion
within 8hours of symptom onset in patients experiencing AIS.8

The EmboTrap device has a novel dual-layer construct designed to
improve clot engagement and a distal mesh designed to reduce dis-
tal emboli. The Analysis of Revascularization in Ischemic Stroke
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with EmboTrap (ARISE II) was an open-label, single-arm, multi-
center, prospective clinical study that evaluated the safety and effi-
cacy of EmboTrap, the first-generation EmboTrap device.8 The
EmboTrap II stent retriever is a recent iteration that incorporates a
few changes, including the following: 1) a double proximal marker
to allow a more precise stent placement, and 2) an increase of outer
cages from 3 to 5 to potentially improve the ability of the device to
capture clots during device retraction (Fig 1).9

To date, only 1 single-center study has evaluated EmboTrap
II, with a relatively small sample size.9 In this study, we present
the first prospective multicenter experience with the EmboTrap
II stent retriever.

MATERIALS AND METHODS
Study Design
The study was a prospective registry of all patients treated with
EmboTrap II at 7 academic neurointerventional centers from May
2018 to October 2019 following FDA approval of the device. These
patients were not enrolled in any other studies (eg, the ARISE II
trial). All patients older than 18 years of age with emergent large-
vessel occlusion AIS who underwent endovascular therapy with at
least 1 EmboTrap II deployment (when Embotrap II was used as
the initial device) were included in the study. For each patient, de-
mographic, baseline clinical, procedural, and clinical and radiologic
outcome data were collected. Institutional review board approval
was obtained for the collection and review of patient data for this
study (H-33379).

Procedural Technique
All patients were first evaluated with baseline noncontrast CT of the
head and CTA. CTP was performed at the discretion of the treating
physicians. Experienced neurologists performed all NIHSS and mRS
assessments. Mechanical thrombectomy was performed with the
patient under conscious sedation or general anesthesia by experi-
enced fellowship-trained neurointerventionalists. Patients underwent
endovascular treatment if they had an ASPECTS of 6–10, moderate-
to-good collaterals on CTA, and an ischemic penumbra of.50% of
the total hypoperfused area identified by CTP. Each case was eval-
uated on the basis of clinical history and radiologic imaging.
Informed consent was obtained for mechanical thrombectomy for all
patients except those whose legally authorized representatives were
not available (2-physician consent was used in those cases).
Thrombectomy techniques used included a stent retriever with a

balloon guide catheter (BGC), Solumbra,
Embotrap pinning catheter (EPIC), and
A Direct Aspiration First Pass Tech-
nique (ADAPT) as described below
(determined by the individual neuroin-
terventionalist). Balloon-guide catheter
use varied depending on the interven-
tionalist’s preference. There was no limit
to the number of passes attempted with
the EmboTrap II stent retriever; how-
ever, in case of clot-retrieval failure, each
interventionalist could independently
choose an alternate device for treatment
continuation. ADAPT was only used as

a rescue technique after failure of the EmboTrap II stent retriever.

ADAPT
In ADAPT, a large-bore aspiration catheter is advanced to the
proximal aspect of the thrombus and connected to a source of
continuous aspiration, and the thrombus is suctioned.

Stent Retriever with Balloon Guide
In stent retriever with balloon guide, a large-bore BGC is first
placed in the cervical ICA. Next, a microcatheter is navigated
over a microwire across the clot. A stent retriever is then
deployed across the occlusion. During the removal of the stent re-
triever with thrombus, the balloon guide catheter is inflated to
occlude the proximal vessel and achieve proximal flow arrest.
The balloon-guide catheter is also placed under suction to achieve
flow reversal.

Solumbra
In the Solumbra technique, a guide catheter is first placed in the
cervical ICA. Next, a large-bore aspiration catheter is then
advanced to the proximal portion of the thrombus over a micro-
catheter. A stent retriever is then deployed across the occlusion.
During removal of the stent retriever into the aspiration catheter,
the aspiration catheter is connected to a continuous aspiration
source.

EPIC
In EPIC, a large-bore BGC is first placed in the cervical ICA. An
aspiration catheter is then advanced to the proximal portion of
the thrombus over a microcatheter. A stent retriever is deployed
across the occlusion. During removal of the stent retriever and
the aspiration catheter as a unit, the balloon-guide catheter is
inflated, with negative suction applied to achieve proximal occlu-
sion and flow reversal. The aspiration catheter is simultaneously
connected to a continuous source of aspiration during its removal
with the stent retriever.

Outcomes
The TICI score was used to evaluate immediate angiographic
results, and TICI$ 2b was defined as successful reperfusion. The
NIHSS score was assessed after the procedure, at hospital dis-
charge, and at 90 days after the procedure. MR spectroscopy was
assessed at hospital discharge and 90 days after the procedure.
Both evaluations were performed by experienced neurologists

FIG 1. Structure of the EmboTrap II device. Three different angles of the EmboTrap II device (the
second is rotated 90° and third is rotated 45° further). Courtesy of Cerenovus, part of DePuy
Synthes Products, Inc.
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not involved in the procedure. Device-related complications, pro-
cedural complications, and instances of hemorrhagic conversion
were recorded. Mean and [SD] were used to express continuous
variables, while categoric variables were described through fre-
quency distributions. All data analysis was conducted using
STATA, Version 15.1 (StataCorp).

RESULTS
A total of 70 patients were treated with the EmboTrap II device,
with a mean age of 69.9 years; 48.6% of patients were women.
Hypertension was the most common comorbidity (80.3%), fol-
lowed by atrial fibrillation, hyperlipidemia, diabetes, and prior
strokes. The mean preoperative NIHSS score on admission was
16.3 [SD, 6.6] (range, 3–27), the mean preoperative baseline mRS
score was 0.4 [SD, 0.9] (range, 0–4), and 94.0% of patients had
mRS# 2 at admission. All except 1 case (basilar artery occlusion)
were in the anterior circulation, with most occlusions in M1
(54.3%), followed by the ICA (25.7%), M2 (15.7%), and M3
(2.9%) as shown in Fig 2. There were 3 tandem occlusions, and
one of the ICA occlusions was in the petrocavernous segment.
Intravenous thrombolysis was administered in 34.3% of cases.
Baseline patient characteristics are detailed in Table 1.

Most patients had conscious sedation (63.2%), while 36.8%
underwent general anesthesia. Last-known healthy (LKN) to punc-
ture time was 444.7 [SD, 310.4]minutes, and the mean procedure
time (puncture to reperfusion) was 54.2 [SD, 36.0]minutes. The 5
� 33 mm device was used in 88% of cases, while the 5 � 21 mm
device was used in the other 12%. A mean of 2.5 [SD, 1.8] (range,
1–7) passes was made per treatment, including non-EmboTrap II
attempts, and a mean of 2.2 [SD, 1.6] (range, 1–7) passes was made
per treatment when the EmboTrap II was the definitive treatment.
Definitive treatment with an alternative device (aspiration, another
stent retriever, intra-arterial tPA, and stent placement) was required
in 12.9% of cases. Procedural variables are detailed in Table 2. A

balloon-guide catheter was used in 38.6% of cases. As overviewed
in Table 3, TICI$ 2b recanalization was achieved in 95.7% of
patients. TICI$ 2b recanalization was achieved in 82.3% of patients
for whom the EmboTrap II was used as the definitive device. First-
pass efficacy (FPE), defined as TICI$ 2b recanalization after a first
pass with the device, was achieved in 35.7% of patients.

The NIHSS score improved from a preoperative mean of 16.3

[SD, 6.6] to 12.1 [SD, 7.6] postprocedure, and to 10.5 [SD, 11.2]

at discharge (deceased patients were given an NIHSS score of 42).

The mean mRS at discharge was 3.2 [SD, 1.7] (range, 0–6), with

43.1% of patients having mRS# 2, and the mean mRS at 90 days

was 2.7 [SD, 2.2] (range, 0–6), with 52.9% of patients having

mRS# 2. Embolization to distal or a new territory was found in

15.7% of patients, and hemorrhagic conversion of any type was

noted in 22.9% of cases, of which 4.3% were symptomatic (Table

Table 1: Baseline characteristics and demographics
Characteristics n= 70

Mean age (range) (yr) 69.9 [SD, 16.5] (25–96)
Women (%) 48.6
Race (%)
White 61.7
Hispanic 28.3
Black 6.7
Other 3.3
Atrial fibrillation (%) 56.9
Hypertension (%) 80.3
Hyperlipidemia (%) 52.4
Diabetes (%) 32.8
Previous ischemic stroke/TIA (%) 20
Mean NIHSS on admission (range) 16.3 [SD, 6.6] (3–27)
Mean premorbid mRS (range) 0.4 [SD, 0.9] (0–4)
Premorbid mRS#2 (%) 94.0
Location
ICA (%) 25.7
M1 (%) 54.3
M2 (%) 15.7
M3 (%) 2.9
Basilar (%) 1.4
IV tPA (%) 34.3

FIG 2. Distribution of sites of vessel occlusion treated. Most occlu-
sions were in M1 (54.3%), followed by the ICA (25.7%), followed by M2
(15.7%) and M3 (2.9%). AcomA indicates anterior communicating ar-
tery; PcomA, posterior communicating artery; PCA, posterior cerebral
artery; ACA, anterior cerebral artery.

Table 2: Procedural variables
Variables n= 70

Anesthesia type (%)
Conscious sedation 63.2
General anesthesia 36.8
Balloon-guide catheter used (%) 38.6
Intracranial stent (%) 5.7
Intra-arterial tPA (%) 7.1
Mean No. of passes per treatment (range) 2.5 [SD, 1.8] (1–7)
Mean LKN to puncture time (min) 444.7 [SD, 310.4]
Mean puncture to reperfusion (min) 54.2 [SD, 36.0]
Mean LKN to reperfusion time (min) 480.1 [SD, 320.1]
Mean No. of passes per treatment (range) 2.5 [SD, 1.8] (1–7)
Mean No. of passes per treatment with
EmboTrap II as definitive device (%)

2.2 [SD, 1.6] (1–7)

Thrombectomy technique
SRBG 37 (52.9%)
Solumbra 18 (25.7%)
EPIC 15 (21.4%)
Definitive treatment with alternative device (%) 12.9

Note:—SRBG indicates stent retriever with balloon guide; EPIC, Embotrap pinning
catheter.
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4). Mortality at 90 days was 11.4%. There were no device-related

complications.

Sample Case
A 72-year-old man with a history of diabetes, hypertension, and
hyperlipidemia presented with acute onset of expressive aphasia

and right-sided weakness. His LKN was at 9:30 PM before he went
to bed, and at 2:30 AM, the patient was found on the floor of the
restroom, unable to talk and with weakness in his right upper ex-
tremity. On initial examination, the patient had an NIHSS score
of 17. CTA and angiography showed left M2 occlusion (Fig 3).
Mechanical thrombectomy was performed with a 5 � 33
EmboTrap II and a distal-access catheter using the Solumbra
technique. TICI 3 revascularization was achieved after a single
pass. On postoperative day 1, the patient was found to have
marked improvement on examination with an NIHSS score of 2.
The patient was discharged home on postoperative day 5.

DISCUSSION
The results of our study support the safety and efficacy of
EmboTrap II, and its procedural success and safety metrics are
comparable with those of other commercially available stent
retrievers. Table 5 presents a comparison of our study with that
of Valente et al,9 ARISE II,8 Solitaire With the Intention for
Thrombectomy as Primary Endovascular Treatment (SWIFT
PRIME),4 and Thrombectomy Revascularization of Large Vessel
Occlusions in Acute Ischemic Stroke (TREVO 2).10 Valente et al
studied EmboTrap II, ARISE II studied the first-generation
EmboTrap device, and SWIFT PRIME and TREVO 2 studied the
Solitaire and Trevo stent retrievers, respectively, the 2 most com-
monly used stent retrievers in the United States. Overall, the final
reperfusion rate in EmboTrap II–only cases in our study was

82%, similar to the results in Valente
et al. Most interesting, although our
FPE was similar to that of Valente et al
(36% versus 34%), both our study and
Valente et al’s had a lower FPE than
was reported in ARISE II (52%), in
which the original EmboTrap device
was used. This finding suggests that
the original design may have a higher
FPE, especially because the use of the
BGC was similar between ARISE II
and Valente et al. The rate of good
functional outcome (mRS 0–2) at
90 days in this study was similar to
that of Valente et al (53% versus 55%),
but both our study and that of Valente
et al’s had worse outcome than
reported in ARISE II (67%). This
finding may be related to our lower
FPE. In addition, ARISE II evaluated
only patients treated within 8 hours,
whereas our real-world study had
many cases beyond the ones with a
mean time from LKW to puncture of
7.4 [SD, 5.2] hours. This finding
may also explain the slightly wors-
ened results in our study.

The mean procedure time in our
study (54.2minutes) is on the longer
side; however, it is likely related to the
difficulty of the cases rather than an

Table 3: Clinical and radiographic outcomes
Outcomes n= 70

Rate of final successful reperfusion
(defined as TICI$ 2b reperfusion) (%)

95.7

TICI$ 2b rate with EmboTrap II as
definitive device (%)

82.3

FPE (%) 35.7
Mean 24-hour NIHSS (range) 12.1 [SD, 7.6] (0–32)
Mean NIHSS at day 5/7 or at discharge 10.5 [SD, 11.2] (0–42)
Mean mRS at discharge 3.2 [SD, 1.7] (0–6)
mRS 0–2 at discharge (%) 43.1
Mean mRS at 90 days 2.7 [SD, 2.2] (0–6)
mRS 0–2 at 90 days (%) 52.9

Table 4: Adverse events
Adverse Events

Embolization to distal or a new territory (%) 15.7
Hemorrhagic conversion (%) 22.9
Symptomatic hemorrhagic conversion (%) 4.3
Mortality in follow-up period (%) 11.4

FIG 3. Angiographic runs of a patient case. A, Preoperative angiogram shows M2 occlusion. B,
EmboTrap II deployed across the occlusion. C, Angiogram run after EmboTrap II deployment. D,
Angiographic run after EmboTrap II removal.
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inherent problem with the stent retriever. Our rate of sympto-
matic intracerebral hemorrhage (sICH) was similar to that of
ARISE II, lower than that of TREVO 2, and higher than that of
Valente et al and SWIFT PRIME, which both reported no sICH.

Of note, our rate of distal embolization (15.7%) was higher
than that of the other studies. Valente et al9 also studied the
EmboTrap II device and reported no cases with distal emboliza-
tion. The mechanical design of the EmboTrap stent retriever with
the distal mesh has been shown to reduce distal embolization,
thus making our results surprising,11 especially in comparison
with the results of Valente et al. A study by Chueh et al12 exam-
ined distal embolization and found that BGC use during throm-
bectomy led to a lower rate of distal embolization. Our rate of
BGC use (39%) is substantially lower than that of Valente et al
and ARISE II (79% and 74%). Furthermore, our mean number of
passes when EmboTrap II was used as the definitive treatment
was slightly higher than that of Valente et al. These 2 reasons in
combination could potentially explain the high rate of distal
embolization in our study.

With the addition of our multicenter study to the prior single-
center series of 29 patients of Valente et al,9 we bring the total
number of EmboTrap II cases in the literature to 99. Combining
both datasets yields the following cumulative literature rates for
EmboTrap II: final reperfusion rate (80%), FPE (35%), sICH (3%),
90-day mRS#2 (54%), mean procedure time (55.6minutes), and
distal embolization (11%). These results are comparable with those
in studies of other stent retrievers depicted in Table 5.

Limitations
Our study has several limitations. First, as a multicenter series, there
were variations in thrombectomy techniques among different inter-
ventionalists, which could affect the results. Second, our study was a
single-arm study with no comparison group, making a definitive
comparison with other stent retrievers difficult. Third, the results of
our study may have low generalizability because most emergent
large-vessel occlusions were treated with alternative devices per cen-
ter (Online Supplemental Data). Fourth, the angiographic results
were self-adjudicated, and the analysis was performed in a retro-
spective manner, thus introducing bias. In contrast, the clinical

follow-up was performed by experienced neurologists unrelated to
the study. Last, 90-day follow-up mRS data were limited and were
only available in 49% of patients.

CONCLUSIONS
We present the first prospective multicenter experience with the
novel EmboTrap II stent retriever. The procedural efficacy and
safety profile of the device in our study are favorable and compara-
ble with those of other commercially available stent retrievers.
Compared with EmboTrap II, the first generation EmboTrap may
have a higher FPE, but this possibility needs to be further examined
in future studies comparing the 2 devices. Data on this new device
are still limited by retrospective case analysis, incomplete clinical
follow-up, and low sample size, necessitating further future trials.
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Do Outcomes between Women and Men Differ after
Endovascular Thrombectomy? A Meta-analysis

A.A. Dmytriw, J.C. Ku, V.X.D. Yang, N. Hui, K. Uchida, T. Morimoto, J. Spears, T.R. Marotta, and
J.D.B. Diestro

ABSTRACT

BACKGROUND: Research on the presence of sex-based differences in the outcomes of patients undergoing endovascular throm-
bectomy for acute ischemic stroke has reached differing conclusions.

PURPOSE: This review aimed to determine whether sex influences the outcome of patients with large-vessel occlusion stroke
undergoing endovascular thrombectomy.

STUDY SELECTION:We performed a systematic review and meta-analysis of endovascular thrombectomy studies with either strati-
fied cohort outcomes according to sex (females versus males) or effect size reported for the consequence of sex versus outcomes.
We included 33 articles with 7335 patients.

DATA ANALYSIS: We pooled ORs for the 90-day mRS score, 90-day mortality, symptomatic intracranial hemorrhage, and
recanalization.

DATA SYNTHESIS: Pooled 90-day good outcomes (mRS # 2) were better for men than women (OR ¼ 1.29; 95% CI, 1.09–1.53;
P ¼ ,.001, I2 ¼ 56.95%). The odds of the other outcomes, recanalization (OR ¼ 0.94; 95% CI, 0.77–1.15; P ¼ .38, I2 ¼ 0%), 90-day
mortality (OR ¼ 1.11; 95% CI, 0.89–1.38; P ¼ .093, I2 ¼ 0%), and symptomatic intracranial hemorrhage (OR ¼ 1.40; 95% CI, 0.99–1.99;
P ¼ .069, I2 ¼ 0%) were comparable between men and women.

LIMITATIONS:Moderate heterogeneity was found. Most studies included were retrospective in nature. In addition, the randomized
trials included were not specifically designed to compare outcomes between sexes.

CONCLUSIONS:Women undergoing endovascular thrombectomy for large-vessel occlusion have inferior 90-day clinical outcomes. Sex-
specific outcomes should be investigated further in future trials as well as pathophysiologic studies.

ABBREVIATIONS: EVT ¼ endovascular thrombectomy; HRT ¼ hormone replacement therapy; RCT ¼ randomized controlled trial; rtPA ¼ recombinant tissue
plasminogen activator; sICH ¼ symptomatic intracranial hemorrhage

D ifferences in the treatment and outcomes between women
and men with cardiovascular disease are well-documented

in the literature. Women undergoing percutaneous coronary
interventions have higher hospital mortality rates and complica-
tions compared with men.1 For stroke, men had a higher inci-
dence, but female patients with stroke were more severely ill.2 A
large series spanning 10 years found that women were less likely
to receive IV recombinant tissue plasminogen activator (rtPA)
and were also less likely to be enrolled in a clinical trial.3 More
recently, however, a review suggested that the disparity between
women and men in the rate of IV rtPA administration was no
longer apparent in more modern cohorts.4

The advent of endovascular thrombectomy (EVT) ushered in
a new era in the treatment of large-vessel ischemic stroke. Sex-
specific outcome analysis of the Multicenter Randomized Clinical
Trial of Endovascular Treatment for Acute Ischemic Stroke
in the Netherlands (MR CLEAN), a randomized controlled
trial (RCT) that demonstrated the superiority of endovascular
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thrombectomy over best medical management, showed that there
were no statistically significant treatment effects of EVT for
women in terms of 90-day functional outcomes.5 On the other
hand, a meta-analysis of all the landmark trials for EVT did not
show any differences between women and men in terms of out-
comes.6 However, the latest evidence on the subject comes from
the largest real-world cohort of 2399 patients, which shows that
women were less likely to receive EVT and be functionally inde-
pendent at 90 days.7 Our systematic review primarily aimed to
determine whether sex influences the 90-day clinical outcomes of
patients with large-vessel ischemic stroke undergoing EVT. We
also examined symptomatic intracranial hemorrhage (sICH), 90-
day mortality, and recanalization rate.

MATERIALS AND METHODS
A systematic review with a meta-analysis was conducted in ac-
cordance with the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA).8

Search Strategy, Information Sources, and Study
Selection
Electronic searches were performed using Ovid MEDLINE,
PubMed, the Cochrane Central Register of Controlled Trials, the
Cochrane Database of Systematic Reviews, the American College
of Physicians Journal Club, and the Database of Abstracts of
Reviews of Effectiveness from their dates of inception to March
21, 2020 (Online Supplemental Data). To achieve maximum sen-
sitivity of the search strategy, we combined the following terms:
“stroke,” “thrombectomy,” “endovascular,” “ADAPT,” “sex,” as
either keywords or Medical Subject Headings terms. The refer-
ence lists of all retrieved articles were reviewed for further identi-
fication of potentially relevant studies. Authors of studies with
incomplete data were also contacted by e-mail. All identified
articles were systematically assessed using the inclusion and
exclusion criteria.

Study Eligibility
Eligible studies for the present systematic review and meta-analy-
sis included cohorts of patients with acute ischemic stroke who
were treated with an endovascular approach, including stent-
retrieval maneuvers or aspiration thrombectomy. Specifically, the
studies included in this review must have included either stratified
cohort outcomes according to sex (females versus males) or
reported an effect size for the consequence of sex versus outcomes
reported. If the proportion data were not available, then effect size
either in the form of odds ratio, relative risk, or hazard ratio with
95% confidence intervals was collected. Studies must have
included data on our desired outcomes: 90-day clinical outcomes
according to the mRS score, recanalization rate according to the
modified TICI, 90-day mortality, and sICH.

To capture modern thrombectomy results, we excluded stud-
ies published before January 1, 2015. When institutions published
duplicate studies with accumulating numbers of patients or
increased lengths of follow-up, only the most complete reports
were included for quantitative assessment at each time interval.
All publications were limited to those involving human subjects
in the English language. Studies with,10 patients, abstracts, case

reports, conference presentations, editorials, reviews, and expert
opinions were excluded.

Risk of Bias
We included 31 observational studies (3 prospective, 28 retro-
spective), 1 RCT, and 1 meta-analysis6 of individual patient data
from the landmark RCTs (MR CLEAN, ESCAPE, REVASCAT,
EXTEND IA, SWIFT PRIME, THRACE, and PISTE) on EVT.
None of the RCTs were randomized according to sex. We used
the Newcastle-Ottawa Assessment Scale for Cohort Studies for
the observational studies.9 The RCTs and the meta-analysis of
individual patient data of RCTs were assessed using the Cochrane
Collaboration tool for assessing the risk of bias in randomized
trials.10 The 7 RCTs included in the meta-analysis were also
assessed individually. All studies had a low-to-moderate degree of
bias (Online Supplemental Data).

Data Collection Process
Two physicians (J.C.K. and J.D.B.D.) independently searched and
reviewed the selected studies. Data were extracted and docu-
mented on a predesigned spreadsheet (Excel for Mac, Version
16.28; Microsoft) with the following variables of interest: first
author, title, year of publication, study location, study design,
sample size, age, number of women, NIHSS score, use of IV
rtPA, TICI 2b–3, recanalization, 90-day mRS, and sICH. Any dis-
agreements with data extraction and article appraisal were settled
by a third independent reviewer (A.A.D.). The severity of stroke
was classified according to the NIHSS score based on the most
common classification system used in the literature: A score of
,8 was classified as mild; 8–16, as moderate; and .16, as severe
stroke.11

Statistical Analysis
The statistical analysis was performed by 2 of the authors
(A.A.D., N.H.). All analyses were conducted in OpenMeta
[Analyst] (http://www.cebm.brown.edu/openmeta/download.
html) and R statistical and computing software, Version 3.5.0
(metafor package 2.0–0; https://metafor-project.org/doku.php).
Statistical significance was considered with a 2-tailed P value #

.05. Unadjusted OR risk and 95% confidence intervals were
reported to pool the effect of sex on thrombectomy outcomes.
Interstudy heterogeneity was estimated using the Higgins I2;
#25% denoted low, 25% to 50% denoted moderate, and .50%
denoted high heterogeneity.12 In cases of high heterogeneity, ran-
dom-effects models were used. Otherwise, fixed-effect models
were used. In light of the high residual heterogeneity, univariate
and multivariate meta-regression analyses were performed to
identify potential confounders contributing to the heterogeneity.
All the variables included in the meta-regression analyses were
demographics, study characteristics, or preoperative variables.
Specifically, for multivariate meta-regression analyses, only varia-
bles with $8 included studies were included in the model.10 To
examine potential publication bias, we constructed funnel plots,
and Egger and Begg and Mazumdar rank correlation tests were
used for each primary outcome.
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RESULTS
After removing duplicates, we identified 2885 studies for screen-
ing. Of these, 55 full-text articles were assessed. A total of 33
articles that met our inclusion and exclusion criteria were
included in the final analysis (Online Supplemental Data).
The PRISMA diagram of the study selection process is pre-
sented in the Online Supplemental Data. All the studies had a
low-to-moderate degree of risk of bias (Online Supplemental
Data).

Among the 7335 included subjects, the average age was 69.3
years (range, 61.5–84.8 years), and 47.4% of the subjects were
women (range, 33.6%–67.0%). On the basis of the NIHSS
score, 12 studies had moderate-severity stroke at baseline
(range, 13–16), while 12 studies had severe stroke (range, 17–
21); 50.1% of the subjects had received IV rtPA before throm-
bectomy (range, 11%–100% of subjects); and 74.8% had a
TICI 2b–3 (range, 50%–100% of subjects) post-EVT radio-
logic outcome.

Primary Outcomes
Pooled 90-day good outcomes were better for men than women
(n ¼ 31, OR ¼ 1.29; 95% CI, 1.09–1.53; P ¼ ,.001, I2 ¼ 56.95%)
(Fig 1). By contrast, the odds of the other outcomes, recanaliza-
tion (n ¼ 10, OR ¼ 0.94; 95% CI, 0.77–1.15; P ¼ .38,
I2 ¼ 0%), 90-day mortality (n¼ 7, OR¼ 1.11; 95% CI, 0.89–1.38;
P ¼ .093, I2 ¼ 0%), and sICH (n ¼ 8, OR ¼ 1.40; 95% CI, 0.99–
1.99; P ¼ .069, I2 ¼ 0%), were comparable between men and
women (Fig 2). Because the heterogeneity tests showed that 90-
day mortality (df ¼ 6, I2 ¼ 44.73%, P ¼ .093), sICH (df¼ 7, I2 ¼
46.71%, P ¼ .069), and recanalization (df ¼ 9, I2 ¼ 6.83%, P ¼
.379) had low-to-moderate heterogeneity, the fixed-effect model
was used in keeping with the Cochrane recommendations for
meta-analysis.

Meta-Regression Analysis
In univariate meta-regression analysis, IV rtPA (n ¼ 5, P ¼
.028) was positively associated with sICH, whereas the NIHSS

FIG 1. Forest plot of meta-analysis results for good functional outcome (mRS# 2) at 90days
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score (n ¼ 5, P ¼ .040) was inversely associated with sICH.
Although no variables had a significant association with good
outcome in univariate analysis, age (P ¼ .003) and male sex
(P , .001) were positively associated with good outcome, after

adjusting for IV rtPA and year of publication. When the vari-
able IV rtPA was replaced by TICI 2b–3, age (P ¼ .045) and
male sex (P ¼ .0084) were still positively associated with good
outcome.

FIG 2. Forest plot for secondary outcomes. A, Recanalization (TICI$ 2b). B, Mortality at 90days. C, sICH.
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Publication Bias
Publication bias was assessed by visually inspecting funnel plots.
For good outcome, sICH, and recanalization, the plots were
symmetric and with minimal extreme values. Publication bias
in these outcomes was interrogated by Egger and Begg as well as
Mazumdar rank correlation tests, and found to be insignificant.
For 90-day mortality, although the funnel plot was asymmetric,
both Egger and Begg and Mazumdar rank correlation tests did
not suggest potential publication bias (Online Supplemental
Data).

DISCUSSION
Our meta-analysis demonstrates that women are less likely to
attain good 90-day functional outcomes (mRS 0–2) compared
with men. The 2 groups did not vary in terms of sICH and 90-
day mortality and recanalization rates.

Women have an overall lower lifetime incidence of stroke
compared with men. This has been attributed principally to the
cardiovascular protective effects of estrogen and progesterone in
younger women.13 However, starting at about 45 years of age, the
pattern is reversed.14 Experimental rat models mimicking middle
cerebral artery stroke have found consistent results. Aged female
rats with lower levels of estrogen had significantly larger infarcts
compared with the other groups (aged male rats, young male and
female rats).15 The identification of pathomechanisms underlying
this phenomenon may help identify molecular targets for sex-
based neuroprotection in the future.

In a pooled, sex-based matched analysis among patients
receiving IV rtPA for stroke in randomized controlled trials, no
overall difference was seen in the outcome of patients between
women and men.16 However, when inspecting the probability of
obtaining a good outcome across age groups in the same cohort,
women fared better than men before the age of 45 but had poorer
outcomes after that. This finding provides further evidence for
the effect of age on sex differences in stroke. A meta-analysis of
60,159 patients on this topic found that women had worse clinical
outcomes compared with men after thrombolysis.17 Higher levels
of plasminogen activator inhibitor 1, a known predictor of
thrombolysis resistance, in female patients with stroke was theor-
ized to underlie these outcomes.18

However, differences in baseline characteristics between sexes
may also account for inferior functional outcomes in women.
The largest cohort included in the analysis also showed poorer
outcomes in women. However, women in the study were also
older and presented with worse strokes (higher NIHSS scores and
lower ASPECTS). Nevertheless, the inferior functional outcomes
remained after adjusting for the aforementioned factors.7 The use
of hormone replacement therapy (HRT) was a risk factor not
routinely collected in the studies included in our meta-analysis.
The use of HRT has been found to decrease the levels of plasmin-
ogen activator 1.19 Intuitively, HRT should be protective for
stroke. However, large randomized trials on the use of HRT for
both primary and secondary prevention of cardiovascular disease
have revealed that its use likely increases the risk of stroke and
stroke-related death.20,21 How HRT affects the response of the
female brain to recanalization and reperfusion after EVT remains
to be elucidated. Thus, HRT use may ultimately be another

important factor worth noting in future studies focused on sex-
based differences in EVT for stroke.

This meta-analysis has several limitations. First, moderate het-
erogeneity was found. Next, there is also bias inherent in the ret-
rospective nature of most studies included. None of the
studies including the randomized trials were specifically
designed to compare outcomes between sexes. Thus, differen-
ces in the baseline characteristics of both groups may have led
to poorer functional outcomes in women undergoing EVT.
Last, the definition of sICH was not uniform throughout all
the studies included.

CONCLUSIONS
This sex-based meta-analysis of patients with stroke undergoing
EVT suggests that women have inferior clinical outcomes at
90 days compared with men. Large-scale prospective cohorts with
attention to sex and reporting of these outcome data would be
instrumental in interrogating this disparity. Studies on the patho-
physiology and/or systems-based cause of this phenomenon
would also help to create alleviation strategies.
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ORIGINAL RESEARCH
INTERVENTIONAL

Middle Meningeal Artery Embolization Using Combined
Particle Embolization and n-BCA with the Dextrose 5% in

Water Push Technique for Chronic Subdural Hematomas: A
Prospective Safety and Feasibility Study

F. Al-Mufti, G. Kaur, K. Amuluru, J.B. Cooper, K. Dakay, M. El-Ghanem, J. Pisapia, C. Muh, R. Tyagi,
C. Bowers, C. Cole, S. Rosner, J. Santarelli, S. Mayer, and C. Gandhi

ABSTRACT

BACKGROUND AND PURPOSE: Embolization of the middle meningeal artery for treatment of refractory or recurrent chronic sub-
dural hematomas has gained momentum during the past few years. Little has been reported on the use of the n-BCA liquid em-
bolic system for middle meningeal artery embolization. We present the technical feasibility of using diluted n-BCA for middle
meningeal artery embolization.

MATERIALS AND METHODS:We sought to examine the safety and technical feasibility of the diluted n-BCA liquid embolic system
for middle meningeal artery embolization. Patients with chronic refractory or recurrent subdural hematomas were prospectively
enrolled from September 2019 to June 2020. The primary outcome was the safety and technical feasibility of the use of diluted
n-BCA for embolization of the middle meningeal artery. The secondary end point was the efficacy in reducing hematoma volume.

RESULTS: A total of 16 patients were prospectively enrolled. Concomitant burr-hole craniotomies were performed in 12 of the 16
patients. Two patients required an operation following middle meningeal artery embolization for persistent symptoms. The primary
end point was met in 100% of cases in which there were no intra- or postprocedural complications. Distal penetration of the mid-
dle meningeal artery branches was achieved in all the enrolled cases. A 7-day post–middle meningeal artery embolization follow-up
head CT demonstrated improvement (.50% reduction in subdural hematoma volume) in 9/15 (60%) patients, with 6/15 (40%) show-
ing an unchanged or stable subdural hematoma. At day 21, available CT scans demonstrated substantial further improvement
(.75% reduction in subdural hematoma volume).

CONCLUSIONS: Embolization of the middle meningeal artery using diluted n-BCA and ethiodized oil (1:6) is safe and feasible from
a technical standpoint. The use of a dextrose 5% bolus improves distal penetration of the glue.

ABBREVIATIONS: cSDH ¼ chronic subdural hematoma; D5 ¼ dextrose 5%; D5W ¼ dextrose 5% in water; MMA ¼ middle meningeal artery; PVA ¼ polyvinyl
alcohol; SDH ¼ subdural hematoma

Despite traditional treatment with surgical evacuation, chronic
subdural hematomas (cSDHs) tend to have an indolent

course with frequent recurrences.1 In recent years, embolization

of the middle meningeal artery (MMA) for treatment of refractory
or recurrent cSDH has gained momentum, with recent literature
showing a significant reduction in the size of the cSDH as well as
lower rates of recurrence.2 The primary endovascular techniques
used to date have involved the use of polyvinyl alcohol particles
(PVA) and Onyx liquid embolic (ethylene-vinyl alcohol dissolved
in dimethyl-sulfoxide; Medtronic). Another commonly used liquid
embolic agent in the neurointerventional area is n-BCA, which is a
liquid adhesive that polymerizes rapidly on contact with ionic sub-
stances and can be injected to achieve permanent vessel occlusion.
The rates of polymerization and flow and the penetration depth
can be modified using varying amounts of ethiodized oil as well as
concurrent infusion of dextrose 5% in water (D5W) during n-BCA
(Trufill, Cordis Neurovascular) injection (D5W-push technique).3

Data on the use of n-BCA as an embolic agent in cases of cSDH
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are extremely limited. Herein, we sought to study the safety and
technical feasibility of using diluted n-BCA for embolization of the
MMA for cSDHs.

MATERIALS AND METHODS
Study Population and Patient Selection
Prospective patients with chronic refractory or recurrent subdural
hematomas admitted to our quaternary care level 1 trauma center
(Westchester Medical Center) were enrolled from September 2019
to June 2020. Informed consent was obtained from patients and/or
their families. This study was approved by the institutional review
board at our institution. Enrolled patients were older than 18 years
of age and had symptomatic cSDH.

We enrolled 3 subgroups of patients in our study. Patients
with a previously untreated subdural hematoma (SDH) were
offered treatment with MMA embolization if they were clinically
symptomatic, had failed conservative management, and did not
require urgent surgical evacuation. Patients with a history of
SDH (acute or chronic) who underwent surgical evacuation with
radiographic evidence of recurrence were offered treatment with
MMA embolization if they were clinically symptomatic, had
failed conservative management, but did not require urgent sur-
gical re-evacuation. Finally, for patients who underwent surgical
evacuation for acutely symptomatic SDHs due to mass effect with
evidence of herniation on cranial imaging, MMA embolization
was offered in the acute postoperative period as a means of pro-
phylaxis in patients who needed to be on anticoagulation therapy,
had platelet dysfunction due to systemic conditions (such as renal
failure or alcohol use), or had re-accumulation or incomplete he-
matoma evacuation, to potentially reduce the risk of recurrence
regardless of postoperative symptomatology.

Patients were excluded if the hematoma had an underlying
chronic cause such as a vascular lesion, brain tumor, arachnoid
cyst, or spontaneous intracranial hypotension. Patients with
mixed-density subdural hematomas were excluded if the acute
component exceeded 50%. Patients with ophthalmic collaterals
from the MMA or other signs of dangerous anastomoses identi-
fied during angiography were excluded. Patients were also
excluded if they were clinically asymptomatic.

Clinical Management
Clinical management conformed to Brain Trauma Foundation
and the Neurocritical Care Society guidelines.4,5

Data Collection
Prospective comprehensive data on each patient were collected,
including demographics, medical history, baseline clinical status,
imaging results, as well as treatment and complications during
hospitalization.

Clinical and Radiologic Variables
The diagnosis of the SDH was established by admission CT based
on standard radiographic characteristics. After endovascular treat-
ment, a follow-up CT scan was obtained on day 7, day 21, and at
3months to assess stability and/or a change in size of the cSDH.
Percentage hematoma reduction based on volume was assessed.

Hematoma volume was measured by applying the ABC/2 tech-
nique modified for ellipsoid cSDH to noncontrast head CT.6

MMA Embolization Procedure
All embolization procedures were performed with the patient under
general anesthesia using an arterial line for blood pressure monitor-
ing. Femoral or radial 6F access was obtained. A Benchmark 071
(2.03mm) Intracranial Access Catheter (Penumbra) was advanced
into the common carotid artery ipsilateral to the cSDH, and intra-
cranial angiography was performed to evaluate dangerous external
carotid artery–ICA collaterals via the MMA. In case of MMA–oph-
thalmic artery collaterals, embolization was not performed.
Embolization of the frontal and parietal branches of the MMA was
performed using a dilute mixture of 1:6 n-BCA and ethiodized oil,
with dextrose 5% (D5) boluses from the guide catheter to improve
the distal penetration of the glue. Visibility was improved using tan-
talum powder. Cases in which there were ophthalmic collaterals
from the MMA or other signs of dangerous anastomoses were
excluded. The Prowler Select Plus microcatheter (Codman), 2.8F/
2.3F 0.021 inch, was used for all cases.

After we advanced the Benchmark catheter into the internal
maxillary artery, a Prowler Select Plus 2.8/2.3F straight-tip micro-
catheter was advanced into the frontal and parietal branches of
the MMA. Initially, particulate embolysate (150–300 mm) was
infused into the distal frontal and parietal branches of the MMA
until there was stagnation of anterograde flow. Following PVA
embolization, a dilute preparation of n-BCA was prepared with
ethiodized oil (14%; 1:6 mixture of n-BCA/ethiodized oil). The
guide catheter was connected to two 60-mL syringes filled with
D5W. As the n-BCA mixture was injected through the micro-
catheter into the frontal and parietal branches of the MMA, a sec-
ond operator simultaneously infused D5W through the guide
catheter to enhance distal penetration (D5W-push technique).
Depending on the duration of the procedure, some patients were
given 25–50 U/kg of heparin to prevent thromboembolic compli-
cations. An XperCT Dual Cone Beam CT of the head (Philips
Healthcare) was performed on the table immediately after the
endovascular procedure.

Outcome Assessment
The primary outcome measure was the safety and technical feasi-
bility of MMA embolization using diluted n-BCA, defined as any
intra- or postprocedural neurologic or non-neurologic complica-
tion. Procedural complications were defined as nontarget emboli-
zation or unintentional retention of the catheter. The secondary
end point was the efficacy in reducing hematoma volume,
defined as.50% reduction in SDH volume. Global outcome was
assessed by virtual interview or a telephone structured interview
using the 7-point version of the mRS rated from death (6) to
symptom-free full recovery (0). Poor outcome was defined as
death or moderate-to-severe disability (unable to walk or tend to
bodily needs, mRS score of 4–6).

RESULTS
Demographics
A total of 16 patients were prospectively enrolled in our study
between September 2019 and June 2020. Themean age was 72years,
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with a male/female ratio of 2:1. A history of trauma was confirmed
in 13 of the 16 patients. Of the 16 patients enrolled, 10 patients were
on anticoagulation at the time of the SDH identification (Online
Supplemental Data).

Indications for MMA Embolization and Surgical Evacuation
Burr-hole craniotomies were performed in 12 of the 16 patients
(75%). Of the 12 patients who underwent both surgical evacuation
of their subdural hematoma and middle meningeal artery emb
olization, 9 underwent embolization post-surgical evacuation.
Postsurgical MMA embolization was performed in 8 patients
within 2 weeks of the operation when there was clear re-accumula-
tion, defined as an increase in hematoma volume of .10%, or
incomplete hematoma evacuation on the 7-day follow-up head CT.
One patient underwent middle meningeal embolization approxi-
mately 8 months following surgical evacuation for persistent symp-
toms and hematoma expansion related to cerebral hypotension.
Three patients underwent MMA embolization preoperatively. Of
the patients requiring burr-hole craniotomy followingMMA embo-
lization, 2 underwent an operation for persistent symptoms during

their initial hospitalization, while the remaining patient underwent
craniotomy after returning to the hospital following a subsequent
fall with a head strike and expansion of her subdural hematoma
11days after undergoing her MMA embolization.

Embolization Results: Technical Feasibility and Safety
Embolization of the MMA was successfully performed in all 16

patients enrolled in the study (Fig 1). A total of 20 patients were

screened for the procedure. Consent could not be obtained for 2

patients. Ophthalmic collaterals from the MMA were identified

in 1 patient, and the MMA was not visualized, possibly secondary

to neurosurgical evacuation, in the remaining patient.
The primary end point was met in 100% of cases; there were

no intra- or postprocedural complications in the 16 patients en-

rolled. Distal penetration of the MMA branches was achieved in

all cases. Average fluoroscopy time was 27.9minutes. The fluo-

roscopy time attributed to glue embolization added an average of

2.5minutes to each procedure (range, 1.5–3.5minutes).

7-Day Follow-up CT Scan
A 7-day postembolization follow-up
head CT was available for 15 of 16
patients and demonstrated improve-
ment (.50% reduction in SDH vol-
ume) in 9/15 (60%), with 6/15 (40%)
showing an unchanged or stable SDH
(Fig 2). The remaining patient was dis-
charged before the 7-day follow-up
scan and was lost to follow-up

21-Day and 3-Month Follow-up
CT Scan
Day 21 head CTs were available for 11/
16 patients, all of whom demonstrated
a further .50% decrease in SDH vol-
ume (thus a total of.75% reduction in
initial SDH volume). Three-month CT
was available for 5/16 patients, all
showing further .50% decrease in
SDH volume. Four patients were lost
to follow-up, and the remaining 21-day
and 3-month scans are pending at the
time of this writing.

FIG 1. Treatment course of a 77-year-old man with bilateral cSDH. Noncontrast axial head CT
reveals bilateral subacute-on-chronic SDHs on admission (A). Diagnostic cerebral angiogram
reveals robust filling of the MMA (B). The MMA was then embolized using n-BCA diluted with
D5W (C). Postprocedural spin sequence reveals the glue cast left in the MMA (D). Noncontrast
head CT at 3months reveals significant resolution of the patient’s SDHs (E and F).

FIG 2. Imaging course of a 75-year-old woman with bilateral cSDHs managed by unilateral burr-hole evacuation followed by bilateral MMA
embolization. Noncontrast head CT images were obtained on presentation (A), postoperatively (B), 1 week postembolization (C), and 4
months postembolization (D).
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Clinical Outcomes
Overall, 6 patients showed improvement (38%), 8 were
unchanged (50%), and 2 (12%) had clinically deteriorated after
MMA embolization. Of the 7 patients with at least 3 months of
follow-up, 6 (85.7%) had partial-to-complete resolution of clini-
cal symptoms. Of these, 5 of 7 (71.4%) had unchanged mRS
scores, while 2 had a 1-point improvement in mRS (Online
Supplemental Data). Of the 9 patients who have not yet had
long-term follow-up, 4 (44.4%) had improved symptoms at dis-
charge, 3 were unchanged, and 2 patients experienced a 1-point
decline in the mRS score. Because the size of the SDH had not
increased, we believe that this worsening could be attributed to
generalized deconditioning or poor tolerance of procedural an-
esthesia, given the patients’ advanced age; long-term follow-up
will be assessed in subsequent reports.

DISCUSSION
cSDH is a public health issue with an estimated 1-year incidence
of 5–58/100,000, which is highest in elderly patients.7 cSDH
presents a challenge to neurosurgeons due to high recurrence
rates (2%–37%) and the numerous associated medical comorbid-
ities. Recent results have demonstrated the effectiveness of MMA
embolization as an alternative to an operation for the treatment
of cSDH. Most data on MMA embolization have been achieved
with PVA particle embolization. To the best of our knowledge,
this study is one of the first series of patients treated with n-BCA
embolization of the MMA for cSDH. In this study, 60% of
patients achieved a reduction in the maximum width of the SDH
of.50% at 7 days, while 31% of patients showed a reduction in
volume at the longest follow-up study of 3months. All cases were
technically successful, and there were no procedure-related
complications.

Development of cSDH starts with the separation of the dural
border cell layer, which triggers an inflammatory response that
includes dural border cell proliferation, granulation tissue forma-
tion, and macrophage deposition.7 A surrounding membrane is
formed due to the inflammatory response, which develops neo-
vascularity due to the release of angiogenic factors. The primary
pathologic mechanism behind recurrent hemorrhage and growth
may involve repeat microvascular hemorrhage within this sur-
rounding membrane.8,9 The neovascularity is supplied from dis-
tal branches of the MMA; thus, embolizing the MMA could
potentially halt this process and allow the collection to be
resorbed.2

Surgical approaches for cSDH have traditionally included a
twist-drill hole, burr-hole, and craniotomy-based evacuations.
While the outcomes with surgical evacuation are favorable, after
the initial evacuation, there is a tendency for cSDH to recur,
oftentimes with neurologic deterioration and a requirement for
an urgent or emergent re-operation.10 Conservative management
leading to spontaneous resolution is rare and can be as low as
5%.11 Medical management strategies such as steroids, platelet
activating factor antagonists, and statins have been explored with
limited success.12 In particular, recent evidence suggests a role for
atorvastatin alone and/or in combination with corticosteroids in
reducing the likelihood of subdural recurrence following surgical

evacuation; however, there is still a paucity of evidence to support
this strategy, and several trials are currently underway.13,14

MMA embolization for cSDH aims to devascularize the sur-
rounding subdural membranes to a sufficient extent so that the
balance is shifted from the continued leakage and accumulation of
blood products toward reabsorption.11 MMA embolization has
been used as the sole therapy, as well as a preoperative or postoper-
ative adjunct to surgical evacuation with the intention of reducing
postoperative recurrence. A recent study evaluated 27 patients who
underwent MMA embolization alone for asymptomatic cSDH and
45 patients who underwent MMA embolization in addition to sur-
gical evacuation for symptomatic cSDH and found significantly
lower recurrences in the embolization group (1.4%) compared
with historical surgical controls (27.5%, P ¼ .001).15 To date,
embolization of the MMA has been most commonly performed
with PVA particles. In a small randomized controlled trial with 46
patients undergoing surgical treatment, 21 patients additionally
underwent MMA embolization. The addition of MMA emboliza-
tion to the operation led to an increase in cSDH resorption at
3months.15 In a systematic review and case series, the use of Onyx
as a liquid embolic for MMA embolization was described with
good success.16 In another review including 177 MMA emboliza-
tion procedures, the most common embolic material used was
PVA (91%, 160/177), occasionally supplemented with coils (4%, 7/
161) and n-BCA (9%, 16/177).17

Fiorella and Arthur11 described technical considerations of
using liquid embolics-versus-particulate embolysates for MMA
embolization. The authors argued that particulates may only
penetrate as distally as flow will allow and may be limited by the
diminutive size of the meningeal arteries compared with the
microcatheter used. The authors also argued that liquid
embolics may be advantageous over particulate embolics due to
the ability to inject under pressure from a wedged position to
achieve a greater casting of the subdural membranes and retro-
grade reflux of adjacent meningeal branches. Furthermore,
increased visualization of liquid embolics may prevent iatro-
genic embolization to unintended territory. Finally, liquid
agents are permanent compared with the transient nature of
particulate embolysates, possibly benefitting patients who have
repeat episodes of hemorrhage.

Given the same considerations, we describe a novel approach
of a combined technique using PVA particle embolization, fol-
lowed by diluted n-BCA with simultaneous D5 injection through
the guide catheter. The use of a D5-push technique improves
distal penetration of the n-BCA by delaying polymerization
within the target vessel. This, in combination with the initial
embolization with PVA, capitalizes on the advantages of each
embolic material compared with their use in isolation. The initial
PVA embolization markedly penetrates the microscopic neovas-
cularity and immature capillaries of the surrounding membrane,
while the n-BCA embolization provides an easily visualized,
long-term solution to a chronic problem. The diluted mixture of
n-BCA in combination with the D5-push may compensate for
the decreased distal penetration of liquid embolics compared
with smaller particulate embolysates. Further advantages of this
technique include low cost, because both PVA and n-BCA are
significantly more cost-effective than Onyx.
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We report the efficacy of this technique in our small series
because we were able to demonstrate substantial improvement in
hematoma volume in .60% of patients at the latest follow-up.
No procedural complications were encountered after MMA
embolization. Seventy-five percent of patients underwent concur-
rent surgical evacuation of their subdural hematoma; however,
most of these patients received MMA embolization following an
operation as a means of prophylaxis against recurrent hemor-
rhage. Three patients required surgical evacuation of their hema-
toma following MMA embolization. In other words, 13 of the 16
(81.3%) included patients have been able to avoid an additional
operation for recurrent subdural hematoma. A recent systematic
review suggested that surgically evacuated chronic subdural hem-
atomas have a recurrence rate approaching 35% requiring re-
evacuation.18 Of the 3 patients who required an operation follow-
ing MMA embolization, 2 underwent craniotomy for persistent
altered mental status shortly after embolization. Most interesting,
both patients had been taking antiplatelet medications before the
discovery of their subdural hematoma. There was no increase in
subdural hematoma volume following MMA embolization in ei-
ther patient.

Limitations of our study include its small size and being a sin-
gle-center study with certain patient data still pending follow-up.
Given the small sample size and unique niche for this procedure,
there may have been selection bias as well. Additionally, not all
postoperative imaging was performed using 3D reconstructed
thin-cut CT, limiting our ability to optimally calculate hematoma
volume; however, we believe that we were still able to accurately
compare changes in hematoma volume despite these differences
in imaging techniques. However, despite these limitations, we
were able to demonstrate the safety and technical feasibility of
MMA embolization using diluted n-BCA and, to a lesser extent,
efficacy (secondary end point). These pilot data will be instru-
mental in the design of any upcoming multicenter trial on the use
of dilute n-BCA for MMA embolization and any comparison
studies that may follow.

CONCLUSIONS
Embolization of the MMA using diluted n-BCA is safe and effec-
tive for patients with cSDH, with a low risk of recurrence, and
may be considered an effective therapeutic intervention to arrest
SDH enlargement and promote resolution. The use of a D5-push
technique improves distal penetration of the embolic material.

Disclosures: Stephan Mayer—UNRELATED: Consultancy: Biogen, Idorsia, BrainCool;
Expert Testimony: occasional work all unrelated to this article; Stock/Stock
Options: NeurOptics.
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Postprocedural Antiplatelet Treatment after Emergent
Carotid Stenting in Tandem Lesions Stroke: Impact on Stent

Patency beyond Day 1
R. Pop, A. Hasiu, P.H. Mangin, F. Severac, D. Mihoc, D. Nistoran, M. Manisor, M. Simu, S. Chibbaro,

R. Gheoca, V. Quenardelle, O. Rouyer, V. Wolff, and R. Beaujeux

ABSTRACT

BACKGROUND AND PURPOSE: Postprocedural dual-antiplatelet therapy is frequently withheld after emergent carotid stent place-
ment during stroke thrombectomy. We aimed to assess whether antiplatelet regimen variations increase the risk of stent thrombo-
sis beyond postprocedural day 1.

MATERIALS AND METHODS: Retrospective review was undertaken of all consecutive thrombectomies for acute stroke with tandem
lesions in the anterior circulation performed in a single comprehensive stroke center between January 9, 2011 and March 30, 2020.
Patients were included if carotid stent patency was confirmed at day 1 postprocedure. The group of patients with continuous dual-anti-
platelet therapy from day 1 was compared with the group of patients with absent/discontinued dual-antiplatelet therapy.

RESULTS: Of a total of 109 tandem lesion thrombectomies, 96 patients had patent carotid stents at the end of the procedure. The
early postprocedural stent thrombosis rate during the first 24 hours was 14/96 (14.5%). Of 82 patients with patent stents at day 1, in
28 (34.1%), dual-antiplatelet therapy was either not initiated at day 1 or was discontinued thereafter. After exclusion of cases with-
out further controls of stent patency, there was no significant difference in the rate of subacute/late stent thrombosis between
the 2 groups: 1/50 (2%) in patients with continuous dual-antiplatelet therapy versus 0/22 (0%) in patients with absent/discontinued
dual-antiplatelet therapy (P = 1.000). In total, we observed 88 patient days without any antiplatelet treatment and 471 patient days
with single antiplatelet treatment.

CONCLUSIONS: Discontinuation of dual-antiplatelet therapy was not associated with an increased risk of stent thrombosis beyond
postprocedural day 1. Further studies are warranted to better assess the additional benefit and optimal duration of dual-antiplatelet
therapy after tandem lesion stroke thrombectomy.

ABBREVIATIONS: DAPT ¼ dual-antiplatelet therapy; ST ¼ stent thrombosis

In around 15% of endovascular procedures for anterior circulation
stroke,1 there is a tight stenosis or occlusion of the cervical carotid

artery in addition to the intracranial artery occlusion. The optimal
endovascular management of tandem lesions has yet to be defi-
ned; however, there is mounting evidence2,3 that emergent stent

placement in the carotid artery associated with at least 1 antiplatelet

agent could lead to better recanalization rates and improved clinical

outcomes. A more definitive answer should be provided by the

Thrombectomy In TANdem lesions (TITAN) randomized multi-

center trial,4 designed to assess the safety and efficacy of emergent

internal carotid artery stent placement in tandem lesion thrombec-

tomy. This study recently enrolled the first patient in early 2020.
In patients undergoing emergent carotid stent placement, there

is no consensus regarding the optimal periprocedural antiplatelet

therapy. Many groups5,6 chose to avoid dual-antiplatelet therapy

(DAPT) during the first 24hours in an attempt to reduce the risk

of hemorrhagic transformation. Conversely, less aggressive antipla-

telet regimens might increase the risk of carotid stent thrombosis.
Stent thrombosis was recently identified as a predictor of unfav-

orable clinical outcome.7,8 To date, available data regarding stent

patency rates remain scarce. Most case series of endovascular man-

agement for tandem lesions5,9-11 do not report postprocedural
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stent patency, while some publications12-15 offer partial data for a

subgroup of patients for whom carotid imaging controls were

available. Reported rates of stent thrombosis ranged between 1.2%

and 22.0%.6-8,12–14,16,17

To date, no study has attempted to differentiate between early
(first 24 hours) and subacute/late postprocedural stent thrombo-
sis. During the first 24 hours, protection against stent thrombosis
is conferred by antiplatelet agents administered during the proce-
dure (periprocedural antiplatelets). Beyond 24hours, the recom-
mended antiplatelet regimen is DAPT for 4–12weeks,9,17 but in
reality, antiplatelets are often tailored in view of neurological and
extra-neurological hemorrhagic events. It is currently unknown
whether discontinuation of DAPT is associated with an increased
risk of late stent thrombosis.

Thus, we aimed to describe the variations in the postproce-
dural antiplatelet regimen in a large consecutive cohort of tandem
lesion thrombectomies with emergent carotid artery stent place-
ment and to assess whether discontinuation of DAPT was associ-
ated with an increased risk of carotid stent thrombosis.

MATERIALS AND METHODS
We performed a retrospective review of a prospectively collected
data base of stroke endovascular procedures in a single comprehen-
sive stroke center (Strasbourg University Hospital, France), includ-
ing all consecutive cases treated by endovascular thrombectomy for
acute stroke with tandem lesions in the anterior circulation between
January 9, 2011, and March 30, 2020. Tandem lesions were defined
as an association of extracranial ICA occlusion or stenosis of$70%
using the NASCET criteria and an intracranial artery occlusion in
the anterior circulation. Patients were included in the study if
treated by emergent carotid stent placement during thrombectomy
and if stent patency was confirmed at day 1 postprocedure.
Exclusion criteria were as follows: no carotid stent implanted, failure
of recanalization, periprocedural stent thrombosis, imaging study
showing an occluded carotid stent at day 1, and absence of further
imaging studies for stent patency after day 1 or after antiplatelet
treatment discontinuation.

Images stored on the PACS and radiology reports were
reviewed to extract technical details of the endovascular proce-
dure, as well as postprocedural imaging. Patient files were
reviewed to extract patient demographics, comorbidities, peri-
and postprocedural antiplatelet regimens, clinical status at dis-
charge, and clinical follow-up information.

Patient Selection and Preprocedural Imaging
Patients with acute stroke were selected for endovascular procedures
using MR imaging, except in case of extreme agitation or absolute
contraindications. Patients with favorable profiles for recanalization
were selected using clinical-radiologic mismatch (discrepancy
between the severity of neurologic deficits and the size of acute is-
chemic lesion on the diffusion sequence) as well as estimation of
leptomeningeal collateral status using FLAIR vascular hyperinten-
sities.18 Patients with acute infarction in more than two-thirds of the
middle cerebral artery territory were generally not considered for
treatment. Wake-up strokes and patients with unclear time of onset
were considered for treatment if last seen well ,12hours before
evaluation, using the same imaging selection criteria.

Endovascular Procedure
All procedures were performed with the patient under general an-
esthesia. During the studied period, the strategy did not change sig-
nificantly and consisted, in most cases, of an antegrade approach:
stent placement and angioplasty of the proximal occlusion before
addressing the intracranial occlusion.

Periprocedural and Postprocedural Antiplatelet
Treatment
The periprocedural antiplatelet regimen consisted of an IV loading
dose of aspirin (250mg) with or without a loading dose of clopi-
dogrel (300mg), depending on operator preferences and case-by-
case discussion (estimation of hemorrhagic transformation risk
depending on the size of the acute ischemic lesion and concomi-
tant treatment with IV thrombolysis). Periprocedural DAPT was
generally avoided in cases with a DWI ASPECTS of,5. In selected
cases, glycoprotein IIb/IIIa inhibitors were administered in the
acute phase for treatment of periprocedural stent thrombosis.

Postprocedural antiplatelet treatment was initiated after
24 hours (day 1 postprocedure). If the stent was patent and in the
absence of significant hemorrhagic transformation, clopidogrel,
75mg/day, was administered for 3months in addition to life-
long aspirin, 75mg/day. In case of significant hemorrhagic trans-
formation, antiplatelets were suspended or a single antiplatelet
was administered (aspirin) until the clinical status was stable and
the extent of hemorrhagic transformation was reassessed on
repeat cerebral imaging.

Postprocedural Imaging and Clinical Follow-up
All patients underwent cerebral CT at day 1 postprocedure.
Hemorrhagic transformation was evaluated using the European
Cooperative Acute Stroke Study criteria.19 In addition, for patients
with carotid stents, cervical and transcranial Doppler sonography
was performed at day 1 and, if possible, before discharge, to check
for stent patency. If a sonographic examination was not feasible at
day 1, CT angiography of the carotid arteries was performed along
with the CT examination. In addition, whenever possible, patients
were recalled for additional clinical and carotid sonography exami-
nations between 3months and 1 year after the initial event.

Statistical Analysis
Continuous variables were presented as median with interquartile
range and compared using the Mann-Whitney test after assess-
ment of the normality of distribution. Categoric variables were
presented as numbers and percentages and compared using the
Pearson x 2 test or Fisher exact test, depending on theoretic num-
bers. Statistical data were analyzed using GraphPad Prism,
Version 6.0 (GraphPad Software).

RESULTS
During the study period, we identified 109 thrombectomies for
acute strokes with tandem lesions. The Figure illustrates the
patient-selection diagram. Among 96 patients with patent carotid
stents at the end of the thrombectomy procedure, 14 cases had
occluded carotid stents at day 1, accounting for an early postpro-
cedural stent thrombosis rate of 14.5%. Among the 14 patients
with occluded carotid stents at 24 hours, the median mRS score
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at discharge was 4 (interquartile range, 4–4) and the mortality
rate was 1/14 (7.1%). Only 1 patient (7.1%) had mRS# 2.

Among 82 patients with patent carotid stents at day 1, in 54
cases (65.8%), DAPT could be initiated at day 1 and continued
without interruptions. In the remaining 28 cases (34.1%), DAPT
was either not initiated at day 1 or was discontinued thereafter.

After further exclusion of cases without further controls of
stent patency beyond day 1 or after DAPT discontinuation, the
first group of 50 patients without interruptions in postprocedural
DAPT was compared with the second group of 22 patients with
absent or discontinued postprocedural DAPT.

A comparison of baseline characteristics, procedural metrics,
and outcomes across the 2 groups is detailed in the Online

Supplemental Data. Patients with absent/discontinued DAPT
had significantly longer onset-to-femoral puncture times, lower
ASPECTSs, more frequent hemorrhagic transformation, and less
favorable clinical outcomes. All these differences can be explained
by the selection process: The main reason for avoiding DAPT
was hemorrhagic transformation. Late time window treatment
and lower baseline ASPECTS are known predictors of hemor-
rhagic transformation, while hemorrhagic transformation itself is
a known predictor of worse clinical outcomes.

The Table details antiplatelet regimen variations within the
group of 22 cases with absent/discontinued DAPT. Most fre-
quently, DAPT was avoided because of hemorrhagic transforma-
tion of ischemic stroke (68.1%), followed by subarachnoid

hemorrhage (9.1%) and decompressive
craniectomy (13.6%). Nine patients
(40.9%) never received DAPT, while
for the remaining 13 (59.1%), DAPT
was discontinued for varying periods
(median, 9 days; interquartile range, 5–
12 days). In total, we observed 88
patient days without any antiplatelet
treatment and 471 patient days with
single-antiplatelet treatment. The me-
dian stent patency follow-up duration
in this group was 57 days (interquartile
range, 35–125 days).

There was no significant difference
in the rate of subacute/late stent
thrombosis between the 2 groups: 1/
50 (2%) in patients with continu-
ous DAPT versus 0/22 (0%) in pati-
ents with absent/discontinued DAPT
(P=1.000).

DISCUSSION
To the best of our knowledge, this is
the first study to specifically assess the
risk of subacute/late stent thrombosis
beyond postprocedural day 1 in
patients treated with emergent carotid
stent placement for acute stroke with
tandem lesions. The 3 main findings
of this work are as follows: 1)
Postprocedural DAPT is frequently
discontinued in this population; 2)
subacute/late stent thrombosis is
much less frequent than early stent
thrombosis (during the first 24 hours);
and 3) discontinuation of postproce-
dural DAPT does not seem to be asso-
ciated with an increased risk of stent
thrombosis.

In a previous publication,7 we ana-
lyzed predictors of postprocedural
stent thrombosis in 73 patients. We
observed 14 cases (19.1%) of stent
thrombosis, most of which (13/14,

Description of patients with absent/discontinued dual-antiplatelet treatment
DAPT Not Initiated at
Day 1 or Discontinued
Thereafter (n = 22)

Antiplatelet regimen
Never received DAPT (No) (%) 9/22 (40.9%)
Patient days without antiplatelet treatment 71
Patient days with single antiplatelet treatment 355
Discontinued DAPT (No) (%) 13/22 (59.1%)
Duration without DAPT (median) (IQR) (day) 9 (5–12)
Patient days without antiplatelet treatment 17
Patient days with single antiplatelet treatment 116
Total
Patient days without antiplatelet treatment 88
Patient days with single antiplatelet treatment 471
Reason for avoiding DAPT (No) (%)
Hemorrhagic transformation of ischemic stroke 15 (68.1%)
Subarachnoid hemorrhage 2 (9.1%)
Decompressive craniectomy 3 (13.6%)
Gastrointestinal bleedinga 2 (9.1%)
Planned interventional/surgical procedureb 2 (9.1%)
Lack of naso-/orogastric access 1 (4.5%)
Duration of stent patency follow-up (median) (IQR) (day) 57 (35–125)
Stent occlusion beyond day 1 (No) (%) 0 (0%)

Note:—IQR indicates interquartile range.
a One patient had both SAH and gastrointestinal bleeding; the second patient had both hemorrhagic transforma-
tion and gastrointestinal bleeding.
b One patient had both hemorrhagic transformation and a surgical procedure.

FIGURE. Patient-selection diagram.
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92.8%) occurred during the first 24hours. Due to this finding, we
hypothesized that the highest risk of stent thrombosis is observed
during the first 24 hours. To further assess the real frequency of
stent thrombosis in the subacute/late phase (beyond day 1), in the
present study, we focused exclusively on patients with a patent
stent at day 1. Although a multivariate analysis to identify predic-
tors of late stent thrombosis was planned, this was not feasible due
to the very low number of detected events. In the cardiology litera-
ture,20 the timing of coronary stent thrombosis (ST) is delineated
as follows: early ST (acute ST, between 0 and 24hours, and suba-
cute ST, 24hours to 30days), late ST (between 30days and 1 year),
and very late ST (.1 year). Given the very low rate of stent throm-
bosis observed beyond the first 24 hours, we chose to simplify the
classification of carotid stent thrombosis into 2 categories: early ST
(first 24 hours) and subacute/late ST (beyond day 1).

Few published studies have reported stent patency rates for a
large proportion of patients in their cohort.8,12–14,17 The time
point of stent thrombosis (early versus subacute/late) is not listed
in most of these studies. Malik et al16 reported 24-hour imaging
follow-up of stent patency for all 77 patients in their cohort, with
only 1 (1.2%) thrombosed stent. Long-term stent patency follow-
up was available in only 27 patients, with an in-stent restenosis
rate of 2/27 (7.4%). Postprocedural antiplatelet regimen varia-
tions were not listed. Renú et al8 reported a stent occlusion rate
of 22% at 24hours in a cohort of 99 patients; however, they did
not record stent patency beyond day 1. Wallocha et al6 reported
24-hour Doppler sonography results for all 149 patients with
stents in their cohort, with 8 (5.4%) cases of stent thrombosis.
Stent patency rates beyond day 1 were not listed. However, the
authors did offer details on postprocedural antiplatelet regimen
variations; 32.2% of patients received only a single antiplatelet
agent, 3.3%, no antiplatelet agent. The duration of DAPT discon-
tinuation was not provided; however, this relatively high propor-
tion of patients who did not receive postprocedural DAPT is
concordant with the findings in our study.

That postprocedural DAPT discontinuation was not associated
with an increased risk of stent thrombosis is surprising. In the car-
diology literature, early antiplatelet therapy discontinuation was
identified as a prevalent and consistent, significant predictor of
coronary stent thrombosis.20 However, the comparison with our
clinical setting is limited by significant differences in vessel size and
morphology, types of stents, and local hemodynamic conditions.
One possible explanation might be that the overall percentages of
late stent thrombosis are very low, either with or without continu-
ous postprocedural DAPT. To detect a small difference between
the 2 groups, a very large sample size would be needed; thus, the
negative result of the present study could represent a type II error.
Nevertheless, the low rate of late stent thrombosis in itself (1/72,
1.3% for our entire cohort) could prove useful for decision-making
in the clinical setting. There are no established criteria for with-
holding DAPT, and often the decisions are based on a subjective
evaluation of the extent of hemorrhagic transformation. Given the
overall low likelihood of carotid stent thrombosis, clinicians could
probably use a low threshold to temporarily withhold DAPT in
patients with concomitant hemorrhagic events.

In view of the worse clinical outcomes for patients with dis-
continued DAPT, an alternative hypothesis is that interruption of

DAPT could cause thromboembolic events short of stent occlu-
sion. In the Safety and Efficacy Study for Reverse Flow Used
During Carotid Artery Stenting Procedure (ROADSTER II)
trial,21 a report on elective transcarotid artery revascularization,
the investigators blamed most of their strokes on discontinuation
of DAPT. In the current study, because the group with discontin-
ued DAPT did clinically worse mostly because of factors related
to the index stroke and complications, it is not feasible to discern
this effect.

Of note, the only case of late stent thrombosis observed in our
study occurred at day 5 postthrombectomy in a patient treated with
continuous DAPT from day 1. A Casper stent (MicroVention) was
placed and then subsequently had to be covered with a second stent
(Wallstent; Boston Scientific) due to malapposition in the carotid
bifurcation. The presence of 3 layers of metal mesh, in addition to
the initial stent malapposition, most likely played a principal role in
the subsequent stent thrombosis in this case; however, clopidogrel
resistance was not tested and might also have been a contributing
factor.

Currently, there is no consensus on the optimal duration of
postprocedural DAPT; available data in the literature reveal a
large variation in practices, ranging from 4 to 12 weeks.6,9 If
the findings of our current study are confirmed in larger
cohorts, in light of the low frequency of subacute/late stent
thrombosis and the likely small additional benefit of DAPT
versus single antiplatelet agent beyond the first 24 hours, the
recommended duration of postprocedural DAPT could poten-
tially be shortened in patients with higher neurologic or sys-
temic hemorrhagic risk.

The present study has 2 main strengths. First, it included all
consecutive cases of tandem lesion stroke thrombectomies per-
formed during a long time interval. Second, all patients bene-
fited from stent patency imaging at day 1, and most patients
also had further controls during follow-up. This process allowed
differentiation between early and subacute/late stent thrombo-
sis. However, several limitations also need to be considered
when interpreting the current data: most important, the retro-
spective study design, all patients being treated in a single cen-
ter, and the reduced statistical power due to overall cohort size
and the relatively small number of cases in the group with dis-
continued postprocedural DAPT. Moreover, a quarter of the
patients with discontinued DAPT were followed for ,35 days.
Hence, they did not have the usual 1-month follow-up standard
for determining stent patency as in carotid stent trials; thus,
some cases of subacute stent thrombosis might have gone
undetected.

CONCLUSIONS
In this study of consecutive patients treated with emergent ca-
rotid stent placement during tandem lesion stroke thrombec-
tomy, stent thrombosis beyond the first 24 hours was rare.
Despite postprocedural DAPT being frequently discontinued in
this population, this outcome was not associated with an
increased risk of stent thrombosis. Further studies are warranted
to better assess the additional benefit and the optimal duration of
DAPT versus a single-antiplatelet agent beyond the first 24 hours
postthrombectomy.
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COMMENTARY

The Challenge of an Acute Antithrombotic Regimen for
Treatment of Tandem Lesions Stroke

In the treatment of tandem stroke, several studies have shown the
efficacy and safety of endovascular treatment. However, there are

many unanswered questions regarding this treatment strategy
including technical aspects as well as peri- and postprocedural
antithrombotic management. The extracranial lesion is usually
treated by acute stent placement, but balloon angioplasty can be per-
formed as an alternative. Data from the TITAN Registry and
German Stroke Registry support that acute stent placement is asso-
ciated with a better clinical outcome compared with balloon angio-
plasty in treating extracranial lesions.1,2 The main disadvantage of
acute stent placement is the potential risk for stent thrombosis with
re-occlusion of the internal carotid artery.

In the current issue ofAJNR, Pop et al3 report 2 important find-
ings regarding acute stent placement in tandem lesions. First, the
rate of stent thrombosis was not insignificant, with a frequency of
14.5%. Although data from large registries regarding stent patency
are limited, other authors report the thrombosis risk after acute
stent placement as up to 45%.4 The second important finding was
that the highest risk of stent thrombosis was observed during the
first 24 hours, and stent thrombosis beyond the first day was rare.
Both findings suggest that the current acute antithrombotic regi-
men is not appropriate for preventing acute stent thrombosis.

The major questions that arise are: 1) Can we avoid acute
stent thrombosis? 2) Can the acute antithrombotic regimen be
improved? and 3) Can we be more aggressive with the antithrom-
botic medication in the acute phase? A more aggressive scheme is
not without risks, as additional antithrombotic agents may
increase the risk of intracerebral hemorrhagic complications,
which is the major concern in the endovascular treatment of
acute stroke. Therefore, properly calibrating the acute antithrom-
botic regimen in tandem stroke remains an important challenge.

There are heterogeneous antithrombotic regimens in use by
various interventionalists and centers, which limits our complete
understanding of this topic. We do not know which agents and
what dosing should be applied in the acute setting. What we do
know is that an antiplatelet agent is necessary for peri-interven-
tional care to avoid stent occlusion. Platelets are now known to
have a pivotal role in thrombosis and inflammation after vessel
injury.5 Some patients receive antiplatelet agents with their pre-
stroke medication. These patients are likely to be at low risk of
stent thrombosis, and therefore, an aggressive antiplatelet strategy
could be avoided. In the remaining patients, acute peri-

interventional antiplatelet agents should be applied to prevent
stent thrombosis. Agents that can be used include intravenous as-
pirin, clopidogrel, ticagrelor, and glycoprotein IIb/IIIa inhibitors
(GPIs), or the new drug, cangrelor. Aspirin and clopidogrel in-
hibit 2 vital pathways of platelet activation; however, this effect
does not occur immediately after usage. In contrast, GPIs directly
block the most abundant receptor on the platelet surface and are
highly effective. Although, if given at full dosage, a substantially
increased risk of bleeding is known to occur with GPIs.6

The high rate of acute stent thrombosis in treatment of tan-
dem lesions stroke highlights the challenge of acute antiplatelet
therapy. Future studies should focus on establishing an optimal
antithrombotic regimen.
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Diagnosing Carotid Near-Occlusion with Phase-Contrast MRI
E. Johansson, L. Zarrinkoob, A. Wåhlin, A. Eklund, and J. Malm

ABSTRACT

SUMMARY: Carotid near-occlusion is a frequently overlooked diagnosis when CTA examinations are assessed in routine practice.
To evaluate the potential value of phase-contrast MR imaging in identifying near-occlusion, we examined 9 carotid near-occlusions
and 20 cases of conventional $50% carotid stenosis (mean stenosis degree, 65%) with phase-contrast MR imaging. Mean ICA flow
was lower in near-occlusions (52mL/min) than in conventional $50% stenosis (198mL/min, P , .001). ICA flow of #110mL/min was
100% sensitive and specific for near-occlusion. Phase-contrast MR imaging is a promising tool for diagnosing carotid near-occlusion.

ABBREVIATION: PC ¼ phase-contrast

Carotid near-occlusion is a severe carotid stenosis associated
with a reduction (collapse) of the extracranial ICA distal to

the stenosis.1-4 The collapse can be severe (near-occlusion with
full collapse; Fig 1A) or subtle (near-occlusion without full col-
lapse; Fig 1B).1-4 Separating symptomatic near-occlusions and
conventional stenoses is crucial because their recommended
treatments often differ.5,6

Near-occlusion is diagnosed by assessing several features
on angiography (such as conventional angiography or CTA).
Although the feature assessments are reliable among collaborat-
ing experts,4 implementation in routine practice can be challeng-
ing because expertise and feature synthesis likely vary among
observers.7 Near-occlusion is presumed to be a marker of reduced
flow.2 Carotid sonography has poor diagnostic performance
because there is a nonlinear relationship between the degree of

stenosis and flow velocity in stenosis.8,9 Phase-contrast (PC)
MR imaging to assess ICA flow might be useful because it is
based on flow, but no PC MR imaging study has assessed ICA
flow in near-occlusion.

The aim of this study was to compare ICA flow in carotid
near-occlusion and conventional$50% stenosis.

MATERIALS AND METHODS
Patients with symptomatic or asymptomatic$50% carotid steno-
sis at the University Hospital of Northern Sweden were included.
Clinical exclusion criteria were atrial fibrillation, any previous
central nervous system diseases, mRS $ 3, Mini-Mental State
Examination score of,23, an inability to walk unassisted, severe
aphasia, or contraindications for MR imaging. Imaging exclu-
sions were any ICA occlusion, intracranial carotid stenosis,
uncertainty about whether the index stenosis was conventional or
near-occlusion (n¼ 3), and delay between CTA and MR imaging
of.35 days. The study was approved by the regional ethics board
in Umeå. All patients provided informed consent.

CTA
See the Online Supplemental Data for protocol details. All CTAs
were evaluated by 1 observer, and a subset (n¼ 20) was also eval-
uated by a second observer. Both observers had near-occlusion
expertise and were blinded to each other and to flow data.
Disagreements were resolved by consensus discussion. Near-
occlusion was diagnosed when a severe stenosis was associated
with reduction in the distal ICA diameter, as presented else-
where.4,10,11 The definition of full collapse and acknowledging
circle of Willis variants are presented elsewhere.4,10 In cases with-
out near-occlusion, the degree of stenosis was calculated with the
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NASCET approach, comparing stenosis diameter with distal ICA
well beyond the stenosis.

Phase-Contrast MR Imaging
A 3T MR imaging scanner (Discovery MR 750; GE Healthcare)
with a 32-channel head coil was used. 4D PC MR images were
gathered and analyzed with in-house software similar to a recent
study (Online Supplemental Data).12,13 Two observers blinded to
CTA findings and each other extracted flow data from both extrac-
ranial ICAs just below the skull base in all cases. The mean value
between the 2 observers was used for main calculations. When the
observers differed .20%, consensus measurements were per-
formed. Each observer’s measurements were also analyzed.

Analyses
Patients were categorized by CTA into conventional$50% stenosis
and near-occlusion. Flow rates in the ICA were compared between
stenosis groups, degrees of stenosis, and CTA measurements.
Relative flow and area were calculated as ipsilateral/(ipsilateral 1
contralateral). We used mean, SD, a 2-sided x 2 test, a t test, linear
regression, a receiver operating characteristic curve, k analysis, and
intraclass correlation. The 95% confidence intervals for correlation
(r) were calculated with z scores. P, .05 was prespecified as statisti-
cally significant. We used SPSS 24.0 (IBM) for all calculations.

RESULTS
In total, we included 29 patients: Twenty (69%) had conventional
$50% stenosis, and 9 (31%) had near-occlusion. Baseline charac-
teristics were similar (P$ .13) in both groups: The mean age was
73 years, 24% were women, the mean delay between examina-
tions was 6 days, and 86% had symptomatic stenosis. Among the

conventional stenoses, the mean stenosis degree was 65%, 8 were
$ 70%, and the remaining degrees were 50%–69%. Two cases of
conventional stenoses had asymmetric distal ICAs, best explained
by circle of Willis asymmetry. Eight cases had bilateral$50% ste-
nosis, but there were no cases with bilateral near-occlusion.

The mean ICA flow was lower in near-occlusions (52mL/
min) than in conventional $50% stenosis (198mL/min, P ,

.001). The mean relative ICA flow was lower in near-occlusions
(16%) than in conventional $50% stenosis (48%, P , .001).
Neither parameter had overlap between the groups (Online
Supplemental Data). Thus, several thresholds, such as ICA flow
#110mL/min and relative flow ,35%, were 100% sensitive and
specific for near-occlusion. One case had near-occlusion with full
collapse, with a 6mL/min ICA flow.

Among the 20 patients with conventional $50% stenosis, there
was no correlation between percentage degree of stenosis and ICA
flow (r ¼ 0.06; 95% CI, �0.44–0.55; P ¼ .81). There was no differ-
ence in the mean ICA flow between the 12 patients with 50%–69%
stenoses (199mL/min) and the 8 patients with $70% stenoses
(197mL/min, P ¼ .90). However, when analyzing all 29 patients,
there was a correlation between stenosis diameter and ICA flow
(r ¼ 0.68; 95% CI, 0.39–0.96; P , .001). A similar correlation was
noted for the ipsilateral distal ICA area and ipsilateral ICA flow
(r ¼ 0.69; 95% CI, 0.42–0.96; P , .001). Relative distal ICA area
and relative ICA flow were even more strongly correlated (r¼ 0.90;
95% CI, 0.74–1.00; P , .001). Please see the Online Supplemental
Data for figures of these regression analyses.

Overall agreement between the blinded CTA observers was 96%
(1 disagreement over whether there was occlusion), and interrater
reliability was k ¼ 0.78. The 2 PC MR imaging observers had a
consensus discussion over 17 (29%) neck sides but 100% agreement

FIG 1. A, Right-sided near-occlusion with full collapse. Coronary view of CTA. Beyond severe stenosis (white arrowhead), distal ICA is difficult
to visualize and has a threadlike appearance (white arrows). The distal ICA is clearly smaller than both the contralateral ICA (black arrow) and ip-
silateral external carotid artery (black arrowhead) but is similar to the ascending pharyngeal artery (black star). A thrombus just proximal to the
skull base is suspected (white star). ICA flow was 6mL/min on the right side and 267mL/min on the left side. B, Left-sided near-occlusion with-
out full collapse. Coronary view of CTA. After severe stenosis (white arrowhead), the distal ICA is small but normal-appearing (white arrow),
smaller than the contralateral ICA (black arrow), and similar to the ipsilateral external carotid artery (black arrowhead). ICA flow was 37mL/min
on the left side and 259mL/min on the right side.
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as to whether ICA flow and relative ICA flow were above or below
the proposed diagnostic thresholds (110mL/min and 35%, respec-
tively), and the intraclass correlation coefficient was 0.96 (Online
Supplemental Data).

DISCUSSION
The main findings of this study were that carotid near-occlusions
had low ipsilateral ICA flow, whereas conventional$50% carotid
stenoses had no correlation between the degree of stenosis and
ICA flow (r ¼ 0.06). Flow was correlated with stenosis diameter
and distal ICA area, both hallmarks of near-occlusion.

No single feature in CTA is both .90% sensitive and specific
for near-occlusion; thus, several features are used for angiographic
diagnosis.3,11 Flow measurement seems more accurate, but a larger
sample will be needed for a relevant assessment. According to
guidelines, patients with symptomatic conventional stenosis should
be treated with revascularization.5,6 However, patients with symp-
tomatic near-occlusions should not be treated with revasculariza-
tion6 or only treated after careful consideration in cases with
recurrent events despite optimal medical therapy.5 To separate
conventional stenosis and near-occlusion, there might be a role for
PC MR imaging in routine carotid stenosis diagnostics after the
stenosis has been identified by another technique. See the Online
Supplemental Data for details on PC MR imaging literature. The
association between near-occlusion and flow might also improve
understanding of prognostics4,14 and sonography findings8,15 in
near-occlusion. Other PC MR imaging techniques (2D and 3D)
are likely to produce similar results, but they should be evaluated.

The concepts of near-occlusion and conventional stenoses are
limited to NASCET grading. If near-occlusions are not recog-
nized, percentage grading with NASCET leads to stenosis under-
estimation. Stenosis diameter was correlated with flow, as
expected from the Spencer curve model.9 However, the Spencer
model assumes a stable denominator,9 which is not the case in
NASCET grading. When stenoses were graded with the NASCET
method, only near-occlusions affected flow, not the conventional
stenoses regardless of percentage grade. The ICA flow of conven-
tional stenoses was rather similar in healthy elderly.13

This work has several limitations: The sample size was small.
The near-occlusion prevalence (31%) might be perceived to be
high but was similar (27%) to that in a recent larger study using
the same diagnostic approach.4 We excluded cases with contralat-
eral occlusion and those that were unclear as to whether the
degree of stenosis was conventional$50% stenosis or near-occlu-
sion. Thus, although the results are promising, large studies and
studies dedicated to the cases now excluded and bilateral near-
occlusion are warranted.

CONCLUSIONS
When we used NASCET-grading, only near-occlusions had a
reduced ICA flow, while ICA flow was not affected by conventional
stenoses. Because near-occlusion has a different clinical manage-
ment than conventional stenosis and near-occlusion is difficult to
diagnose with CTA, there is support for including ICA PC MR
imaging in the imaging protocol for patients with ICA stenosis.
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ORIGINAL RESEARCH
FUNCTIONAL

Altered Processing of Complex Visual Stimuli in Patients with
Postconcussive Visual Motion Sensitivity
J.W. Allen, A. Trofimova, V. Ahluwalia, J.L. Smith, S.A. Abidi, M.A.K. Peters,

S. Rajananda, J.E. Hurtado, and R.K. Gore

ABSTRACT

BACKGROUND AND PURPOSE: Vestibular symptoms are common after concussion. Vestibular Ocular Motor Screening identifies
vestibular impairment, including postconcussive visual motion sensitivity, though the underlying functional brain alterations are not
defined. We hypothesized that alterations in multisensory processing are responsible for postconcussive visual motion sensitivity,
are detectable on fMRI, and correlate with symptom severity.

MATERIALS AND METHODS: Twelve patients with subacute postconcussive visual motion sensitivity and 10 healthy control subjects
underwent vestibular testing and a novel fMRI visual-vestibular paradigm including 30-second “neutral” or “provocative” videos. The
presence of symptoms/intensity was rated immediately after each video. fMRI group-level analysis was performed for a “provoca-
tive-neutral” condition. Z-statistic images were nonparametrically thresholded using clusters determined by Z. 2.3 and a corrected
cluster significance threshold of P¼ .05. Symptoms assessed on Vestibular Ocular Motor Screening were correlated with fMRI
mean parameter estimates using Pearson correlation coefficients.

RESULTS: Subjects with postconcussive visual motion sensitivity had significantly more Vestibular Ocular Motor Screening abnor-
malities and increased symptoms while viewing provocative videos. While robust mean activation in the primary and secondary vis-
ual areas, the parietal lobe, parietoinsular vestibular cortex, and cingulate gyrus was seen in both groups, selective increased
activation was seen in subjects with postconcussive visual motion sensitivity in the primary vestibular/adjacent cortex and inferior
frontal gyrus, which are putative multisensory visual-vestibular processing centers. Moderate-to-strong correlations were found
between Vestibular Ocular Motor Screening scores and fMRI activation in the left frontal eye field, left middle temporal visual
area, and right posterior hippocampus.

CONCLUSIONS: Increased fMRI brain activation in visual-vestibular multisensory processing regions is selectively seen in patients
with postconcussive visual motion sensitivity and is correlated with Vestibular Ocular Motor Screening symptom severity, suggest-
ing that increased visual input weighting into the vestibular network may underlie postconcussive visual motion sensitivity.

ABBREVIATIONS: BESS ¼ Balance Error Scoring System; DHI ¼ Dizziness Handicap Inventory; FEF ¼ frontal eye fields; MT/V5 ¼ middle temporal visual
area; PCSS ¼ Post Concussion Symptom Scale; PCVMS ¼ postconcussive visual motion sensitivity; PIVC ¼ parietoinsular vestibular cortex; VOMS ¼ Vestibular
Ocular Motor Screening; VVAS ¼ Visual Vertigo Analog Scale

Up to 3.8 million concussions occur annually in the United
States, with estimated direct and indirect costs totaling more

than $12 billion.1,2 Vestibular symptoms occur in up to 80% of
patients in the first few days following injury.3-5 Persistent dizziness
has been reported to occur in up to one-third of postconcussive
patients reporting acute vestibular symptoms, and a positive

Vestibular Ocular Motor Screening (VOMS) outcome is associated
with protracted recovery.3,6,7 The link between visual and vestibular
motion-processing is critical for spatial orientation and balance
control, and oculomotor dysfunction, balance, and vestibular
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networks share multisensory integration pathways implicated as the
primary deficits in postconcussive dizziness and imbalance.8-11

Similar to patients with other vestibular disorders, patients
with postconcussive vestibular impairment may compensate
through an increased reliance on other somatosensory input,
leading to the re-weighting of sensory data including visual and
vestibular cues.5,12-14 We hypothesized that while these changes
may be beneficial in the acute phase, persistent overreliance on a
specific sensory system may become pathologic and maladaptive
during recovery. This may lead to persistent and debilitating diz-
ziness syndromes such as “visual motion sensitivity,” which are
characterized by inappropriate responses including disorienta-
tion, dizziness, imbalance, and headaches triggered by visual
environmental motion.5,12

The alterations in multisensory processing that likely underlie
visual motion sensitivity are currently largely theoretic and repre-
sent an important knowledge gap in our understanding of these
symptoms.15 We hypothesized that alterations in multisensory
processing involving the primary vestibular cortex and associated
input are responsible for postconcussive visual motion sensitivity
(PCVMS). The purpose of this study was to define functional
brain activation in patients with PCVMS compared with control
subjects and to correlate these changes with clinical symptom se-
verity. To this end, we have developed a novel visual-vestibular
task-based fMRI paradigm, which is presented here for the first
time.

MATERIALS AND METHODS
Study Population
This study was approved by the Emory University and Shepherd
Center Institutional Review Boards, and all subjects provided
informed consent. Twelve subjects with subacute PCVMS and 10
age-matched controls without a history of concussion or vestibu-
lar impairment were recruited. Inclusion criteria for subjects with
PCMVS were a diagnosis of concussion, as defined by the World
Health Organization Collaborating Center for Neurotrauma Task
Force16 2–12weeks before enrollment; and clinical evidence of
vestibular impairment, defined as a subjective report of dizziness
and/or imbalance, clinical visual motion-sensitivity symptoms,17

and provocation of symptoms during VOMS.18 Exclusion criteria
were being younger than 18 years of age or older than 50 years, a
history of moderate or severe head injury, intracranial hemor-
rhage, seizure disorder, prior neurologic surgery, peripheral neu-
ropathy, musculoskeletal injuries affecting gait and balance, and
chronic drug or alcohol use. In addition, subjects with abnormal
head impulse testing findings or videonystagmography consistent
with peripheral vestibular hypofunction or benign paroxysmal
positional vertigo were excluded.

Clinical Testing
Both groups completed the Post Concussion Symptom Scale
(PCSS).19 Self-report and subjective measures included the
Dizziness Handicap Inventory (DHI),20 Visual Vertigo Analog
Scale (VVAS),21 and VOMS.18 Objective measures included bal-
ance assessment with the Balance Error Scoring System (BESS),8

drop stick reaction time,22 and videonystagmography.

Video Optic Flow Assessment
Motion optic flow from each neutral and provocative 30-second
video (defined below) was estimated using the Farneback algo-
rithm23 from OpenCV (Open Source Computer Vision Library).
Each video was converted into gray-scale, and then a Farneback
algorithm (parameters: window size ¼ 3, levels ¼ 1, iterations ¼
15, pixel neighborhood size ¼ 3, SD of Gaussian-to-smooth
derivatives used for a basis for polynomial expansion ¼ 5) was
applied. Mean flow between each pair of frames was averaged
across the entire video, providing an estimate of flow. A 2 (group:
PCVMS versus control) � 2 (video: provocative versus neutral)
mixed-design ANOVA was used to evaluate group-level change
in symptoms from baseline in response to the videos.

MR Imaging Acquisition
All MR imaging scans were acquired on a 3T Tim Trio scanner
(Siemens) with a 12-channel head coil. Sequences included the fol-
lowing: T1-weighted 3D-MPRAGE (FOV ¼ 256 mm, 176 slices, 1-
mm3 isotropic voxels, TR¼ 2250 ms, TE ¼ 3.98ms, TI ¼ 850 ms,
flip angle ¼ 9°), gradient-echo fieldmap (37 slices, TR ¼ 488 ms,
TE1¼ 4.92ms, TE2¼ 7.38ms, flip angle ¼ 60°, in-plane
resolution¼ 3 � 3 mm2, section-thickness¼ 3 mm, gap¼0.5mm),
and task-based fMRI (37 slices, TR¼ 2000 ms, TE¼ 30 ms, flip
angle¼ 90°, FOV¼ 204 mm, matrix-size¼ 68 � 68, in-plane
resolution¼ 3 � 3 mm2, section thickness¼ 3 mm, gap¼ 0.5mm,
generalized autocalibrating partially parallel acquisition ¼ 2, with
603 volumes).

A novel task-based, block design visual-vestibular fMRI para-
digm was developed for this study (Online Supplemental Data).
Videos were chosen from our vestibular rehabilitation therapy
program, which includes progressive exposure to complex visual
stimuli. Provocative videos were defined as those from which
patients noted an increase in headache, dizziness, nausea, or fog-
giness symptoms while viewing. Subjects randomly viewed 5 pro-
vocative videos and 5 neutral videos containing nonprovocative
content. Immediately after each 30-second video, subjects rated
their predominant symptom followed by the symptom intensity
on a 5-point Likert scale. Each question was presented for
7.5 seconds. After the 15-second question period, subjects fixated
on a crosshair for 15 seconds. This process was then repeated
until each subject had viewed all 10 videos.

MR Imaging Analysis
fMRI data processing was performed with FSL FEAT, Version 6.00
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT). Prestatistics processing
was applied including the following: motion correction using
MCFLIRT (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MCFLIRT);24 dis-
tortion correction using Boundary-Based Registration (BBR; https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT_BBR) and FUGUE (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FUGUE);25,26 nonbrain removal using the
FSL Brain Extraction Tool (BET; https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/BET);27 spatial smoothing using a Gaussian kernel of full
width at half maximum of 5mm; grand mean intensity normaliza-
tion of the entire 4D dataset by a single multiplicative factor; and
high-pass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with § =50.0 seconds). Independent Component
Analysis was performed with MELODIC (https://fsl.fmrib.ox.ac.uk/
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fsl/fslwiki/MELODIC).28 Components from head motion and phys-
iologic noise were manually identified and filtered out using the
FSL_Regfilt script (http://wikis.la.utexas.edu/imagelab/book/fsl-
regfilt.html). FLIRT (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT)
was used for registration to high-resolution structural and/or stand-
ard space images.24,29 Registration from high-resolution structural-
to-standard space was further refined using FNIRT (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FNIRT) nonlinear registration.30,31

Time-series statistical analysis was performed on the prepro-
cessed data using FILM (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FEAT) with local autocorrelation correction.32 Regressors of in-
terest were generated using stimulus-onset timing for provocative
videos, neutral videos, and rating conditions convolved with a
double-g hemodynamic response function. Temporal derivatives
of these regressors were included to achieve a better fit to the
data. Confound regressors included 6 head-motion parameters
and motion-outlier volumes. A contrast was defined as brain
areas showing greater response to provocative videos than neutral
videos (provocative-neutral). Contrast of parameter estimates
from each subject were subsequently used to perform higher-level
analyses carried out using FLAME (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FEAT) stage 1 with automatic outlier detection.33-35

Group mean activation maps were generated for PCVMS and
control groups. A 2-sample unpaired t test was performed to find
differences in activation between the groups for the first-level
contrast provocative-neutral. Resultant Z (Gaussianised t) statis-
tic images were thresholded nonparametrically using clusters
determined by Z. 2.3 and a corrected cluster significance
threshold of P¼ .05.

fMRI ROIs and VOMS-fMRI Correlations
ROIs were selected from areas found to have statistically significant
differences in activation between patients with PCVMS and controls
as well as those that are hypothesized to be related to visual-vestibu-
lar processing.36,37 Spheric ROIs of 5-mm radii were created for the

following (Online Supplemental Data):
the parietoinsular vestibular cortex,
frontal eye fields (FEF), posterior hippo-
campus, middle temporal visual area
(MT/V5), middle frontal gyrus, inferior
frontal gyrus, and inferior parietal
lobule. fMRI mean parameter estimates
within each ROI for provocative-neutral
contrast defined above were extracted
from each subject.

VOMS testing was performed im-
mediately before the MR imaging
session and included assessment of
symptoms (headache, dizziness, nausea,
and fogginess) at rest and after smooth
pursuit, horizontal saccades, vertical
saccades, near-point convergence, hori-
zontal vestibular-ocular reflex, vertical
vestibular-ocular reflex, and visual
motion-sensitivity testing. For each sub-
ject, the results of the pre-MR imaging
VOMS testing were transformed as fol-

lows: 1) sum of domain scores for the initial, nonprovoked results
(initial aggregate); 2) sum of domain scores on initial testing sub-
tracted from the sum of all provocation testing conditions (D aggre-
gate); 3) sum of domain scores for each individual provocation
testing condition; 4) difference between the sum of domain scores
on the initial and each individual provocative testing condition (D
condition); and 5) domain score that demonstrated the highest
change between initial and provocative testing (highest condition).
Correlation analysis was performed between ROI brain activation
and VOMS testing using the Pearson correlation coefficient, with a
significance threshold of P# .05 and reported with 95% CIs.

Statistical Analysis
Unless otherwise noted, differences between groups on demo-
graphic, clinical, and video metrics were evaluated using a 2-tailed
Student t test, x 2 test, ANOVA, or Mann-WhitneyU nonparamet-
ric test when appropriate. P values# .05 were considered statisti-
cally significant.

RESULTS
Demographic and Clinical Data
The PCVMS group consisted of 12 patients (1 male, 11 females;
29.3 [SD, 12.9] years of age with 15.8 [SD, 2.6] years of schooling)
who were evaluated for vestibular impairment 2–12weeks follow-
ing a concussion (mean, 39.8 days; median, 22 days). The control
group consisted of 10 patients (9 men, 1 woman; 27.5 [SD,
4.0] years of age with 19.8 [SD, 0.8] years of schooling). There was
no statistically significant difference between age (2-tailed t test,
P¼ .70) or ethnicity (x 2 test, P¼ .89) of these 2 groups; however,
both sex (2-tailed t test, P, .001) and years of schooling (2-tailed
t test, P, .001) were significantly different between the groups.
All subjects in both groups were right-handed.

None of the control subjects had experienced a concussion in
the preceding 6months. For the PCVMS group, 5 subjects
reported a sports-related concussion; 6 subjects, a non-sports-

Table 1: Clinical testing in patients with PCVMS and control subjectsa

Concussed
Patients

Control
Subjects

P
Valueb

Subjective measurements
PCSS 37.93 (SD, 26.61) 0.14 (SD, 0.38) .002
DHI 44 (SD, 17.9) 0 (SD, 0) ,.001
VVAS 24.47 (SD, 28.28) 1.20 (SD, 2.10) ,.001
VOMS domainc

Smooth pursuit 0.52 (SD, 0.92) 0.00 (SD, 0.00) .003
Horizontal saccade 0.50 (SD, 1.03) 0.03 (SD, 0.16) .004
Vertical saccade 0.77 (SD, 1.36) 0.00 (SD, 0.00) ,.001
Convergence 2.02 (SD, 2.42) 0.00 (SD, 0.00) ,.001
Horizontal vestibular ocular reflex 1.29 (SD, 1.69) 0.20 (SD, 0.76) ,.001
Vertical vestibular ocular reflex 1.13 (SD, 1.71) 0.08 (SD, 0.35) ,.001
Visual motion sensitivity 1.25 (SD, 1.97) 0.03 (SD, 0.16) .002
Near point of convergence distance
(cm)

7.74 (SD, 7.20) 2.47 (SD, 1.76) .019

Objective measurements
BESS 17.9 (SD, 7.35) 13.7 (SD, 4.8) .170
Drop stick reaction time 215.6 (SD, 18.4) 184.9 (SD, 56.9) .096

a Patient and subject values are mean (SD).
bMann-Whitney U nonparametric test or 2-tailed t test.
cMean symptom intensity reported for each VOMS domain.
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related concussion; and 1 subject had both. The results of subjec-
tive and objective testing are shown in Table 1. The PCVMS
group reported significantly more symptoms on the PCSS, the
Dizziness Handicap Inventory, and the VVAS, and they were sig-
nificantly more impaired on all VOMS domains.

Video Optic Flow and Symptom Response
Provocative videos had significantly greater mean and maximum
optic flow values in comparison with neutral videos (2-tailed t test,
P, .01; Online Supplemental Data). In addition, there was signifi-
cantly greater variance in optic flow in provocative than in neutral
videos (2-tailed t test, P, .01; Online Supplemental Data).

All subjects rated the type and intensity of subjective symptoms
immediately after viewing each video during the fMRI acquisition
(Online Supplemental Data). Due to a technical error, the response
data from a single subject with PCVMS was not recorded. None of

the control subjects reported symptoms while viewing neutral vid-
eos. The mean [SD] symptom-intensity increase over baseline for
the control group was 0 [SD, 0] for neutral and 0.12 [SD, 0.48] for
provocative videos. The PCVMS group reported significantly
increased mean symptom intensity after viewing both neutral videos
(0.55 [SD, 2.63]) and provocative videos (2.08 [SD, 2.16]) in com-
parison with the control group (main effect of group, F (1, 416) ¼
16.28, P, .001). The increase in mean symptom intensity between
viewing neutral and provocative videos was statistically significant
for both the PCVMS (2-tailed t test, P, .001) and control (2-tailed
t test, P¼ .011) groups.

Visual-Vestibular fMRI
There was robust mean activation in both groups when view-
ing provocative videos in comparison with neutral videos (pro-
vocative-neutral) in several brain regions (Fig 1). Selective

FIG 1. fMRI visual-vestibular paradigm group results. Group mean activation for provocative-neutral contrast in control subjects (A) and patients
with PCVMS (B). Widespread activation is seen in the bilateral occipital lobe primary and secondary visual areas, parietal lobes, PIVC, frontal
lobes in the region of the FEF, and cingulate gyri.
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increased activation was demonstrated in the PCVMS versus
control groups (PCVMS.control) for provocative-neutral
contrast in several brain regions (Fig 2 and Online Supplemental
Data). In particular, activation was seen in the bilateral central
opercular and insular cortices and the right inferior frontal and
supramarginal gyri. The control.PCVMS group contrast did not
reveal any statistically significant activation.

fMRI-VOMS Correlations
Moderate-to-strong statistically significant correlations were
found between the transformed VOMS obtained immediately
before the MR imaging and activation in several ROIs when
viewing provocative videos in comparison with neutral vid-
eos (provocative-neutral) in the FEF, posterior hippocampus,
and MT/V5 (Table 2). No other statistically significant corre-
lations between the remaining ROIs and VOMS scores were
found.

DISCUSSION
Using a novel task-based fMRI visual-
vestibular paradigm, we found evidence
of altered functional brain activation
involved in multisensory processing of
visual-vestibular stimuli in patients with
PCVMS. Moreover, we have demon-
strated that significant correlations exist
between regional functional brain acti-
vation and clinical symptom severity
assessed with VOMS.

Because most adult patients with
concussion recover within 2weeks,38 we
chose to focus on patients with subacute
vestibular impairment symptoms. As
expected, our PCVMS population dem-
onstrated significantly increased PCSS
symptoms. Because vestibular impair-
ment was part of our inclusion criteria
for this group, it is also not surprising
that subjects with PCVMS reported sig-

nificantly greater impairment on the Dizziness Handicap Index, the
VVAS, and VOMS. Notably, there was no statistically significant
difference between groups on more objective clinical measurements
of balance (BESS) and reaction time (drop stick), which is concord-
ant with prior studies demonstrating that balance measures such as
the BESS fail to differentiate those with concussions from controls
outside of the acute phase.39-41 Our results provide some of the first
concrete evidence that central mechanisms involving the vestibular
network and its input are likely responsible for visual motion
sensitivity–related dysfunction, which, to date, has been largely
theoretic.15

Our novel task-based fMRI visual-vestibular paradigm
includes a combination of naturalistic videos with either provoca-
tive or neutral content for patients with PCVMS. Because head
motion is prohibited in the MR imaging environment, this para-
digm provides a surrogate for visual-vestibular sensory conflict
because participants may experience a subjective sense of motion

FIG 2. fMRI visual-vestibular paradigm PCVMS results. Selective increased activation was demonstrated in the PCVMS.control group for pro-
vocative-neutral contrast in several regions, including the opercular cortex, insular cortex, inferior and middle temporal gyri, precentral gyrus, in-
ferior frontal gyrus, and supramarginal gyrus.

Table 2: Correlation between fMRI brain activation and VOMS testing scores in patients
with PCVMS and control subjects

ROI/VOMS Domain R (10)a 95% CI P Value
Left FEF
D aggregate 0.583 0.014–0.867 .047
Smooth pursuit 0.608 0.052–0.876 .036
D smooth pursuit 0.684 0.183–0.904 .014
Horizontal saccade 0.578 0.001–0.865 .049
D horizontal saccade 0.722 0.253–0.916 .008
D vertical saccade 0.695 0.201–0.907 .012
Vertical vestibular-ocular reflex 0.694 0.200–0.907 .012
D vertical vestibular-ocular reflex 0.645 0.113–0.890 .024
D horizontal vestibular-ocular reflex 0.584 0.015–0.867 .046

Right posterior hippocampus
D smooth pursuit 0.609 0.054–0.877 .036
D horizontal saccade 0.638 0.101–0.887 .026
D vertical saccade 0.599 0.038–0.873 .040
Left MT/V5
Vertical vestibular-ocular reflex 0.723 0.254–0.916 .008

Note:—D indicates the difference in scores between the initial and provocative testing portions of VOMS;
Aggregate, the sum of all VOMS symptoms scores.
a Pearson correlation coefficient.
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induced by these videos, while vestibular sensory input indicates
that the participant is stationary. The provocative videos used in
the current study demonstrated significantly more objective optic
flow and induced more symptoms in patients with PCVMS, indi-
cating that these videos replicate symptom-producing scenarios
these patients experience outside the magnet. The current fMRI
paradigm provides a novel framework in which to study differen-
tial brain activation in patients with PCVMS.

The vestibular network includes the vestibular end organs,
brain stem nuclei, thalami, and the parietoinsular vestibular cor-
tex (PIVC).36,42,43 In this study, we focused on the central mecha-
nism of vestibular impairment and excluded subjects with
peripheral vestibular end organ dysfunction. In addition to the
PIVC, prior studies have reported that vestibular stimuli activate
the more anterior insula and operculum, FEF, hippocampus, and
parahippocampal areas, among others.36,43 Similar to language
lateralization, PIVC activation occurs asymmetrically with vestib-
ular stimulation, with the primary vestibular cortex localized to
the nondominant hemisphere,44 concordant with our findings.

A recent fMRI study reported that whereas isolated visual
stimulation produces activation in the primary and associative
visual cortices and isolated vestibular stimulation activates the
PIVC and inferior parietal lobe, bimodal visual/vestibular stimu-
lation produces additional activation of the middle and inferior
frontal gyri.37 These regions have been suggested to represent
multisensory convergence zones for the vestibular and visual net-
works, with input from the parietal, occipital, and temporal
lobes.37 In addition, Brandt et al45 hypothesized the presence of a
multisensory orientation area that receives input from the thala-
mus and visual cortices and co-localizes to the nondominant
hemisphere with the PIVC. This region is thought to serve as a
primary site of multisensory processing related to higher vestibu-
lar spatial orientation. Our results support the importance of
these regions in processing complex, provocative visual stimuli.
We found selective increased activation in patients with PCVMS
in both the hypothesized multisensory orientation area, including
the nondominant hemisphere PIVC and adjacent cortex, as well
as in the nondominant inferior frontal gyrus, the putative multi-
sensory convergence zone for the vestibular and visual networks.

The posterior hippocampus also provides input to the PIVC
and is hypothesized to be involved in spatial memory and contrib-
utes to vestibular dysfunction–related visual dependency.43 A prior
study by Kontos et al46 reported decreased N-acetylaspartate/chol-
ine ratios, which reflect the ratio of neurons to metabolism in a
region, within several hippocampal subdivisions in patients with
postconcussive vestibular impairment, which were moderately-to-
highly associated with impaired VOMS scores. We found similar
positive correlations between VOMS testing and fMRI activation
within the nondominant posterior hippocampus as well as correla-
tions with the left FEF and left MT/V5 visual-association area.

While DTI has demonstrated decreased fractional anisotropy
in several areas in patients with head injury and vestibular
impairment, these have been located in the posterior fossa,
medial temporal lobes, inferior occipital lobes, and centrum
semiovale.47,48 No abnormal DTI metrics were reported in the
vestibular-auditory network or in regions known to provide input
into the PIVC. In conjunction with our functional results, in

which we found increased (as opposed to decreased) activation,
we hypothesized that the primary deficit in PCVMS may be
altered multisensory processing, with particular increased weight-
ing of visual-vestibular stimuli, and not primary injury or disrup-
tion of the PIVC and associated input.

While increased reliance on visual stimuli may be beneficial
acutely in patients with postconcussive vestibular impairment,
possibly to compensate for disrupted somatosensory input into
the PIVC, persistent overreliance may become pathologic and
maladaptive during recovery, manifesting as visual motor sensi-
tivity in the subacute and chronic time periods. This increased
visual reliance has clear implications for postconcussion vestibu-
lar rehabilitation therapy, which currently focuses on gaze stabil-
ity and gait and balance exercises.49 Based on our fMRI results
and preliminary clinical studies, the addition of interventions tar-
geted to visual-vestibular processing may be more efficacious.50

We recently reported improved outcomes in patients with PCVMS
using a combination rehabilitation intervention of conventional
vestibular therapy coupled with a visual desensitization program
that included progressively provocative videos similar to those
used in the current visual-vestibular task-based fMRI paradigm.51

This vestibular rehabilitation programmay be further improved by
incorporating therapies that target the areas of increased brain acti-
vation in patients with PCVMS detailed above.

The current study has several limitations. Despite the robust
and statistically significant results found in our study, the sample
size was relatively small. There were also significant differences
between our patient populations, with control subjects having
fewer women and a greater mean number of years of schooling
than subjects with PCVMS. These differences, unfortunately,
arose due to unequal drop-out of enrolled subjects across the 2
groups, which was, in part, related to the multisession study
design, which required subjects to undergo both a research MR
imaging and vestibular evaluation at different times and loca-
tions. Sex differences in response to traumatic brain injury have
been reported, with women generally found to have a survival
advantage.52 Because the postconcussive patients in our current
study had more women than men, it may be that a larger effect
would have been found if the 2 groups had been sex-matched.
However, while it is possible that some of our group-level results
may be due to sex and education differences, the correlations
between symptom severity and regional fMRI activation are not
reliant on matching the 2 group populations.

Furthermore, because the group-level analysis was partly used
to identify ROIs for use in the symptom correlational analysis,
the group mismatch has minimal consequences as these ROIs
were substantiated by the more impactful finding of significant
correlations between symptom severity and selective increased
activation in patients with PCVMS, providing strong evidence to
support the importance of these regions in driving PCVMS
symptomatology. Finally, our study compared patients with
PCVMS with healthy controls; therefore, our results may reflect
general concussion changes as opposed to postconcussive vestib-
ular impairment. However, selective fMRI activation using our
visual-vestibular paradigm was again positively correlated with
symptom severity, suggesting that our findings reflect PCVMS in
particular.
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CONCLUSIONS
Using a novel fMRI visual-vestibular paradigm, we found that
patients with subacute PCVMS demonstrated increased activa-
tion in putative multisensory processing centers involved in vis-
ual-vestibular sensory processing. Furthermore, selective regional
brain activation on fMRI was positively correlated with symptom
severity. These findings suggest that increased weighting of input
into the vestibular network may underlie PCVMS.
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ORIGINAL RESEARCH
HEAD & NECK

The Pharyngolaryngeal Venous Plexus: A Potential Pitfall in
Surveillance Imaging of the Neck

P.M. Bunch, R.T. Hughes, E.P. White, J.R. Sachs, B.A. Frizzell, and C.M. Lack

ABSTRACT

BACKGROUND AND PURPOSE: Among patients undergoing serial neck CTs, we have observed variability in the appearance of the
pharyngolaryngeal venous plexus, which comprises the postcricoid and posterior pharyngeal venous plexuses. We hypothesize
changes in plexus appearance from therapeutic neck irradiation. The purposes of this study are to describe the CT appearance of
the pharyngolaryngeal venous plexus among 2 groups undergoing serial neck CTs—patients with radiation therapy–treated laryngeal
cancer and patients with medically treated lymphoma—and to assess for changes in plexus appearance attributable to radiation
therapy.

MATERIALS ANDMETHODS: For this retrospective study of 98 patients (49 in each group), 448 contrast-enhanced neck CTs (222 la-
ryngeal cancer; 226 lymphoma) were assessed. When visible, the plexus anteroposterior diameter was measured, and morphology
was categorized.

RESULTS: At least 1 plexus component was identified in 36/49 patients with laryngeal cancer and 37/49 patients with lymphoma.
There were no statistically significant differences in plexus visibility between the 2 groups. Median anteroposterior diameter was
2.1 mm for the postcricoid venous plexus and 1.6mm for the posterior pharyngeal venous plexus. The most common morphology
was “bilobed” for the postcricoid venous plexus and “linear” for the posterior pharyngeal venous plexus. The pharyngolaryngeal ve-
nous plexus and its components were commonly identifiable only on follow-up imaging.

CONCLUSIONS: Head and neck radiologists should be familiar with the typical location and variable appearance of the pharyngo-
laryngeal plexus components so as not to mistake them for neoplasm. Observed variability in plexus appearance is not attributable
to radiation therapy.

ABBREVIATIONS: AP ¼ anteroposterior; PCVP ¼ postcricoid venous plexus; PLVP ¼ pharyngolaryngeal venous plexus; PPVP ¼ posterior pharyngeal venous
plexus; RT ¼ radiation therapy; SI ¼ superior-inferior

Laryngeal and hypopharyngeal venous anatomy has been a
subject of interest in the anatomic,1-7 otolaryngologic,8,9 and

radiologic10-14 literature. Anatomists have consistently identified
a rich plexus of veins in the postcricoid and posterior hypophar-
ynx, which has been termed the “pharyngolaryngeal venous
plexus” (PLVP).2,8 The PLVP has been described as larger and
better developed in fetal and infant dissections than in those per-
formed in older children and adults.3,15

The PLVP can be subdivided (Fig 1) into a ventral portion
along the posterior aspect of the cricoid cartilage (termed the

“postcricoid venous plexus” [PCVP]), and a dorsal portion along
the posterior pharyngeal wall (termed the “posterior pharyngeal
venous plexus” [PPVP]).2,4,7,8,16,17 Historically, the PCVP has
received more attention in the literature than the PPVP. The
PCVP extends cranially to at least the level of the transverse and
oblique arytenoid musculature5 and drains into the superior laryn-
geal and lingual veins.2,4,5 In the otolaryngologic literature, the
PCVP (also referred to as the “postcricoid cushion”8,18) has been
documented to cyclically enlarge with Valsalva during the expira-
tory phase of an infant’s cry.8 In keeping with the age-related dif-
ferences of the PLVP noted in the anatomic literature, the
postcricoid cushion has been observed on flexible fiber-optic laryn-
goscopy to be most prominent among infants and to become less
noticeable in older children.8 It has been suggested that the
increased PCVP prominence in infants may be mechanically bene-
ficial to protect from aspiration,4,5 prevent emesis during crying,4,8

and minimize aerophagia during crying.7
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Most prior radiologic studies addressing postcricoid anatomy
have focused on fluoroscopy.10-12,14 In such fluoroscopic studies,
the PCVP has also been referred to as the “postcricoid impres-
sion”10 and has been emphasized to be a normal finding that
should not be mistaken for neoplasm.11 Descriptions of the CT
appearance of the PCVP are lacking in the published literature.

In the anatomic literature, the PPVP is reported to be associ-
ated with the posterior pharyngeal wall,2,16,17 lying between the
posterior mucosal surface and the inferior constrictor muscula-
ture.3,5 The PPVP drains into the superficial pharyngeal plexus
and subsequently into the internal jugular veins.3,5 Some authors
report the PPVP to be located inferiorly with respect to the
PCVP,16,17 though others describe the PCVP and the PPVP being
located at the same level.5 As is true for the PCVP, descriptions of
the CT appearance of the PPVP in the published literature are
also lacking.

Head and neck radiologists are accustomed to the typical find-

ings of prior therapeutic neck irradiation, including mucosal

hyperenhancement, submucosal edema, and fat reticulation.19,20

As such, these well-described treatment-related changes do not

represent diagnostic dilemmas on surveillance imaging. In our

clinical practice, we have observed the PLVP on neck CT exami-

nations performed for head and neck cancer follow-up and

noticed variations in PLVP thickness and in PLVP visibility

within the same patient on different neck CT examinations. The

reasons for this observed variability are unclear, but radiation

therapy (RT)-induced vascular changes may play a role. Acute

increases in vascular permeability and treatment-related local

inflammation may influence the CT appearance of the PLVP in

the early post-RT period, whereas endothelial cell proliferation

and perivascular fibrosis may alter the CT appearance of the

PLVP on later imaging follow-up.21-23

We hypothesize that PLVP visibility on neck CT imaging
changes as a result of therapeutic neck irradiation. The purposes of
this study are to describe the CT appearance of the PLVP and its
components (the PCVP and the PPVP) among 2 groups of
patients undergoing serial neck CTs (patients with RT-treated

laryngeal cancer and patients with
chemotherapy-treated lymphoma) and
to assess for potential RT-associated
effects on PLVP visibility through com-
parison of the 2 groups.

MATERIALS AND METHODS
Subjects
For this retrospective, Health Insurance
Portability and Accountability Act–
compliant, institutional review board–
approved study, an institutional head
and neck cancer data base of 266
patients treated with curative intent
for laryngeal cancer was first queried
for patients satisfying the follow-
ing criteria: treated with definitive radi-
ation with or without chemotherapy
for laryngeal squamous cell carcinoma

(excluded = 111); no other previous therapeutic head and neck
irradiation (excluded = 6); no primary or salvage surgical manage-
ment (excluded = 56); pretreatment baseline neck CT with contrast
obtained with images available for review (excluded = 15); and at
least 1 post-RT neck CT with contrast obtained with images avail-
able for review (excluded=29). Patients were excluded if diagnostic
assessment of the larynx and hypopharynx was precluded by severe
artifacts on the pretreatment baseline CT or on all post-RT neck
CTs. All potential subjects were treated between 2011 and 2018
with intensity-modulated RT or 3D-conformal RT (in cases of stage
I–II glottic cancer). Patient age, patient sex, smoking history, and
radiation dose were obtained from the electronic medical record.

After determination of the RT-treated laryngeal cancer cohort
meeting all inclusion criteria, an age- and sex-matched cohort of
patients with lymphoma with no prior history of therapeutic
neck irradiation was selected from a local radiology report data
base as a control group who had also undergone serial neck CTs.
Patient age, patient sex, and smoking history were obtained from
the electronic medical record.

Image Acquisition
Given the retrospective nature of this study, there was variability
with respect to CT scanners used to acquire images, as well as spe-
cific CT acquisition parameters. However, most neck CT examina-
tions were acquired on a LightSpeed VCT (GE Healthcare) with
acquisition parameters of 120 kV(peak), Auto mA (noise index =
6, minimum = 100mA, maximum = 250mA), 0.969: 1 pitch, 0.8-
second rotation time, 2.5-mm helical section thickness, and 1.25-
mm interval. Multiplanar reconstructions were generated, includ-
ing 2.5-mm axial (20-to 30-cm FOV; “standard” kernel) images.
Imaging was performed 90 seconds after the injection of 95mL of
iohexol, 350 mg I/mL (split-bolus technique, 65mL at 4mL/s, 30-
second pause, 30mL at 4mL/s) and spanned the skull base to the
thoracic inlet.

Reader Assessment
One fellowship-trained neuroradiologist (with 3 years’ subspeci-
alty experience) reviewed the neck CT examination axial 2.5-mm

FIG 1. Transverse histopathologic section of the hypopharynx of a full-term fetus at the level of
the cricoid cartilage shows the locations of the PCVP and the PPVP. Reproduced from Butler5

with permission from BMJ Publishing Group Ltd.
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soft-tissue kernel images to determine the visibility of the PLVP
and its components, the PCVP and the PPVP.

The PCVP was defined as “visible” if tubular or curvilinear
submucosal enhancement matching the contrast attenuation of
adjacent veins was located posterior to the laryngeal mucosa and
anterior to the hypopharyngeal mucosa (Fig 2). The PPVP was
defined as visible if tubular or curvilinear submucosal enhance-
ment matching the contrast attenuation of adjacent veins was
located posterior to the hypopharyngeal mucosa and anterior to
the inferior constrictor musculature (Fig 2). The PLVP was
defined as visible if either the PCVP or the PPVP was visible.

When visible, the PCVP and PPVP anteroposterior (AP) diame-
ters and superior-inferior (SI) extent were measured in millimeters.
The SI level (eg, cricoid cartilage, arytenoid cartilage, supra-aryte-
noid) at which the PCVP and PPVP appeared thickest was also
recorded. When both the PCVP and the PPVP were visible in the
same patient, the relative SI position of the PPVP with respect to

the PCVP was documented. In addition, a qualitative, descriptive
assessment of PCVP and PPVP morphology on axial CT images
was performed with the goal of morphologic categorization.

Statistical Analysis
Descriptive analyses were performed using absolute and relative
frequencies for categoric variables and mean or median for nor-
mally and non-normally distributed continuous variables, respec-
tively. The Fisher exact test was used to compare proportions,
1-way analysis of variance was used to compare normally distrib-
uted continuous variables, and the Wilcoxon rank sum test was
used to compare non-normally distributed continuous variables.
Analyses were performed with JMP, Version 14 (SAS Institute),
and a P value, .05 indicated a statistically significant difference.

RESULTS
Subjects
A total of 49 patients with post-RT laryngeal cancer (222 neck
CTs) met all inclusion criteria and formed the study cohort for
which 49 age- and sex-matched patients with medically-treated
lymphoma (226 neck CTs) were selected to serve as controls.
Characteristics of the 2 study groups are provided in Table 1.

Reader Assessment
The PLVP was visible on at least 1 neck CT in 36/49 (73%)
patients with laryngeal cancer and in 37/49 (76%) patients with
lymphoma (P = 1.00). The PLVP was identifiable on baseline
neck CT in 21/49 (43%) patients with laryngeal cancer and identi-
fiable on initial neck CT in 22/49 (45%) patients with lymphoma
(P = 1.00). Among patients with laryngeal cancer, the PLVP was
visible on at least 1 post-RT neck CT in 34/49 (69%) patients and
identifiable on 90/173 (52%) of all post-RT neck CTs. Among
patients with lymphoma, the PLVP was visible on at least 1 fol-
low-up neck CT in 36/49 (73%) patients (P = .82) and identifiable
on 108/177 (61%) of all follow-up neck CTs (P = .11).

For both the laryngeal cancer and lymphoma cohorts, PLVP
visibility on the baseline examination predicted PLVP visibility
on at least 1 follow-up neck CT: Nineteen of 21 (91%) patients
with laryngeal cancer with PLVP visible at baseline exhibited
PLVP on at least 1 post-RT neck CT compared with 15/28 (54%)
patients with no visible PLVP at baseline (P = .011), and 21/22
(95%) patients with lymphoma with PLVP visible on initial neck
CT exhibited PLVP on at least 1 follow-up neck CT compared

FIG 2. Labeled (A) and unlabeled (B) axial neck CT images with contrast at the level of the cricoarytenoid joints in a patient without visible PLVP
demonstrate the expected locations of the PCVP (asterisk, A) between the larynx anteriorly and the hypopharyngeal mucosa (dashed line, A) pos-
teriorly, and the PPVP (pound sign, A) between the hypopharyngeal mucosa anteriorly and the inferior constrictor musculature (solid line, A) poste-
riorly. Axial neck CT images with contrast in 2 additional patients (C and D) demonstrate visible PCVP (arrows, C) and visible PPVP (arrows, D).

Table 1: Characteristics of the study groups
Laryngeal
Cancer Lymphoma

P-
Value

Sex
Male 33 (67%) 33 (67%) 1.00
Female 16 (33%) 16 (33%)
Age (yr)
Mean [SD] 58.9 [11.0] 58.9 [11.1] 1.00
Minimum 25 25
Maximum 83 84

Smoking history
Yes 47 (96%) 26 (53%) ,.001
No 2 (4%) 23 (47%)
Radiation dose (Gy)
Median 70.0 NA
Minimum 64.0 NA
Maximum 70.2 NA
Neck CTs
Total 222 226
Per patient (mean) (SD) 4.5 (2.8) 4.6 (2.7) .88
Minimum 2 2
Maximum 16 14
Months of CT follow-upa

Total 1005 1835
Mean (SD) 20.5 (13.5) 37.4 (31.4) ,.001
Minimum 4 1
Maximum 59 162

Note:—NA indicates not applicable.
a For patients with laryngeal cancer, follow-up ended when either no more neck
CTs were available or the patient underwent salvage laryngectomy.
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with 15/27 (56%) patients without visible PLVP on initial imag-
ing (P = .002).

Among patients with laryngeal cancer and lymphoma with a
visible PLVP, the frequency with which the PLVP was identifiable
in each patient ranged from 15% to 100% (median, 67%). Both
the PCVP and the PPVP were visible in 34/73 (47%) patients, only
the PCVP was visible in 35/73 (48%), and only the PPVP was visi-
ble in 4/73 (5%). When both the PCVP and the PPVP were visible
in the same patient, the PPVP was located below the level of the
PCVP in 30 patients (88%), at the level of the PCVP in 3 patients
(9%), and above the level of the PCVP in 1 patient (3%).

There was no statistically significant association between
PLVP visibility and any of the studied patient factors (Table 2).

The PCVP was visible on at least 1 neck CT in 32/49 (65%)
patients with laryngeal cancer and in 37/49 (76%) patients with
lymphoma (P = .38). The PCVP was identifiable on baseline neck
CT in 18/49 (37%) patients with laryngeal cancer and identifiable
on initial neck CT in 20/49 (41%) patients with lymphoma (P =
.84). Among patients with laryngeal cancer, the PCVP was visible
on at least 1 post-RT neck CT in 30/49 (61%) patients and identi-
fiable on 87/173 (50%) post-RT neck CTs. Among patients with
lymphoma, the PCVP was visible on at least 1 follow-up neck CT
in 36/49 (73%) patients (P = .28) and identifiable on 98/177
(55%) of all follow-up neck CTs (P = .39).

For both the laryngeal cancer and lymphoma cohorts, PCVP
visibility on the baseline examination predicted PCVP visibility

on at least 1 follow-up neck CT: Sixteen of 18 (89%) patients with
laryngeal cancer with PCVP visible at baseline exhibited visible
PCVP on at least 1 post-RT neck CT compared with 14/31 (45%)
patients with no visible PCVP at baseline (P =.003), and 19/20
(95%) patients with lymphoma with PCVP visible on initial neck
CT exhibited PCVP on at least 1 follow-up neck CT compared
with 17/29 (59%) patients without visible PCVP on initial imag-
ing (P = .007).

Among patients with laryngeal cancer and lymphoma with
visible PCVP, the frequency with which the PCVP was identifia-
ble in each patient ranged from 17% to 100% (median 64%).
There was no statistically significant association between PCVP
visibility and any of the studied patient factors (Table 3).

When visible, the maximumAP diameter of the PCVP ranged
from 0.9 to 5.0mm (median, 2.1). The PCVP maximum AP di-
ameter increased on at least 1 follow-up neck CT relative to initial
imaging in 53/69 (77%) patients, and the PCVP thickness was
decreased on all follow-up neck CTs relative to initial imaging in
16/69 (23%) patients. In 1 patient with laryngeal cancer, the
prominent post-RT PCVP on follow-up imaging was described
by the interpreting radiologist as suspicious for progressive neo-
plasm (Fig 3); however, the PCVP was confirmed with 22months
of follow-up imaging. The SI extent of PCVP ranged from 2.5 to
26.5mm (median, 10mm).

The PCVP appeared thickest at the level of the cricoid carti-
lage in 14/69 (20%) patients, at the level of the arytenoid cartilage

Table 2: Visibility of PLVP within the study groups with respect to patient characteristics

Laryngeal Cancer Lymphoma

PLVP Visible?

Yes No P Yes No P
Sex
Male 23 10 .50 23 10 .29
Female 13 3 14 2
Age (yr)
Mean [SD] 58.4 [11.5] 60.3 [10.0] .60 59.3 [11.6] 57.6 [9.6] .64
Smoking history
Yes 34 13 1.00 17 9 .10
No 2 0 20 3
Radiation dose (Gy)
Median (range) 70.0 (64.0–70) 70.0 (65.3–70.2) .26 NA NA NA

Note:—NA indicates not applicable.

Table 3: Visibility of PCVP within the study groups with respect to patient characteristics

Laryngeal Cancer Lymphoma

PCVP Visible?

Yes No P Yes No P
Sex
Male 20 13 .36 23 10 .29
Female 12 4 14 2
Age (yr)
Mean [SD] 57.3 [10.9] 61.9 [10.8] .17 59.3 [9.6] 57.6 [11.6] .64
Smoking history
Yes 30 17 .54 17 9 .10
No 2 0 20 3
Radiation dose (Gy)
Median (range) 70.0 (64.0–70) 70.0 (65.3–70.2) .57 NA NA NA

Note:—NA indicates not applicable.
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in 21/69 (30%) patients, and at a supra-arytenoid level in 34/69
(49%) patients (Fig 4).

Qualitative assessment of the PCVP appearance resulted in
the following morphologic categories (Fig 5): bilobed (n = 31),
linear (thin or thick) (n = 14), and dot-dash (n = 19). Five
patients exhibited a combination of these morphologies depend-
ing on the axial section level. No morphologic category changes
were observed between initial and follow-up neck CTs.

The PPVP was visible on at least 1 neck CT in 17/49 (35%)
patients with laryngeal cancer and in 21/49 (43%) patients with
lymphoma (P = .53). The PPVP was identifiable on baseline neck
CT in 6/49 (12%) patients with laryngeal cancer and identifiable
on initial neck CT in 10/49 (20%) patients with lymphoma (P =
.41). Among patients with laryngeal cancer, the PPVP was visible
on at least 1 post-RT neck CT in 17/49 (35%) patients and

identifiable on 42/173 (24%) post-RT
neck CTs. Among patients with lym-
phoma, the PPVP was visible on at
least 1 follow-up neck CT in 20/49
(41%) patients (P = .68) and identifia-
ble on 53/177 (30%) of all follow-up
neck CTs (P = .28).

For both the laryngeal cancer and
lymphoma cohorts, PPVP visibility on
the baseline examination predicted
PPVP visibility on at least 1 follow-up
neck CT: Six of 6 (100%) patients with
laryngeal cancer with PPVP visible at
baseline exhibited visible PPVP on at
least 1 post-RT neck CT compared
with 11/43 (26%) patients with no visi-
ble PPVP at baseline (P, .001); and
9/10 (90%) patients with lymphoma
with PPVP visible on initial neck CT
exhibited PPVP on at least 1 follow-up
neck CT compared with 10/39 (26%)
patients without visible PPVP on ini-
tial imaging (P, .001).

Among patients with laryngeal
cancer and lymphoma with visible
PPVP, the frequency with which the
PPVP was identifiable in each patient

ranged from 15% to 100% (median, 50%). Among patients with
lymphoma, the PPVP was more likely visible among women (P =
.01). A significant difference was also observed between the
mean age of patients with lymphoma with visible PPVP
(62.6 years) and the mean age of patients with lymphoma
without visible PPVP (56.1 years; P = .04). Otherwise, there
were no statistically significant associations between PPVP
visibility and any of the studied patient factors (Table 4).

When visible, the maximum AP diameter of the PPVP ranged
from 0.9 to 4.0mm (median 1.6). The PPVP maximum AP diam-
eter increased on at least 1 follow-up neck CT relative to baseline
imaging in 31/38 (82%) patients, and the PPVP thickness was
decreased on all follow-up neck CTs relative to baseline imaging
in 7/38 (18%) patients. In no cases were prominent PPVPs on fol-
low-up imaging described by the interpreting radiologist as

FIG 3. Axial contrast-enhanced neck CT images obtained before (A and C) and after (B and D) definitive radiation therapy for laryngeal squa-
mous cell carcinoma (arrow, A). Posttreatment images demonstrate a substantial decrease in size of the treated tumor (arrow, B) as well as
prominent PCVP (circle, D) that was not definitively identifiable on the baseline pretreatment neck CT (circle, C). The prominent PCVP (circle, D)
was described as suspicious for progressive neoplasm but confirmed to be vascular after 22months of imaging follow-up.

FIG 4. Axial contrast-enhanced neck CT images obtained in 3 different patients demonstrate
representative images of the PCVP (arrows, A–C) at the cricoid cartilage level (A), the arytenoid
cartilage level (B), and the supra-arytenoid level (C).

FIG 5. Axial contrast-enhanced neck CT images in 3 different patients demonstrate representa-
tive examples of bilobed (arrows, A), dot-dash (arrows, B), and linear (arrows, C) PCVP
morphology.
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suspicious for progressive neoplasm. The SI extent of PPVP
ranged from 5.0 to 26.3mm (median, 10.0mm).

The PPVP appeared thickest at the level of the cricoid carti-
lage in 31/38 (82%) patients, at the level of the arytenoid cartilage
in 6/38 (16%) patients, and at a supra-arytenoid level in 1/38
(3%) patients.

Qualitative assessment of the PPVP appearance resulted in
the following morphologic categories: linear (thin or thick) (n =
31), dot-dash (n = 5), and bilobed (n = 2) (Fig 6). No morpho-
logic category changes were observed between initial and follow-
up neck CTs.

DISCUSSION
Among patients with laryngeal squamous cell carcinoma treated
with definitive RT and patients with lymphoma with no history
of therapeutic neck irradiation, at least 1 component of the PLVP
is commonly identifiable on contrast-enhanced neck CT, though
variable in both visibility and thickness between CT examina-
tions. Importantly, in up to 50% of patients in both cohorts with
no visible PLVP on initial imaging, at least 1 component could be
identified on serial follow-up neck CT. Moreover, the PCVP and
PPVP AP thickness measured greatest on a follow-up neck CT
examination for greater than 75% of included patients.

We hypothesized that PLVP visibility on neck CT imaging
changes because of therapeutic neck irradiation. The results do not
support our hypothesis, as there were no significant differences
between visibility of the PLVP or its components between the group

with RT-treated laryngeal cancer and
the group with medically treated lym-
phoma (control). Although unlikely
related to RT-induced inflammation,
the factors accounting for the observed
variability in plexus visibility within
both groups remain uncertain. Some
possibilities include hydration status on
the day of imaging, the presence or ab-
sence of Valsalva during image acquisi-
tion, and the higher number of follow-
up neck CTs (n = 350) than baseline
neck CTs (n = 98) within the 2 cohorts.

Nevertheless, it is important that the
radiologist be aware of the existence of such variability as well as of
the appearance, location, and common morphologies of the PCVP
and PPVP so as not to mistake these normal structures for progres-
sive neoplasm when interpreting surveillance imaging of the neck.
As shown in previous anatomic dissections and confirmed in this
CT-based study, the PCVP lies in a submucosal location posterior
to the laryngeal mucosa and anterior to the hypopharyngeal mu-
cosa between the levels of the supraglottis and the cricoid cartilage.
The PPVP lies in a submucosal location posterior to the hypophar-
yngeal mucosa and anterior to the inferior constrictor muscle, most
commonly at the level of the cricoid cartilage but rarely at or above
the arytenoid cartilage level.

In our cohort, the most common morphology of the PCVP
on axial CT images was bilobed, which is in keeping with earlier
anatomic descriptions of the PCVP as 2 longitudinal masses on
each side of the midline separated by a gap of 2–6mm.5 The most
commonmorphology of the PPVP on axial CT images was linear.
PCVP and PPVP longitudinal extent were variable, more
commonly 10mm or greater, and were therefore seen on mult-
iple sequential axial images, though occasionally more focal.
Enhancement matching the enhancement of adjacent veins and a
tubular rather than masslike configuration would also favor
PLVP over neoplasm in the postcricoid region. Alternatively, the
PCVP and PPVP could be mistaken for mucositis, particularly
among patients who are RT-treated. In our experience, careful
attention to the submucosal location of the PCVP and PPVP, im-
mediately anterior and posterior to the hypopharyngeal mucosa,
respectively, typically enables differentiation.

Table 4: Visibility of PPVP within the study groups with respect to patient characteristics

Laryngeal Cancer Lymphoma

PPVP Visible?

Yes No P Yes No P
Sex
Male 12 21 1.00 10 23 .01
Female 5 11 11 5
Age (yr)
Mean [SD] 59.0 [13.9] 58.8 [9.3] .96 62.6 [10.9] 56.1 [10.6] .04
Smoking history
Yes 16 31 1.00 8 18 .09
No 1 1 13 10
Smoking history
Median (range) 70.0 (64.0–70) 70.0 (65.3–70.2) .06 NA NA NA

Note:—NA indicates not applicable.

FIG 6. Axial contrast-enhanced neck CT images in 3 different patients demonstrate representa-
tive examples of linear (arrows, A), dot-dash (arrows, B), and bilobed (arrows, C) PPVP
morphology.
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There was no correlation between PLVP or PCVP and any
studied patient factors. Among patients with lymphoma, PPVP
visibility was significantly associated with age and female sex, and
these associations were not observed within the group with laryn-
geal cancer. Although further study may be warranted, we advise
caution in ascribing clinical significance to these findings given
the small sample size of 21 patients with lymphoma exhibiting
visible PPVP.

There are limitations of this study, including small sample
size and retrospective design. A single neuroradiologist reader
was used, such that interrater reliability was not assessed. It is
possible that other neuroradiologists would characterize the visi-
bility and morphology of the PCVP and PLVP differently than
what we report, though we have attempted to provide ample il-
lustrative examples in support of our findings. Finally, there were
statistically significant differences between the laryngeal cancer
and lymphoma groups with respect to smoking history (likely
reflecting risk factors for laryngeal cancer) and months of CT fol-
low-up. Although there was no significant association between
plexus visibility and smoking history among patients with laryn-
geal cancer treated with definitive RT, the very few subjects with
negative smoking history may influence the accuracy of the statis-
tical comparison between smokers and nonsmokers.

CONCLUSIONS
At least 1 component of the PLVP was identifiable on contrast-
enhanced neck CT in most patients with laryngeal cancer and
lymphoma, with variable appearance on follow-up imaging com-
pared with baseline. Although the factors contributing to the vari-
able appearance of the PLVP remain uncertain, there is no
evidence to support therapeutic neck irradiation as a contributing
factor.

In up to 50% of patients with no visible PLVP on initial imag-
ing, the PLVP was identifiable on at least 1 follow-up neck CT
and could therefore possibly be confused for neoplasm. Head and
neck radiologists should be familiar with the typical location and
variable appearance of the PLVP components so as not to mis-
take this normal vascular structure for progressive neoplasm.
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ORIGINAL RESEARCH
HEAD & NECK

Improved Lesion Conspicuity with Contrast-Enhanced 3D T1
TSE Black-Blood Imaging in Cranial Neuritis: A Comparative
Study of Contrast-Enhanced 3D T1 TSE, 3D T1 Fast-Spoiled

Gradient Echo, and 3D T2 FLAIR
T.-W. Baek, Y. Kang, and H.-J. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Contrast-enhanced 3D-turbo spin-echo (TSE) black-blood sequence has gained attention, as it suppresses
signals from vessels and provides an increased contrast-noise ratio. The purpose was to investigate which among the contrast-enhanced
3D T1 TSE, 3D T1 fast-spoiled gradient echo (FSPGR), and 3D T2 FLAIR sequences can better detect cranial nerve contrast enhancement.

MATERIALS AND METHODS: Patients with cranial neuritis based on clinical findings (n ¼ 20) and control participants (n ¼ 20) were
retrospectively included in this study. All patients underwent 3T MR imaging with contrast-enhanced 3D T1 TSE, 3D T1 FSPGR, and
3D T2 FLAIR. Experienced and inexperienced reviewers independently evaluated the 3 sequences to compare their diagnostic per-
formance and time required to reach the diagnosis. Additionally, tube phantoms containing varying concentrations of gadobutrol
solution were scanned using the 3 sequences.

RESULTS: For the inexperienced reader, the 3D T1 TSE sequence showed significantly higher sensitivity (80% versus 50%, P ¼ .049; 80%
versus 55%; P ¼ .040), specificity (100% versus 65%, P ¼ .004; 100% versus 60%; P ¼ .001), and accuracy (90% versus 57.5%, P ¼ .001; 90%
versus 57.5%, P ¼ .001) than the 3D T1 FSPGR and 3D T2 FLAIR sequences in patients with cranial neuritis. For the experienced reader,
the 3D T1-based sequences showed significantly higher sensitivity than the 3D T2 FLAIR sequence (85% versus 30%, P , .001; 3D T1 TSE
versus 3D T2 FLAIR, 85% versus 30%, P , .001; 3D T1 FSPGR versus 3D T2 FLAIR). For both readers, the 3D T1 TSE sequence showed the
highest area under the curve (inexperienced reader; 0.91, experienced reader; 0.87), and time to diagnosis was significantly shorter with
3D T1 TSE than with 3D T1 FSPGR.

CONCLUSIONS: The 3D T1 TSE sequence may be clinically useful in evaluating abnormal cranial nerve enhancement, especially for
inexperienced readers.

ABBREVIATIONS: FSPGR ¼ fast-spoiled gradient echo; CE ¼ contrast-enhanced; GRE ¼ gradient-echo; CNR ¼ contrast to noise ratio; ROC ¼ receiver oper-
ating characteristic; AUC ¼ area under the ROC curve; TSE ¼ turbo spin-echo

Cranial neuropathies can have multiple causes, including infec-
tious, neoplastic, inflammatory, traumatic, and idiopathic

pathologies.1 Such conditions cause disruption of the blood–nerve
barrier, which is sustained by the combined actions of tight junc-
tions in the endothelium of the endoneurial capillaries and of the
inner layers of the perineurium.2 Contrast-enhanced (CE) MR
imaging plays an important role in the diagnosis of cranial neuritis

by visualizing nerve enhancement attributed to leakage forcing
spillage and accumulation of contrast material surrounded by CSF.3

To date, no standard protocol has been established for evaluat-
ing cranial nerve enhancement, whereas several sequences have
been proposed for detecting leptomeningeal enhancement. CE 3D
T1 gradient-echo (GRE) sequences have been widely used in the
clinical setting to detect leptomeningeal pathology.4-7 Furthermore,
the CE 3D FLAIR sequence is advantageous because it can sensi-
tively detect low concentrations of gadolinium.8,9 Recently, a CE
3D turbo spin-echo (TSE) black-blood sequence has gained atten-
tion because it provides an increased contrast to noise ratio (CNR)
and suppresses diverting signals from vessels.10-13

To the best of our knowledge, no study has explored the
value of CE 3D T1 TSE black-blood imaging in the diagnosis of
cranial neuritis. Although the CE 3D T1 GRE sequence is gener-
ally used for the evaluation of cranial nerve enhancement,3,14 its
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ability to evaluate the cisternal segment of cranial nerves is lim-
ited owing to the surrounding prominent vessel enhancement.
Moreover, hyperintensities on FLAIR are also associated with
various conditions, such as subarachnoid hemorrhage, sluggish
collateral vessels, and supplemental oxygen, which may pro-
duce misinterpretations of the cranial nerve enhancement.15

Therefore, the aim of this study was to investigate which
sequence among 3D T1 TSE, 3D T1 fast-spoiled gradient echo
(FSPGR), and 3D T2 FLAIR can better detect contrast enhance-
ment in patients with cranial neuritis.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
board of our institution, and the requirement to obtain patients’
informed consent was waived. FromMay 2018 to April 2020, 299
consecutive patients underwent cranial nerve MR imaging for
symptoms of cranial nerve disorders at our institution. Among
them, 38 met the inclusion criteria and were recruited, ie, patients
1) with a final clinical diagnosis of cranial neuritis based on clinical
findings, relief of symptoms after administration of steroids, or elec-
tromyography results16 and 2) who had a clinical diagnosis-corre-
lated enhancing cranial nerve lesion on cranial nerve MR imaging.
Of these, 18 were excluded for the following reasons: 1) lack of 3D
T1 TSE, 3D T1 FSPGR, or 3D T2 FLAIR (n ¼ 11); 2) lesion at the
cavernous segment of the oculomotor nerve (n¼ 5); or 3) potential
for perineural metastasis owing to underlying disease (n ¼ 2).
Finally, 20 patients were included in this study, and the mean time
interval between cranial nerve MR imaging and final clinical diag-
nosis was 2.756 3.50days. The detailed information of the patients
is provided in the Table. Additionally, 20 patients who underwent
cranial nerve MR imaging under suspicion of neurovascular com-
pression syndrome and had no remarkable finding on MR imaging
were included as the control group. A flow diagram of patient selec-
tion is shown in Fig 1. There was no significant difference in mean
age (56.6 years in the patient group; 55.2 years in the control group;
P ¼ .782) and sex distribution (5 [25%] women in the patient
group; 10 [50%] women in the control group; P¼ .102).

MR Imaging
All scans were acquired using 1 of 2 3T MR imaging units
(Achieva; Philips Healthcare or Signa Architect, GE Healthcare).
Each patient underwent the following 3 postcontrast sequences:
3D T1 TSE, 3D T1 FSPGR, and 3D T2 FLAIR. Detailed scan pa-
rameters are provided in the Online Supplementary Data. After

IV injection of gadobutrol (Gadovist,
Bayer Schering Pharma) at a dose of
0.1mmol/kg of body weight, the 3D T1
TSE and 3D T1 FSPGR images were
acquired in a randomized order fol-
lowed by the 3D T2 FLAIR images.

Image Analysis
A total of 120 sequences (3 sequences
for each of the 40 patients) were de-
identified and randomly distributed in 3
sessions. Each of the 3 sequences (3D
T1 TSE, 3D T1 FSPGR, and 3D T2
FLAIR) acquired from each patient was
included in a different session. There
was a 2-week interval between sessions.
Images were provided with a recon-
structed section thickness of 1.2mm
and analyzed on a DICOM viewer
(RadiAnt DICOMViewer). An inexper-
ienced reader (T.-W.B., a third-year res-
ident) and an experienced reader (Y.K.,
a board-certified neuroradiologist with

Detailed description of the included patients
ID Age/Sex Diagnosis
1 70/M Left trigeminal neuritis
2 70/M Left abducens neuritis
3 59/M Left facial neuritis
4 36/F Right facial neuritis
5 74/M Right facial neuritis
6 46/F Right trigeminal neuritis
7 61/M Bilateral trigeminal neuritis
8 54/M Right trigeminal neuritis
9 71/M Left facial neuritis
10 48/M Left facial neuritis
11 48/F Right vestibular neuritis
12 60/M Left oculomotor and right abducens neuritis
13 50/M Left facial neuritis
14 38/F Right oculomotor neuritis
15 51/M Left facial neuritis
16 67/F Right trigeminal neuritis
17 52/M Left oculomotor neuritis
18 38/M Left facial neuritis
19 72/M Left facial neuritis
20 67/M Right facial neuritis

FIG 1. Flowchart algorithm for patient selection.
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8 years of experience), blinded to patient clinical information, inde-
pendently reviewed these images. Multiplanar reconstruction and
axial images were available on the DICOM viewer.

The reviewers made a diagnosis and rated the contrast
enhancement based on a 5-point scoring system, with 1 indicat-
ing no enhancement; 2, equivocal enhancement; 3, mild but defi-
nite enhancement; 4, moderate enhancement, similar to the
signal intensity of the anterior genu of the facial nerve; and 5,
intense enhancement, greater than that of the anterior genu of
the facial nerve. Finally, they measured the time (in seconds)
required to reach the diagnosis.

Statistical Analysis
Sensitivity, specificity, and accuracy were calculated and com-
pared using the McNemar test. A receiver operating characteristic
(ROC) analysis was used to evaluate the diagnostic performance
of the enhancement grade in each sequence to detect neuritis.
Areas under the ROC curve (AUCs) were compared using the
Z-test. The Wilcoxon rank sum test was used to compare the
time to diagnosis. P, .05 was considered statistically significant.
All statistical analyses were performed using MedCalc for
Windows (version 12.7.1.0) and SPSS Statistics for Windows
(version 20.0, IBM).

Clinical Phantom Study
To evaluate the signal intensity according to the contrast agent
concentration in the 3D T1 TSE, 3D T1 FSPGR, and 3D T2
FLAIR images, a clinical phantom scan was constructed based on

the data of 1 healthy volunteer. The
clinical phantom was constructed as
shown in the Online Supplementary
Data, containing gadobutrol solutions
(Gadovist) of varying concentrations
(range, 0.0125–3mmol/L); the head
band was set to the volunteer’s head,
and the volunteer underwent scanning
for the 3 sequences in a 3T MR imag-
ing unit (Signa Architect). We com-
pared the signal intensities of various
concentrations of gadobutrol solution,
divided by the signal intensity of the
brain parenchyma, among 3D T1 TSE,
3D T1 FSPGR, and 3D T2 FLAIR.

RESULTS
Comparison of Diagnostic
Accuracy among 3D T1 TSE,
3D T1 FSPGR, and 3D T2 FLAIR
For the inexperienced reader, there
was significantly higher sensitivity
(80% versus 50%; P¼ .049), specificity
(100% versus 65%; P ¼ .004), and ac-
curacy (90% versus 57.5%; P ¼ .001)
with 3D T1 TSE than with 3D T1
FSPGR. Likewise, there was signifi-
cantly higher sensitivity (80% versus
55%; P ¼ .040), specificity (100% ver-

sus 60%; P ¼ .001), and accuracy (90% versus 57.5%; P ¼ .001)
with 3D T1 TSE than with 3D T2 FLAIR. There was no signifi-
cant difference in the sensitivity, specificity, and accuracy
between 3D T1 FSPGR and 3D T2 FLAIR (all P. .05) (Online
Supplementary Data).

For the experienced reader, 3D T1 TSE (85%) and 3D T1
FSPGR (85%) showed the same sensitivity; however, there was a
significantly higher sensitivity with the 3D T1-based sequences
than with the 3D T2 FLAIR sequences (85% versus 30%, P ,

.001; 3D T1 TSE versus 3D T2 FLAIR, 85% versus 30%, P ,

.001; 3D T1 FSPGR versus 3D T2 FLAIR). The specificity did
not significantly differ among the 3 sequences (3D T1 TSE,
90%; 3D T1 FSPGR, 85%; and 3D T2 FLAIR, 90%; all P. .05).
Meanwhile, there was a significantly higher accuracy with 3D
T1 TSE than with 3D T2 FLAIR (87.5% versus 60%; P ¼ .005)
and with 3D T1 FSPGR, but the difference was not significant
(87.5% versus 82.5%; P ¼ .533). Representative images are
shown in Figs 2–4.

Diagnostic Performance of 3D T1 TSE, 3D T1 FSPGR, and
3D T2 FLAIR Using the AUCs
For the inexperienced reader, the highest AUC was attained
with 3D T1 TSE (AUC, 0.91 [95% CI, 0.77–0.97]) with mar-
ginal significance compared with 3D T1 FSPGR (AUC, 0.75
[95% CI, 0.58–0.87]; P ¼ .053), but a significant difference
was noted when compared with 3D T2 FLAIR (AUC, 0.56
[95% CI, 0.39–0.71]; P , .001) (Online Supplementary Data
and Fig 5).

FIG 2. A 71-year-old man with left facial neuritis. Moderate enhancement noted at the left distal
meatal segment of the facial nerves on 3D T1 TSE (A), but 3D T1 FSPGR (B) and 3D T2 FLAIR (C)
revealed equivocal and mild enhancement, respectively, of the corresponding facial nerve
(arrows).

FIG 3. A 60-year-old man with left oculomotor neuritis. On 3D T1 TSE (A), intense enhancement
at the distal cisternal portion of left oculomotor nerve was observed, and mild enhancement was
observed on 3D T1 FSPGR (B). The 3D T2 FLAIR (C) was negatively interpreted by both reviewers
(arrows).
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For the experienced reader, the AUCs for 3D T1 TSE, 3D T1
FSPGR, and 3D T2 FLAIR were as follows: 3D T1 TSE, 0.87 (95%
CI, 0.73–0.95); 3D T1 FSPGR, 0.86 (95% CI, 0.72–0.95); and 3D
T2 FLAIR, 0.71 (95% CI, 0.54–0.84). The AUC of 3D T1 TSE was
significantly higher than that of 3D T2 FLAIR (P ¼ .049); how-
ever, the difference between 3D T1 TSE and 3D T1 FSPGR was
not significant (P¼ .891).

Time to Diagnosis
For both readers, the time to diagnosis was significantly shorter
for 3D T1 TSE than for 3D T1 FSPGR (inexperienced reader:
30.75 versus 40.90 seconds, P ¼ .001; experienced reader: 23.85
versus 35.55 seconds, P¼ .005).

Clinical Phantom Study
The signal intensity ratios of various concentrations of gado-
butrol solution to normal WM on 3D T1 TSE, 3D T1 FSPGR,
and 3D T2 FLAIR images were plotted according to the
gadobutrol concentration (Online Supplementary Data). The
signal intensity ratio of 0.7–2-mmol/L gadobutrol solutions

was higher in 3D T1 TSE than in 3D T1 FSPGR and 3D T2
FLAIR.

DISCUSSION
For the inexperienced reader, the 3D T1 TSE sequence showed
higher sensitivity, specificity, and accuracy for the conspicuity of
cranial nerve enhancement in patients with cranial neuritis than
the 3D T1 FSPGR and 3D T2 FLAIR sequences. For the experi-
enced reader, there was higher sensitivity, specificity, and accu-
racy with 3D T1 TSE than with 3D T2 FLAIR and 3D T1 FSPGR,
but the difference was only significant between 3D T1 TSE and
3D T2 FLAIR. For both readers, the AUCs were higher in 3D T1
TSE than in 3D T1 FSPGR and 3D T2 FLAIR. The 3D T1 TSE
sequence may improve lesion conspicuity in cranial neuritis;
thus, its inclusion should be considered in the protocol for cranial
nerve evaluation in patients with suspected cranial neuritis.

Recently, 3D T1 TSE, which entails variable flip-angle modula-
tion, resulting in blood-flow suppression, has been introduced in
brain and leptomeningeal metastasis imaging and proved to

improve the diagnostic accuracy com-
pared with 3D T1 GRE.10,11,13,17 Oh
et al13 reported that 3D T1 TSE black-
blood sequences had significantly
higher sensitivity and higher interob-
server agreement than 3D T1 GRE
sequences in patients with leptomenin-
geal metastasis. Similarly, Sommer
et al11 demonstrated higher sensitivity
and diagnostic confidence regarding
leptomeningeal affection when using a
3D T1-weighted modified volumetric
isotropic TSE acquisition (T1 mVISTA)
sequence than when using a 3D T1-
weighted magnetization-prepared rapid

FIG 5. Comparisons of the ROC curves for the inexperienced (A) and experienced (B) readers.

FIG 4. A 65-year-old man in the control group. There is no definite enhancement of the bilateral
facial nerves on 3D T1 TSE (A) and 3D T2 FLAIR (C). However, mild enhancement at the distal inter-
nal auditory canal (arrows), possibly owing to convergence of dura mater, may lead to misinter-
pretation as enhancement of the distal meatal segment of the facial nerve on 3D T1 FSPGR (B).
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acquisition of gradient echo (T1 MPRAGE) sequence in infectious
and neoplastic meningitis. Our findings are in line with the results
of these recent studies on leptomeningeal metastases; however, to
our knowledge, the diagnostic performance of 3D T1 TSE in cranial
neuritis has not been previously compared with that of 3D T1
FSPGR and 3D T2 FLAIR.

In our clinical phantom study, 3D T1 TSE achieved a higher
signal intensity than 3D T1 FSPGR at the lower contrast concen-
tration (0.0125–2mmol/L), which was consistent with previous
findings.9,18 We speculate that the cisternal segments of the cranial
nerves are in a position inevitably affected by active CSF move-
ment, which results in the dilution of contrast material; thus, these
might contribute to higher CNR on 3D T1 TSE in cranial neuritis.
Our hypothesis is supported by Gil et al’s15 observation that subtle
leptomeningeal enhancement was better depicted with 3D T1
sampling perfection with application-optimized contrasts by using
different flip angle evolutions (SPACE) than with 2D-T1 GRE and
2D FLAIR. Moreover, we observed that 3D T1 TSE may deter
misinterpretation of pseudoenhancement of the distal labyrin-
thine segments of the facial nerve owing to dural convergence at
the distal internal auditory canal; this finding is in line with that of
a previous study that revealed more prominent normal dural
enhancement with 3D T1 MPRAGE compared with 3D T1
mVISTA.11 We speculate that these advantages contributed to-
ward significantly improved lesion conspicuity with 3D T1 TSE
than with 3D T1 FSPGR for the inexperienced reader and signifi-
cantly shorter time to diagnosis with 3D T1 TSE for both readers.
Furthermore, unlike the previous studies of Oh et al13 and Gil et
al,15 we randomly shuffled the scan order of 3D T1 TSE and 3D
T1 FSPGR; thus, our study may be free from the reported bias
that contrast enhancement increases over time.19,20

Our study revealed that there was lower sensitivity, specificity,
and accuracy with 3D T2 FLAIR than with 3D T1 TSE for both
the inexperienced and experienced readers, with the exception of
specificity for the experienced reader. Compared with T1 GRE,
T2 FLAIR is considered a more sensitive sequence for the evalua-
tion of meningeal enhancement.8,16,21 Meanwhile, controversial
results have been reported regarding the comparison of T2
FLAIR with 3D T1 TSE for the detection of leptomeningeal
abnormalities.9,22 Park et al9 revealed that 2D T2 FLAIR could
show a greater extent of leptomeningeal metastases than 3D T1
TSE; however, in a subgroup analysis for cranial nerve, there was
no significant difference in the ability of detecting cranial nerve
enhancement between the 2 sequences. Jeevanandham et al22

concluded that postcontrast 3D T1 SPACE imaging adds signifi-
cantly more information to postcontrast 3D T2 FLAIR in dural
and sulcal space enhancement. At the lower contrast concentra-
tion, we observed that the signal intensities were higher with 3D
T2 FLAIR than with 3D T1 TSE; however, when dividing the sig-
nal intensities by the normal WM, the signal intensity ratio was
higher for 3D T1 TSE (from 0.7mmol/L to 2mmol/L) than for
3D T2 FLAIR. We speculated that our result (ie, low sensitivity
and accuracy demonstrated by 3D T2 FLAIR) may be attributed
to its intrinsic high signal intensity for the cranial nerves, which
might interfere with the visual assessment of subtle contrast
enhancement. According to a previous study involving patients
with Bell palsy, a quantitative analysis of the facial nerve on pre-

and postcontrast 3D T2 FLAIR showed an increased diagnostic
performance to “visual assessment alone” on postcontrast 3D
T2 FLAIR; however, the sensitivity, specificity, and accuracy of
postcontrast 3D T2 FLAIR images were lower than those of CE
T1 spin-echo images in terms of visual assessment.23 In respect
to clinically efficient scanning time, we also observed that 3D
T1 TSE had advantages over 3D T2 FLAIR, which took
.5minutes, when the same parallel imaging factor was
applied. By adding the parallel imaging factor to 3D T1 TSE,
the scanning time of 3D T1 TSE was equivalent to that of 3D
T1 FSPGR (3D T1 TSE versus 3D T1 FSPGR; 3minutes
43 seconds versus 3minutes 44 seconds using Achieva;
3minutes 55 seconds versus 3minutes 50 seconds using Signa
Architect). Thus, we surmise that 3D T1 TSE, a sequence that
allows instinctive assessment of abnormal nerve enhancement
on postcontrast images alone, may be a practical sequence in
daily clinical work.

This study has several limitations. First, the study popula-
tion was relatively small. However, cranial neuritis is an
uncommon disease entity,24 and we believe that our cohort
may have been representative of the targeted patient popula-
tion. Second, we only assessed the cistern segments of the cra-
nial nerves. When the venous plexus in the cavernous sinus
shows prominent enhancement but the nerves are best
depicted as black structures, contrast enhancement of the
nerves is often evaluated as the loss of the boundary with
the surroundings.25 Therefore, we inevitably could only study
the cistern segments of the cranial nerves to assess the degree
of contrast enhancement based solely on the contrast leakage
through the blood-nerve barrier. Third, we did not assess the
precontrast image as a reference for contrast enhancement,
using instead the genu of the facial nerve to this end. However,
we believe that a sequence that allows prompt visual assess-
ment of contrast enhancement on a postcontrast enhanced
image is appropriate for daily practice.

CONCLUSIONS
3D T1 TSE black-blood imaging showed significantly greater
diagnostic performance for cranial neuritis, especially for the
inexperienced reader, than T1 FSPGR and 3D T2 FLAIR imag-
ing. Moreover, for the experienced reader, 3D T1 TSE also
showed significantly higher sensitivity, specificity, and accu-
racy than 3D T2 FLAIR. Our results suggest that 3D T1 TSE is
a clinically useful sequence for the evaluation of abnormal cra-
nial nerve enhancement, especially for beginners in neuroradi-
ology or general radiologists, because it improves lesion
conspicuity.
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BRIEF/TECHNICAL REPORT
PEDIATRICS

Neuroimaging Offers Low Yield in Children Positive for
SARS-CoV-2

G. Orman, N.K. Desai, S.F. Kralik, A. Meoded, V.J. Seghers, A.V. Annapragada, and T.A.G.M. Huisman

ABSTRACT

SUMMARY: The coronavirus disease 2019 (COVID-19) pandemic caused by Severe Acute Respiratory Syndrome coronavirus disease 2
(SARS CoV-2) most commonly presents with respiratory disease, but neurologic complications are being reported. We aimed to investi-
gate the rate of positive neuroimaging findings in children positive for SARS-CoV-2 referred for neuroimaging between March 18 and
September 30, 2020. We found that 10% (n ¼ 2) had acute findings. Our results may suggest that in children, neurologic involvement in
COVID-19 is rare, neuroimaging has a low yield in diagnosis, and acute neuroimaging should involve careful risk-benefit analysis.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; MIS-C ¼ multisystem inflammatory syndrome in children; SARS-CoV-2 ¼ Severe Acute Respiratory
Syndrome coronavirus disease 2

The coronavirus disease 2019 (COVID-19) pandemic is caused
by Severe Acute Respiratory Syndrome coronavirus 2 (SARS

CoV-2). The most common presentation of SARS-CoV-2 infec-
tion is respiratory disease, but associated neurologic complica-
tions are increasingly reported in adults.1

A wide spectrum of neurologic symptoms has been described.
Common neurologic manifestations include fatigue, headache,
and smell and taste disorders.1 In addition, the following serious
neurologic complications associated with COVID-19 have been
reported:2 1) cerebrovascular accidents (ischemic stroke and macro-/
microhemorrhages), 2) encephalopathies, 3) infectious-/immune-
mediated complications (Guillain-Barre syndrome, acute dissemi-
nated encephalomyelitis), 4) meningoencephalitis, 5) seizures, and 6)
neuropsychiatric symptoms (psychosis, mood disorders).

Because COVID-19-associated neurologic manifestations or
symptoms are less frequent (1.5% versus 36.4%) and usually less
severe in children and, in particular, neonates, neuroimaging
findings are uncommon relative to adults.3 The goal of this
article was to investigate the neuroimaging findings and yield
of neuroimaging in children positive for SARS-CoV-2 with
suspected neurologic involvement.

MATERIALS AND METHODS
Following institutional review board approval, a master database
of all patients who tested positive for SARS-CoV-2 at Texas
Children’s Hospital between March 18, 2020, and September 30,
2020, was assembled by the Texas Children’s Hospital COVID-19
Imaging Taskforce. All imaging studies were extracted from the
master database, and the neuroimaging studies were identified for
this retrospective study. Data on demographics, new-onset neuro-
logic symptoms, clinical features (comorbidities, respiratory symp-
toms, multisystem inflammatory syndrome in children [MIS-C]),
cardiopulmonary support, intensive care unit or special isolation
unit stay, immune-therapy and condition at discharge, and labora-
tory findings (CSF testing, blood testing, SARS-CoV-2 testing)
were reviewed and extracted from the electronic medical records.

New-onset neurologic symptoms that were primary indica-

tions for neuroimaging within 1 month of testing positive for

SARS-CoV-2 were classified as the following: 1) COVID-19-attrib-

utable indications (fever, seizures, status epilepticus, headache,

focal neurologic examination findings, impaired consciousness);1-3

and 2) other indications (motor vehicle crash, abusive head

trauma, penetrating trauma, history of ventriculoperitoneal shunt,

hydrocephalus, global developmental delay, sensorineural hearing

loss, primary or metastatic tumor). Only children who met all of

the following criteria were included in this study: 1) younger than

18 years, 2) tested positive for SARS-CoV-2 before and within 1

month of neuroimaging, and 3) had neuroimaging studies with

COVID-19-attributable indications. The neuroimaging studies

were re-evaluated for this study by 2 experienced pediatric neuro-

radiologists (S.F.K. and N.K.D. with 9 and 10 years of experience,

respectively) in consensus.
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RESULTS
The COVID-19 Imaging Taskforce identified 4351 patients, of
whom 3694 were children (0–18 years of age) who tested positive
for SARS-CoV-2 by polymerase chain reaction and/or serum
antibodies at the Texas Children’s Hospital during the study pe-
riod. There were 3364 imaging studies performed on these
patients, of which 217 (6.5%) were neuroimaging studies.

Forty-three neuroimaging studies (17 head CTs, 11 without
contrast, 6 with contrast; 26 brain MRIs, 8 stroke protocol, 3
with/without contrast, 6 without contrast, 2 MRVs, and 7 MRAs)
of 20 children (male/female, 12:8) met our inclusion criteria. All
children had at least 1 neuroimaging study, 8 children had fol-
low-up studies within a 4.47-day interval (range, 0–72 days). The
average age at neuroimaging was 8.8 years (range, 0.6–17.8 years).
Fifty-five percent of patients (n ¼ 11) had no previous medical
conditions. The remaining patients had the following pre-existent
conditions: epilepsy (patient 3), sickle cell disease (patients 7 and
10), obesity (patients 11 and 13), overweight (patient 17), hemo-
philia C (patient 14), Sturge-Weber syndrome (patient 18), and
autism (patient 20) (Online Supplemental Data).

The patients’ neurologic presentation timeline was April (n ¼
1), June (n ¼ 6), July (n ¼ 6), August (n ¼ 4), and September
(n ¼ 3) of 2020. Ten percent of patients (n ¼ 2) had respiratory
symptoms, MIS-C was noted in 10% of patients (n¼ 2), and 15%
of patients (n¼ 3) had both. Mechanical ventilation was required
in 2 patients, and mechanical ventilation with extracorporeal
membrane oxygenation was required in 2 additional patients.

Thirty percent of patients (n ¼ 6) stayed
in our special isolation unit for an aver-
age of 5.3 days (range, 1–14 days), and
25% of patients (n ¼ 5) stayed in the in-
tensive care unit for an average of 11.2
days (range, 2–25 days). CSF was normal
in 3 patients, but no CSF records were
available for the remaining 17 patients.
Blood testing showed increased inflam-
matory markers in 55% of patients (n ¼
11), findings were normal in 25% of
patients (n ¼ 5), and results were not
available in 20% of patients (n ¼ 4).
Thirty percent of patients (n ¼ 6)
received immune therapy, and 10% (n ¼
2) received antiviral therapy as part of
their COVID-19 management (Online
Supplemental Data). Two patients (10%)
had no follow-up records, and 90% of
the patients (n ¼ 18) were discharged
from the hospital with either an
improved (60%) or good (30%) condi-
tion (Online Supplemental Data).

The mean time interval between
SARS-CoV-2 testing and the initial neu-
roimaging study was 3.9 days (range,
0–22 days). Neurologic symptoms at
neuroimaging included impaired con-
sciousness (n ¼ 7), seizures (n ¼ 4), sta-
tus epilepticus (n ¼ 2), headache (n ¼

2), focal neurologic findings on examination (n ¼ 2), fever with
meningeal signs on examination (n ¼ 1), transient episode of
aphasia (n ¼ 1), and fever with headache (n¼ 1). Only 2 patients
(10%) had acute findings on their initial MR imaging studies:
subarachnoid hemorrhage combined with posterior reversible
encephalopathy syndrome in patient 7 (Fig 1) and a right-sided
hippocampal T2-hyperintense signal alteration in patient 19 (Fig
2), possibly secondary to seizure activity. Of the 5 children diag-
nosed with MIS-C, only 1 patient (patient 19) had acute imaging
findings (right hippocampal edema).

DISCUSSION
In this limited, preliminary study, we demonstrated systemic and
neurologic manifestations and neuroimaging findings in 20 chil-
dren positive for SARS-CoV-2. We found that 10% of patients
(n ¼ 2) had acute findings on their neuroimaging studies; in 90%
of patients, neuroimaging did not show acute pathology that
could be attributed to the SARS-CoV-2 infection.

SARS-CoV-2 neurotropism is still poorly understood, but 4
potential mechanisms have been proposed to explain COVID-19
neurologic involvement: 1) a secondary effect of the systemic
inflammatory responses triggered by the viral infection; 2) a sec-
ondary effect associated with the vascular and prothrombotic
effect of the viral infection on the nervous system vasculature; 3)
an immune-mediated parainfectious or postinfectious autoim-
mune effect in response to the viral infection; and 4) a direct neu-
rotropic or neuroinvasive effect of SARS-CoV-2. Direct viral

FIG 1. A 7-year-old boy with sickle cell disease who presented with dyspnea and chest pain
tested positive for SARS-CoV-2. The patient was unresponsive, having desaturations and being
intubated. Brain MR imaging showed T2-FLAIR hyperintensity and cortical edema in the occipital
lobes, consistent with posterior reversible encephalopathy syndrome, partially resolving on sub-
sequent imaging (A–C, arrows). Note interval evolution of right frontal subarachnoid hemor-
rhage (D–F, arrows).
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invasion confirmation would require SARS-CoV-2 sampling in
CSF or brain tissue. However, SARS-CoV-2 has not been isolated
from CSF or brain samples to date.3 In our patient cohort, only 3
patients had been tested for SARS-CoV-2 in the CSF; all findings
were negative.

The most commonly reported neuroimaging finding in chil-
dren with COVID-19 and MIS-C was reversible splenial lesion
syndrome.4-7 Acute disseminated encephalomyelitis, bilateral
thalamic cytotoxic lesions, and unilateral focal vasculopathy with
acute infarction were other reported neuroimaging findings in
pediatric patients with COVID-19.8-11 We did not see any of
these neuroimaging findings in our patient cohort. However,
patient 7 with sickle cell disease had imaging findings consistent
with posterior reversible encephalopathy syndrome (which was
partially resolved on subsequent brain MRI, Fig 1). This patient
manifested primarily with respiratory symptoms that required me-
chanical ventilation. Patient 19, who had no previous history, pre-
sented with a status epilepticus and showed a right hippocampus
T2-hyperintense signal (Fig 2), possibly secondary to seizure activ-
ity. This patient stayed in the intensive care unit for a MIS-C diag-
nosis. Attributing the positive neuroimaging findings primarily to
the positive SARS-CoV-2 findings in these 2 patients with complex
medical histories would be highly speculative. We believe that a
10% positivity rate of acute neuroimaging findings in our patient
group implies a low yield from acute neuroimaging.

A major strength of our preliminary study is the large number
of children positive for SARS-CoV-2 (n ¼ 3694) who presented
to our hospital. Limitations of this study include the following: 1)
due to the retrospective nature of the study, a discrepancy

between the number of neuroimaging studies and children
because not each child needed follow-up neuroimaging, 2) sin-
gle-center evaluation of patients, 3) still emerging data about the
SARS-CoV-2 virus and its effects and still developing under-
standing of its consequences, 4) a positive test for SARS-CoV-2
in a patient with a neurologic symptom not necessarily meaning
that the virus caused the symptom, and 5) acute neurologic
symptoms being a possible selection bias.

CONCLUSIONS
Our results suggest that neurologic involvement of COVID-19 is
rare among children. Only 10% of patients with neurologic mani-
festations demonstrated acute findings on their initial neuro-
imaging studies. In addition, a link between the observed imaging
findings (posterior reversible encephalopathy syndrome and hip-
pocampal edema) must still be confirmed. Of the 5 children with
diagnosed MIS-C, only 1 child had an acute imaging finding
(hippocampal edema). In summary, neuroimaging in children
may have a low yield in COVID-19 diagnosis; consequently,
requests for acute imaging should involve a careful risk-benefit
analysis.
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ORIGINAL RESEARCH
PEDIATRICS

Transient Hyperintensity of the Infant Thyroid Gland on
T1-Weighted MR Imaging: Correlation with Postnatal Age,

Gestational Age, and Signal Intensity of the Pituitary Gland
H. Maki, M. Nakagawa, R. Kagaya, S. Kumazawa, K. Matsumoto, M. Hatano, Y. Miyake, W. Sugihara, and

Y. Shibamoto

ABSTRACT

BACKGROUND AND PURPOSE: The signal intensity of the thyroid in neonates is high on T1WI. It is affected by gestational and
postnatal ages. However, the extent of the influence of these ages is unknown. This study investigated the relationship of signal
intensities of the infant thyroid with postnatal and gestational ages and anterior pituitary using 3D gradient-echo T1WI.

MATERIALS AND METHODS: This retrospective study included 183 T1-weighted images from 181 infants. Using a multiple linear
regression analysis, we evaluated the effects of postnatal and gestational ages on the thyroid–muscle signal intensity ratio. The
relationship between the thyroid and anterior pituitary signal intensities on T1WI and the age of the infants was evaluated.

RESULTS:Multiple linear regression analysis showed that the thyroid signal intensity was affected negatively by postnatal age at ex-
amination and positively by gestational age at birth (P, .01 and P¼ .04, respectively). According to the standardized partial regres-
sion coefficients, the influence of postnatal age at examination was stronger than that of gestational age at birth (�0.72 and 0.13,
respectively). The thyroid and anterior pituitary signal intensities reached constant values at 12 weeks’ postnatal age, and the mean
thyroid–anterior pituitary signal intensity ratios were almost 1 throughout the entire period.

CONCLUSIONS: The signal intensity of the infant thyroid on T1WI was more strongly influenced by the postnatal age at examina-
tion than the gestational age at birth, and it was almost equal to that of the anterior pituitary.

ABBREVIATIONS: GRE ¼ gradient echo; TSH ¼ thyroid-stimulating hormone

Thyroid hormone is essential for prenatal and neonatal neuro-
logic development.1 The fetal hypothalamic–pituitary–thy-

roid axis begins to develop by gestational week 6, and thyroid
follicular epithelial cells are able to concentrate iodide and syn-
thesize thyroid hormone by 11weeks of gestation.2,3 After deliv-
ery, serum thyroid-stimulating hormone (TSH) demonstrates a
transient increase in the first 24 hours, and this TSH surge stimu-
lates a rise in serum levels of thyroxine and triiodothyronine.4 A
previous study reported that the fetal thyroid gland showed high
signal intensity on 3D gradient-echo (GRE) T1WI, and the fetal
thyroid–muscle signal intensity ratio did not correlate with gesta-
tional age.5

In our institution, infants in the neonatal intensive care unit

are routinely screened for CNS abnormalities using MR imaging,

including 3D GRE T1WI in the head to neck range. Some of

these infants display high signal intensity in the thyroid gland on

3D GRE T1WI, especially when the time between birth and the

MR examination was short. The anterior pituitary glands of neo-

nates usually show high signal intensity on T1WI, and the relative

signal intensity of the anterior pituitary gland to that of the pons

was significantly negatively correlated with postnatal age at exam-

ination.6 A recent study reported that the signal intensity of the

infant thyroid and anterior pituitary on 3D GRE T1WI correlated

positively with the gestational age at birth and negatively with the

postnatal age at examination.7 However, the extent of the influ-

ence of gestational age at birth and postnatal age at examination

on the signal intensities of the infant thyroid and anterior pitui-

tary on T1WI is not known.
It was hypothesized that postnatal age at examination might

affect the signal intensity changes of the infant thyroid on 3D

GRE T1WI more strongly than the gestational age at birth. The

change in signal intensity of the infant thyroid on 3D GRE T1WI

was thought to be similar to that of the anterior pituitary. In this
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study, a multiple linear regression analysis was used to evaluate

the effects of postnatal age at examination and gestational age at

birth on the thyroid–muscle and anterior pituitary–muscle signal

intensity ratios. In addition, the change in signal intensity of the

infant thyroid gland on 3D GRE T1WI was assessed to clarify the

relationship between signal intensities of the infant thyroid and

anterior pituitary.

MATERIALS AND METHODS
Participants
In this retrospective study, subjects included infants with no
known thyroid function abnormality who had been referred for
screening brain MR examination between July 2016 and April
2019. The institutional review board of Nagoya City University
Hospital approved this study and waived the requirement for
patient informed consent because of the retrospective nature of
the study and the use of anonymized patient data. The inclusion
criteria of this study were as follows: 1) brain MR imaging was
performed within 4 months of birth, and 2) 3D GRE T1WI was
performed. The exclusion criteria were as follows: 1) thyroid
function abnormality, 2) unsatisfactory MR images caused by
motion artifacts, and 3) infants with severe brain injury. Neonatal
thyroid function was tested in neonate screening, which evaluated
blood spot TSH, thyroxine, or both.8 Among the 223 consecutive
neonates who underwent MR imaging, 6 with thyroid function
abnormality, 24 with unsatisfactory MR images caused by motion
artifacts, and 10 with severe brain injury were excluded. Thus,
183 MR images from 181 infants (96 males and 85 females)
formed the final study cohort.

The terms concerning the age of the infant in this study were
defined as follows: “gestational age at birth” refers to the age of
the infant at birth based on the number of weeks gestation,
“gestational age at examination” refers to the age of the infant
at the time of the MR imaging examination based on the
number of weeks gestation, and “postnatal age at examina-
tion” refers to the number of days from birth to the day of the
MR imaging examination. In the study cohort, the gestational
age at birth, gestational age at examination, and postnatal age
at examination ranged from 22 to 41 weeks (mean, 34 weeks),
36 to 50 weeks (mean, 39 weeks), and 0 to 107 days (mean,
32 days), respectively. A total of 117 of the 181 neonates were
delivered preterm (birth before 37 weeks of gestation), and
130 of the 181 were delivered by cesarean section. Among the
181 neonates, 178 were admitted to the neonatal intensive
care unit after a diagnosis of respiratory distress (n¼ 83); low
birth weight (n¼ 51); asphyxia (n¼ 18); congenital cardiac
anomaly (n¼ 18); hypoglycemia (n¼ 2); or myelomeningo-
cele, angiomatosis, diaphragmatic hernia, jaundice, convul-
sion, or volvulus of the small intestine (n¼ 1 each). The
remaining 3 infants underwent MR imaging examination for
suspected congenital brain malformations.

MR Imaging Technique
MR imaging was performed using a 1.5T (n¼ 53) or 3T
(n¼ 130) scanner (Ingenia; Philips Healthcare), with a 20-chan-
nel head coil. T1-weighted sagittal images were obtained using
the 3D T1 turbo field echo method. Imaging parameters were as

follows: TR/TE, 9.2–9.5/4.3–4.5ms; flip angle, 7°; field of view,
224� 224mm; section thickness, 1mm; image matrix, 224� 224;
and parallel imaging (sense factor¼ 2) for the 1.5T scanner
and TR/TE, 6.1–6.7/2.7–3.1ms; flip angle, 8°; field of view,
256� 256mm; section thickness, 1mm; image matrix, 256� 256;
and parallel imaging (sense factor¼ 2) for the 3T scanner.

Imaging Analysis
Two experienced radiologists (6 and 17 years of experience in
infant MR imaging, respectively) worked together and retro-
spectively reviewed the 3D GRE T1-weighted MR images.
The reviewers were blinded to the clinical details. The mean
MR signal intensity from the thyroid, sternocleidomastoid
muscle, and anterior pituitary were measured using manually
defined circular or oval ROIs (�5 mm2). The signal inten-
sities of the thyroid and sternocleidomastoid muscle were
measured on reconstructed axial images at the same horizon-
tal level, and the signal intensity of the anterior pituitary was
measured on reconstructed axial images, where the maximal
diameter of the anterior pituitary was shown (Fig 1). In addi-
tion, the thyroid–muscle, anterior pituitary–muscle, and thy-
roid–anterior pituitary signal intensity ratios were calculated.

Statistical Analysis
The correlation between the thyroid–muscle signal intensity ratio
and postnatal age at examination or gestational age at examina-
tion were calculated using the Pearson correlation coefficient. A
multiple linear regression analysis was used to evaluate the effects
of postnatal age at examination and gestational age at birth on
the thyroid–muscle and anterior pituitary–muscle signal intensity
ratios. Analysis of variance was used to compare the thyroid–pi-
tuitary signal intensity ratios with respect to postnatal age at the
time of examination. All statistical analyses were performed using
Bell-Curve (version 2.11, Social Survey Research Information) for
Excel software (Microsoft Office 2019).

RESULTS
Fig 2 shows the thyroid–muscle signal intensity ratio plotted
against the corresponding postnatal age at examination or gesta-
tional age at examination. There was a negative correlation
between the thyroid–muscle signal intensity ratio and postnatal

FIG 1. Axial 3D GRE T1-weighted MR images of an infant at postnatal
day 6 show the thyroid (A) and pituitary (B). For measurement of the
signal intensity, ROIs are placed on the thyroid (black circle, A), ster-
nocleidomastoid muscle (white circle, A), and anterior pituitary (black
circle, B). The posterior pituitary is shown (arrow, B).
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age at examination (r ¼ �0.75, P, .01). Conversely, there was
no distinct relationship between the thyroid–muscle signal inten-
sity ratio and gestational age at examination (r¼ 0.05, P¼ .18).
Regarding the anterior pituitary and thyroid, there was a negative
correlation between the anterior pituitary–muscle signal intensity
ratio and postnatal age at examination (r ¼ �0.67, P, .01), and
no distinct relationship between the anterior pituitary–muscle
signal intensity ratio and gestational age at examination (r¼ 0.10,
P¼ .55).

A multiple linear regression was performed to predict the thy-
roid–muscle signal intensity ratio based on postnatal age at exam-
ination and gestational age at birth. A significant regression
equation was found (F (2, 180)¼ 177.9, P, .01), with an R2 of
0.66. The predicted thyroid–muscle signal intensity ratio of part-
icipants was equal to 1.6035 � 0.0101 (postnatal age at
examination)1 0.0107 (gestational age at birth), in which the post-
natal age at examination was in days and gestational age at birth
was in weeks. The standardized partial regression coefficients of
postnatal age at examination and gestational age at birth were
�0.72 (P, .01) and 0.13 (P¼ .04), respectively. A multiple linear
regression was also performed to predict the anterior pituitary–
muscle signal intensity ratio based on postnatal age at examination
and gestational age at birth. A significant regression equation was

found (F (2, 180) ¼ 120.3, P, .01), with
an R2 of 0.57. Participants’ predicted an-
terior pituitary–muscle signal intensity
ratio was equal to 1.2750 – 0.0087 (post-
natal age at examination)1 0.0183 (ges-
tational age at birth) in which postnatal
age at examination was in days and gesta-
tional age at birth was in weeks. The
standardized partial regression coeffi-
cients of postnatal age at examination
and gestational age at birth were �0.60
(P, .01) and 0.21 (P, .01), respectively.
The thyroid–muscle and anterior pitui-
tary–muscle signal intensity ratios
reached a constant value at a post-
natal age of 12 weeks (Table). The
mean thyroid–anterior pituitary sig-
nal intensity ratios were almost 1
throughout the entire period (Table),
and there was no statistically sign-
ificant difference between different
postnatal ages per week (P¼ .89).

DISCUSSION
The present study demonstrated that
the thyroid usually showed high signal
intensity on 3D GRE T1-weighted
MR imaging in neonates. However,
the hyperintensity diminished in older
infants and seemed to be a temporary
phenomenon. The disappearance of this
hyperintensity correlated well with post-
natal age at examination but not with
gestational age at examination. From

the results of the multiple linear regression analysis, the postnatal
age at examination negatively affected the signal intensity in the
thyroid, and gestational age at birth positively affected the signal
intensity. According to the standardized partial regression coeffi-
cients, postnatal age at examination was more effective than ges-
tational age at birth. The same tendency was observed in the
signal intensity of the anterior pituitary. The thyroid–muscle and
anterior pituitary–muscle signal intensity ratios reached constant
values at 12weeks of postnatal age, and the signal intensity of the
thyroid on 3D GRE T1WI was almost equal to that of the anterior
pituitary throughout the entire period within the fourth postnatal
month (Fig 3).

Because there was lesser effect of gestational age on the sig-
nal intensity of the infant thyroid on 3D GRE T1WI, the
decreased signal intensity in the neonatal thyroid may be
influenced more by changes that occur in the thyroid after
birth. The decrease in signal intensity of the infant thyroid
may be related to changes in thyroid hormone production,
considering the decline in serum thyroid hormone levels after
birth.9 Furthermore, a previous report showed high signal in-
tensity of the thyroid in the fetal period; hyperintensity of the
neonatal thyroid may be related to the immaturity of the thy-
roid tissue.5

FIG 2. Scatterplots of the thyroid–muscle signal intensity ratio against the corresponding post-
natal age at examination (A) and gestational age at examination (B). There is a negative correla-
tion between the thyroid–muscle signal intensity ratio and postnatal age at examination (A).
Conversely, there is no distinct relationship between the thyroid–muscle signal intensity ratio
and gestational age at examination (B).
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Thyroglobulin and iodine play important roles in the synthe-
sis of thyroid hormones.10 Thyroglobulin is a glycoprotein syn-
thesized in the thyroid follicular epithelial cells.11 After synthesis,
thyroglobulin is transported and stored in the follicular lumen,
where the tyrosine residues of thyroglobulin undergo iodination
to produce monoiodotyrosine and diiodotyrosine catalyzed by
thyroid peroxidase. Subsequent coupling of these iodotyrosines
produces thyroxine and triiodothyronine. Relatively large amounts
of thyroid hormones are required for normal postnatal develop-
ment. After delivery, the TSH level surges to approximately 80
mU/L in response to exposure to cold or clamping of the
cord.2,12 The TSH concentration peaks about 30minutes af-
ter birth and falls rapidly in the first 24 hours and then more
slowly to under 10 mU/L after the first week of life.2 TSH
stimulates a rise in serum thyroxine, which reaches a peak at
24–36 hours followed by a rapid decrease in the third or
fourth day and then a slower decrease during the next 4
months, eventually reaching a minimum at about 9–
12months.2,9 In the first 24 hours of life, the thyroid shows
no or very low colloid content in 60%–80% of neonates,
which might be closely related to the low iodine and thyro-
globulin contents of the neonatal thyroid.13,14 After
24 hours, a progressive filling of the thyroid follicles occurs,
and only 6%–7% of thyroids had an absence of colloid at up
to 6 days and less than 2% afterward.13,14 After 12 days of
life, the histologic aspects and iodine and thyroglobulin con-
centrations tend to match those seen in adults.14

The storage of thyroglobulin and iodine in the thyroid only
occurs around term birth, and these concentrations in the
thyroid progressively increase in infants who survive beyond
gestational week 42.3 The total iodine concentration in the
thyroid of neonates is far lower than that of adults, being

1/10 of the adult concentration up to
42 weeks of gestational age.3,15 It is
significantly higher in infants who
survive longer, reaching 50% of the
normal adult value.3 The thyroglobu-
lin concentration is approximately 4%
of the adult value in premature neo-
nates and increased 4-fold in term
infants.3 It was assumed that the ab-
sence of iodine and thyroglobulin
storage in the immature thyroid could
result either from a limited capacity
to synthesize thyroglobulin or a lack
of colloid in thyroid follicles.3,14,15

Contrary to the low concentrations
of thyroglobulin and iodine in the
immature thyroid, the percentage of
thyroglobulin iodination and thyro-
xine to thyroglobulin molar ratio are
equal to or higher than adult values
for all gestational ages.16 There is no
marked systematic linear correlation
in thyroglobulin iodination with du-
ration of life.17 Coupling efficiency is
established in the fetal thyroid, and

the values are comparable to those of adults, even in glands
with low relative weight to that of the body.16 The calculated
turnover of the thyroxine pool is very rapid in preterm and
term neonates, ranging from 100%–1000% renewal of the
pool per day, with lower values in older infants.3 A high per-
centage of thyroglobulin iodination and coupling efficiency
contributes to the active functionality of the fetal thyroid at
an early gestational age.16 If thyroglobulin or iodine concen-
tration in the thyroid or viscosity of colloids in the thyroid
follicles is responsible for the signal intensity change of the
infant thyroid on 3D GRE T1WI, the signal intensity should
increase with gestational age or postnatal age. Therefore, it
was speculated that a high percentage of thyroglobulin iodi-
nation and ratio of thyroxine to thyroglobulin molar ratio
may contribute to T1 shortening. In patients with untreated
Graves disease, the thyroid demonstrated a high signal inten-
sity on T1WI, and there was a linear relationship between the
thyroid–muscle signal intensity ratio on T1WI and serum
thyroxine concentrations.18 In Grave disease, the percentage
of thyroglobulin iodination is higher than that of normal thy-
roid tissue, and it was demonstrated that the amount of thy-
roxine per mole of thyroglobulin increases with increasing
iodine content.19 These prior studies also support the hy-
pothesis that the high signal intensity of the fetal and neona-
tal thyroid on T1WI may be attributed to a higher percentage
of thyroglobulin iodination in the immature thyroid.

Several MR studies have revealed that the neonatal anterior
pituitary gland usually appears hyperintense on T1-weighted MR
images, and the signal intensity of the anterior pituitary gland
negatively correlated with postnatal age but not gestational age
at birth.6,20-22 It was suspected that the mechanisms underlying
hyperintensity of the anterior pituitary gland related to hyperplasia

Means of thyroid–muscle, anterior pituitary–muscle, and thyroid–anterior pituitary sig-
nal intensity ratios against the corresponding postnatal age at examination grouped
according to week

Signal Intensity Ratio
Postnatal Age at
Examination Thyroid–Muscle Anterior Pituitary–Muscle

Thyroid–Anterior
Pituitary

Day No Mean (SD) Mean (SD) Mean (SD)
0–6 20 2.03 (0.15) 2.01 (0.30) 1.03 (0.16)
7–13 22 1.99 (0.13) 2.00 (0.23) 1.01 (0.12)
14–20 26 1.88 (0.19) 1.78 (0.29) 1.07 (0.13)
21–27 31 1.67 (0.25) 1.65 (0.17) 1.02 (0.14)
28–34 20 1.54 (0.19) 1.50 (0.19) 1.03 (0.11)
35–41 9 1.57 (0.18) 1.60 (0.27) 1.00 (0.17)
42–48 12 1.38 (0.17) 1.43 (0.20) 0.98 (0.11)
49–55 13 1.34 (0.17) 1.36 (0.21) 1.00 (0.14)
56–62 10 1.40 (0.22) 1.36 (0.18) 1.03 (0.12)
63–69 2 1.25 (0.02) 1.26 (0.18) 1.02 (0.17)
70–76 5 1.19 (0.10) 1.16 (0.10) 1.03 (0.10)
77–83 3 1.13 (0.04) 1.06 (0.02) 1.06 (0.06)
84–90 4 1.16 (0.05) 1.12 (0.04) 1.03 (0.06)
91–97 2 1.10 (0.20) 1.13 (0.03) 0.97 (0.15)
98–104 2 1.09 (0.08) 1.14 (0.12) 0.96 (0.03)
105–111 2 1.10 (0.01) 1.14 (0.11) 0.97 (0.10)
Total 183
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of prolactin cells in the anterior pituitary, which is caused by estro-
gen produced by the placenta during pregnancy.6 After birth, re-
moval from the effect of placental estrogen may cause a decrease in
the number of prolactin cells, resulting in a decline in the signal in-
tensity of the anterior pituitary gland. Although the high signal in
the anterior pituitary gland did not reflect TSH production, it was
interesting to note that the transition in signal intensity of the ante-
rior pituitary was similar to that of the thyroid.

This study has several limitations. First, although the partici-
pant population was confirmed to have normal thyroid function,

almost all participants were admitted to the neonate intensive
care unit for observation of any perinatal problems leading to
potential bias. Second, no histologic specimens of the thyroid
were obtained in the current study, and the relationship between
T1 signal intensity and thyroid histology was not verified. Third,
regarding the signal intensity analysis, the quantification was sim-
ply based on the ratio between the signal intensity of the thyroid
and that of the muscle or anterior pituitary. The T1 relaxation
time could not be measured because this was a retrospective anal-

ysis. Finally, in this study, both 1.5T and 3T MR imaging

scanners were used because of the lim-
ited availability of MR examination
slots. This may have affected the value
of the signal intensity ratios.

CONCLUSIONS
The current study revealed that the
signal intensity in the thyroid was
negatively affected by the postnatal
age at examination and positively
affected by the gestational age at
birth. The disappearance of this
hyperintensity was influenced more
strongly by the postnatal age at exam-
ination than gestational age at birth.
The thyroid–muscle and anterior pi-
tuitary–muscle signal intensity ratios
reached constant values at 12 weeks
of postnatal age, and the signal inten-
sity of the thyroid on 3D GRE T1WI
was almost equal to that of the ante-
rior pituitary throughout the entire
period up to 4 months of postnatal
age. The current preliminary data
suggest that thyroid signal intensity
measurements based on 3D GRE
T1WI may provide useful informa-
tion about hormonal function in
infants.
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ORIGINAL RESEARCH
PEDIATRICS

A Diagnostic Algorithm for Posterior Fossa Tumors in
Children: A Validation Study

C.A.P.F. Alves, U. Löbel, J.S. Martin-Saavedra, S. Toescu, M.H. Tsunemi, S.R. Teixeira, K. Mankad, D. Hargrave,
T.S. Jacques, C. da Costa Leite, F.G. Gonçalves, A. Vossough, and F. D’Arco

ABSTRACT

BACKGROUND AND PURPOSE: Primary posterior fossa tumors comprise a large group of neoplasias with variable aggressiveness
and short and long-term outcomes. This study aimed to validate the clinical usefulness of a radiologic decision flow chart based
on previously published neuroradiologic knowledge for the diagnosis of posterior fossa tumors in children.

MATERIALS AND METHODS: A retrospective study was conducted (from January 2013 to October 2019) at 2 pediatric referral centers,
Children’s Hospital of Philadelphia, United States, and Great Ormond Street Hospital, United Kingdom. Inclusion criteria were younger than
18 years of age and histologically and molecularly confirmed posterior fossa tumors. Subjects with no available preoperative MR imaging
and tumors located primarily in the brain stem were excluded. Imaging characteristics of the tumors were evaluated following a prede-
signed, step-by-step flow chart. Agreement between readers was tested with the Cohen k , and each diagnosis was analyzed for accuracy.

RESULTS: A total of 148 cases were included, with a median age of 3.4 years (interquartile range, 2.1–6.1 years), and a male/female ratio of 1.24.
The predesigned flow chart facilitated identification of pilocytic astrocytoma, ependymoma, and medulloblastoma sonic hedgehog tumors
with high sensitivity and specificity. On the basis of the results, the flow chart was adjusted so that it would also be able to better discrimi-
nate atypical teratoid/rhabdoid tumors and medulloblastoma groups 3 or 4 (sensitivity ¼ 75%–79%; specificity ¼ 92%–99%). Moreover, our
adjusted flow chart was useful in ruling out ependymoma, pilocytic astrocytomas, and medulloblastoma sonic hedgehog tumors.

CONCLUSIONS: The modified flow chart offers a structured tool to aid in the adjunct diagnosis of pediatric posterior fossa
tumors. Our results also establish a useful starting point for prospective clinical studies and for the development of automated
algorithms, which may provide precise and adequate diagnostic tools for these tumors in clinical practice.

ABBREVIATIONS: AT/RT ¼ atypical teratoid/rhabdoid tumor; LR ¼ likelihood ratio; NPV ¼ negative predictive value; PA ¼ pilocytic astrocytoma; PPV ¼
positive predictive value; WNT ¼ wingless; SHH ¼ sonic hedgehog

In the past 10 years, there has been an exponential increase in
knowledge of the molecular characteristics of pediatric brain

tumors, which was only partially incorporated in the 2016
World Health Organization Classification of Tumors of the
Central Nervous System.1 The main update in the 2016

Classification was the introduction of the molecular profile of
a tumor as an important factor for predicting different bio-
logic behaviors of entities which, on histology, look very simi-
lar or even indistinguishable.2 A typical example is the 4 main
groups of medulloblastoma: wingless (WNT), sonic hedgehog
(SHH) with or without the p53 mutation, group 3, and group
4. Although they may appear similar on microscopy, these
categories have distinct molecular profiles, epidemiology,
prognosis, and embryologic origin.3

Subsequent to the publication of the 2016 World Health
Organization Classification, further studies have identified even
more molecular subgroups of medulloblastoma with possible
prognostic implications4 and also at least 3 new molecular sub-
groups of atypical teratoid/rhabdoid tumor (AT/RT)5 and several
subgroups of ependymoma.6 MR imaging shows promise as a
technique for differentiating histologic tumors and their molecu-
lar subgroups. This capability relies on not only various imaging
characteristics but also the location and spatial extension of the
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tumor, evident on MR imaging, which can be traced to the
embryologic origin of the neoplastic cells.5,7-10

One approach to the challenge of identifying imaging character-
istics of different tumors in children is to use artificial intelligence.
Yet despite this exciting innovation, correctly identifying the location
of the mass and its possible use as an element for differential diagno-
sis still requires the expertise of an experienced radiologist.
Previously, D’Arco et al11 proposed a flow chart (Fig 1) for the dif-
ferential diagnosis of posterior fossa tumors in children based on
epidemiologic, imaging signal, and location characteristics of the
neoplasm. The aims of the current study were the following: 1) to
validate, in a retrospective, large cohort of posterior fossa tumors
from 2 separate pediatric tertiary centers, the diagnostic accuracy of
that flow chart, which visually represents the neuroadiologist’s men-
tal process in making a diagnosis of posterior fossa tumors in chil-
dren, 2) to describe particular types of posterior fossa lesions that are
not correctly diagnosed by the initial flow chart, and 3) to provide
an improved, clinically accessible flow chart based on the results.

MATERIALS AND METHODS
Setting and Subjects
A retrospective, cross-sectional study from 2 large tertiary referral pe-
diatric hospitals in 2 countries (Children’s Hospital of Philadelphia,

United States, and Great Ormond Street Hospital, London, United
Kingdom) was performed on the basis of patient records spanning
January 2013 to October 2019 in accordance with the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE)
statement.12 This study was conducted under 2 research protocols
(IRB No. 18–015588 and CA Reg No. 2504), approved by the respec-
tive institutional review boards at each center.

Subjects were identified by electronic search of brain MR imag-
ing reports and the electronic health record systems. The following
terms/diagnoses were used for the search: “brain tumor,” “poste-
rior fossa tumor,” “brain neoplasia,” “posterior fossa neoplasia,”
“cerebellar tumor,” “cerebellar neoplasia,” “medulloblastoma,”
“AT/RT,” “atypical teratoid/rhabdoid tumor,” “ependymoma,”
“pilocytic astrocytoma.” Results were screened, and subjects
younger than 18 years of age with a histologically and genetically
confirmed diagnosis of posterior fossa tumor, according to the
2016 World Health Organization classification, were selected.2

Subjects with no available preoperative MR imaging study, those
with low-quality MR imaging studies, and those without diffusion
imaging on their MR imaging study were excluded. Subjects with
tumors located primarily in the brain stem were also excluded.

Variables
Age at first MR imaging (before histologic/pathologic confirmation
of the tumor), sex, and histologic and genetic/molecular results

FIG 1. Predesigned radiologic flow chart created according to the literature before diagnostic accuracy analysis. The asterisk indicates brain
stem tumors excluded from the analysis. Double asterisks indicate relative to gray matter. Modified with permission from D’Arco et al.11
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were obtained from the electronic medical records. Two experi-
enced pediatric neuroradiologists independently reviewed these
initial MR imaging studies at each institution (C.A.P.F.A., A.V.,
F.D., and U.L.), blinded to the final diagnosis. Imaging characteris-
tics were evaluated following a step-by-step numeric flow chart,
with a digit assigned to each level and subsequent branch, provid-
ing a flow chart and a 3-digit numeric sequence code for each diag-
nosis end point to be used in the analysis (Fig 1). The flow chart
took into account the following: 1) tumor location, 2) ADC map
signal intensity in comparison with gray matter, 3) internal archi-
tecture, 4) contrast enhancement, and 5) the patient’s age. The
flow chart was designed before the initiation of the study; it was
based on a review on the topic by D’Arco et al.11 Before starting
the blinded analysis of the cohort, one of the readers (C.A.P.F.A.)
performed a pilot evaluation using the first 8 cases from each insti-
tution (16/148; 10.8%) to confirm the applicability of the flow chart
multiple weeks before the formal evaluation.

Statistical Analysis
Visual inspection of the histogram showed non-normal distribu-
tion, which was confirmed with the Shapiro-Wilk test (P, .001)
for all numeric variables. Categoric variables are described with
percentage and frequency, and numeric variables, with median
and interquartile range. Statistical analysis was performed using
R statistical and computing software, Version 3.5.3 for Windows
(http://www.r-project.org/).

Diagnostic accuracy of the flow chart was verified through a 2�
2 contingency table and calculation of sensitivity, specificity, posi-
tive predictive values (PPV), and negative predictive value (NPV).
To estimate accuracy and effect size, we estimated 95% CIs for sen-
sitivity, specificity, PPV, and NPV. The diagnostic accuracy analysis
was performed for each diagnosis, with molecular/histologic diag-
nosis as the criterion standard comparison. Because flow chart
numeric sequences 312 and 311 of the predesigned flow chart
would not provide a single unique final tumor molecular diagnosis,
we later adjusted the sequences according to the most prevalent di-
agnosis. The modified flow chart reflects these adjustments. Last,
we recalculated diagnostic accuracy tests on the basis of the adjust-
ments for these 2 flow chart modifications. The clinical applicability
of findings was further explored with positive and negative likeli-
hood ratios (LR1 and LR–, respectively), and on the basis of
changes in probability from the LR described by McGee.13 Clinical
applicability to rule in diagnosis was considered if the 95% CI of
LR1 was above 10. Clinical applicability to rule out diagnosis was
considered if the 95% CI of LR–was below 0.5.

RESULTS
Histologic Diagnosis and Demographics
One hundred forty-eight subjects were included. The median age
at MR imaging was 3.4 years, (interquartile range = 2.1–6.1 years),
and the male/female ratio was 1.24. Fifty-four (36.5%) patients
had a histologic diagnosis of medulloblastoma, 56 (37.5%) had
pilocytic astrocytoma (PA), 12 (8.1%) had AT/RT, and 19 (12.8%)
had ependymoma. Medulloblastomas were also subclassified
according to molecular subtypes including 14/54 (26%) SHH; 7/54
(13%) WNT; 5/54 (9%) group 3; 9/54 (17%) group 4; and 19/54
(35%) group 3 or 4 (separation of groups 3 and 4 was not always

easily possible). Seven cases (5%) had a diagnosis of other tumors
not covered by the flow chart (2 low-grade diffuse astrocytomas
not otherwise specified, 1 hemangioblastoma, 2 gangliogliomas, 1
case of Langerhans cell histiocytosis, and 1 meningioma).
Agreement between readers at each institution was very high (k =
0.96 for both institutions, P, .001). Because both institutions had
almost perfect agreement, we did a pooled analysis without differ-
entiating per institution. The same diagnosis using the predesigned
flow chart was reached for 86% of the cohort. In the 14% of cases
in which the same diagnosis was not reached by the 2 readers, dis-
agreement was solved through consensus between the readers.

Diagnosis Using the Flowchart
By means of the predesigned flow chart (Fig 1), the most com-
mon diagnosis was PA (numeric sequence 123) (n¼ 53, 36%),
followed by medulloblastoma all subgroups (numeric sequence
312) (n=35, 24%), ependymoma (numeric sequence 323)
(n=17, 11%), medulloblastoma SHH (numeric sequence 111)
(n=10, 7%), medulloblastoma group 4 or AT/RT (numeric
sequence 311) (n=5, 3%), AT/RT (numeric sequence 411) (n=7,
5%), ependymoma (numeric sequence 423) (n=7, 5%), desmo-
plastic medulloblastoma SHH (numeric sequence 112) (n=6, 4%),
desmoplastic medulloblastoma SHH (numeric sequence 313) (n=3,
2%), and medulloblastoma WNT (numeric sequence 412) (n=5,
3%). Figure 2 and Table 1 show the statistical results of the sensitiv-
ity, specificity, PPV, and NPV of the flow chart per diagnosis.

In cases that followed sequence 311 (medulloblastoma group
4 or AT/RT), 3/5 (60%) were AT/RT, 1/5 (20%) was an ependy-
moma, and 1/5 (20%) was a medulloblastoma group 4. This find-
ing suggested that sequence 311 catches more tumors in the AT/
RT category than in medulloblastoma group 4, so we recalculated
the diagnostic accuracy tests considering both 311 and 411 as
AT/RTs. As can be appreciated in Fig 2 and Table 1, diagnostic
accuracy for cases of AT/RT improved when combining sequen-
ces 311 and 411. Of the 35 cases under sequence 312 (medullo-
blastoma all subgroups), 26/35 (74%) were confirmed as group 3
or 4 (3 confirmed as group 3, eight confirmed as group 4, and 15,
as group 3 or 4). The remaining cases under sequence 312 were
3/35 (9%) SHH, 5/35 (14%) WNT, and 1/35 (3%) AT/RT. Figure
3 shows the diagnostic accuracy of sequence 312 to identify
medulloblastoma SHH, WNT, and group 3 or 4. For this
sequence, the NPV and specificity were higher than the PPV and
sensitivity for all other sequences. Table 2 shows the LR analysis
per diagnosis and the recommended sequences for the diagnosis.
After our analysis and on the basis of Table 1 results, we modified
the predesigned flow chart with more precise categorization of
the types of tumor. We recommend this new flow chart (Fig 4)
for the diagnosis of posterior fossa tumors in children.

Some examples of differentiating posterior fossa tumors from
our cohort, diagnosed on the basis of the new flow chart here pre-
sented, can be seen in Figs 5 and 6.

DISCUSSION
The 2016 introduction of the new classification of brain tumors
based on histologic and molecular characteristics dramatically
changed the management of pediatric brain tumors.1,2,14,15

Tumors with similar histologic appearance being related to
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completely different cellular populations with different molecular
profiles and different embryologic origins implies that they de-
velop along different cellular paths. Thus, tumors that were previ-
ously considered as a single group can now be differentiated on
imaging by location, age, and/or the patient’s signal characteris-
tics, resulting in a more accurate prognosis.16-18

In light of the crucial role of molecular profiling in tumor di-
agnosis and management, we found that the predesigned flow
chart was very useful for categorizing and better understanding
pediatric brain tumors. The importance of molecular profiling in
the pediatric neuro-oncology clinical practice was first studied in
medulloblastomas but is now recognized for ependymomas, low-
grade astrocytomas, AT/RTs, and all previously classified primi-
tive neuroectodermal tumors.6,18-22

Yet, since the 2016 classification update, several newly identi-
fied radiologic markers have been proposed as surrogates for the
molecular diagnosis. The role of these radiologic markers may be
limited by the constant evolution of the molecular characteriza-
tion of brain tumors.8,11 However, we believe that a standardized
method of evaluating images, such as the proposed flow chart,
may facilitate increased diagnostic accuracy.

The initial predesigned diagnostic flow chart has proved reliable
and consistently accurate in this validation study, with an almost
perfect agreement between 2 blinded neuroradiologists at 2 differ-
ent institutions. Our results showed high coefficients of specificity
and NPV for all diagnoses included in the predesigned flow chart.
Sensitivity coefficients were high (.87%) for diagnosing pilocytic
astrocytoma and ependymomas, the 2 most common diagnoses in

Table 1: Statistical analysis of the radiologic flow chart to discriminate different types of cerebellar tumors
Diagnosis Equivalent Flowchart Sequence Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Ependymoma 323/423 89 (67–99) 95 (89–98) 71 (49–87) 98 (94–100) 94 (89–97)
Pilocytic astrocytoma 123 88 (76–95) 96 (89–99) 92 (82–98) 93 (85–97) 93 (87–96)
AT/RT 411 50 (21–79) 99 (96–100) 86 (42–100) 96 (91–98) 99 (96–100)
AT/RT 411/311 75 (43–95) 98 (94–100) 75 (43–95) 98 (94–100) 91 (96–98)
Medulloblastoma SHH 111/112/313 71 (42–92) 93 (88–97) 53 (29–76) 97 (92–99) 72 (64–79)
Medulloblastoma WNT 412 14 (0–58) 97 (93–99) 20 (1–72) 96 (91–98) 88 (93–97)

FIG 2. Diagnostic accuracy of a predesigned radiologic flow chart to identify different types of cerebellar tumors.
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our cohort. Moreover, PA and ependymoma tumors had the small-
est 95% CIs, suggesting reliability in the diagnosis of these 2 types
of tumors. This was especially true for PA, in which the lower 95%
CI limit for sensitivity was 76%, and for PPV, it was 82%.

After analyzing results from the initial flow chart created on the
basis of more recently published literature, we modified it to
improve diagnostic accuracy. Our modifications (see Figs 1 and 4
for comparison) successfully improved the sensitivity coefficient for
identification of AT/RTs to 75%, but the confidence interval
remained wide. The secondmodification to flow chart sequence 312
made possible the identification of most cases of medulloblastoma

group 3 or 4, with fair-to-good sensitiv-
ity (61%–91%) and PPV (57%–88%)
and good-to-excellent specificity (86%–
96%) and NPV (88%–97%). The modi-
fied flow chart (Fig 4) proved to be
more clinically relevant. The modified
flow chart proved capable of discrimi-
nating AT/RTs, ependymomas, medul-
loblastomas SHH, medulloblastoma
groups 3 and 4, and PA, which together
constitute 90.5% of tumors in our

cohort. Clinically, the flow chart demonstrates great performance in
ruling out group 3 or 4 medulloblastomas, PAs, and ependymomas
and ruling in AT/RTs.

However, when it came to correctly identifying WNT medullo-
blastoma (numeric sequence 412, Fig 2), diagnostic accuracy was
poor. In the predesigned flow chart, the authors designated a tumor
in the pontocerebellar angle/foramen of Luschka with high cellular-
ity (ie, low ADC) and patient age older than 3 years as suggestive of
WNT. The rationale was that the cellular path of embryologic pre-
cursors, which can transform into neoplasticWNT cells, arises from
the fourth ventricle down and laterally into the foramen of

Table 2: Likelihood ratio analysis of the radiologic flow chart to discriminate different
types of cerebellar tumors

Diagnosis Flow Chart Sequence LR+ (95% CI) LR– (95% CI)
AT/RT 411/311 34 (10.6–109)a 0.26 (0.1–0.7)
Ependymoma 323/423 16.5 (7.9–35) 0.11 (0.03–0.4)a

Medulloblastoma SHH 111/112/313 10.6 (5.2–21.7) 0.3 (0.1–0.7)
Medulloblastoma group 3 or 4 312 10.07 (5.3–19.3) 0.23 (0.12–0.45)a

Pilocytic astrocytoma 123 20 (7.7–52.8) 0.13 (0.13–0.26)a

a Clinically applicable confidence intervals.

FIG 3. Diagnostic accuracy of sequence 312 (all types of medulloblastomas) of the predesigned radiologic flow chart to identify different types
of medulloblastomas.
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Luschka.7 The only other tumor with striking diffusion restriction
in the Luschka area is AT/RT, but this is typical of younger chil-
dren.23 These results can be explained by several factors: the small
number of WNT tumors present in our series (10% of all medullo-
blastomas), most cases in our series being in the fourth ventricle
(which is understandable given that the path of the WNT cells is
thought to start from the fourth ventricle), and the presence of ana-
plastic ependymomas showing diffusion restriction (therefore simu-
latingWNTmedulloblastoma on imaging).24 More recently, a study
of a larger cohort of WNT medulloblastomas has shown that they
are not as lateralizing as previously reported in smaller cohorts.25

This study has some limitations, the main one being its retro-
spective nature. However, we controlled potential biases by doing a
blinded review of images by only including cases with images
obtained before surgical intervention and creating the baseline flow
chart before data collection. Another important limitation is the rel-
atively small number of cases for some types of tumor, which
explains the larger confidence intervals for certain tumors.
Nevertheless, many pediatric cerebellar tumors are relatively rare,
and this is perhaps one of the largest cohorts available in the litera-
ture.26 Moreover, we were able to gather a large enough cohort to
allow diagnostic accuracy tests for the most common types of pedi-
atric cerebellar tumors, with reliable results for most diagnoses.

Because this was planned as a validation study, we consider it suc-
cessful in providing results that show that the modified flow chart
can be used, is reliable, and has clinical applicability.

More research is still desired, with a larger consistency analysis
evaluating results from multiple blinded readers. A larger prospec-
tive study would be needed to evaluate the diagnostic efficacy of the
modified flow chart with higher precision. Such a study could pro-
vide an initial decision model for potential deep learning studies.
Artificial intelligence is already being used to predict the molecular
profile of brain tumors, most commonly in adult populations, but
with recent important studies emerging in pediatric popula-
tions.27,28 The main limitation for the application of machine learn-
ing in posterior fossa tumors may be the identification of tumor
location,29 because we know that signal characteristics (which
reflect at least partially histologic appearances) can be similar for
different molecular groups with similar tissue features. Currently,
artificial intelligence is not able to differentiate tumors with the nec-
essary level of precision, though this may be possible in the future.

CONCLUSIONS
A flow chart for the diagnosis of posterior fossa tumors in chil-
dren has been validated through a retrospective analysis of 148
patients with confirmed diagnoses. On the basis of analysis of these

FIG 4. Modified radiologic flow chart (flow chart 2) after diagnostic accuracy analysis. The asterisk indicates brain stem tumors excluded
from the analysis. Double asterisks indicate relative to gray matter. Triple asterisks indicates low PPV and sensitivity for any particular molec-
ular/histological group of tumor.

966 Alves May 2021 www.ajnr.org



results, the predesigned flow chart was accurate in identifying most
diagnoses, and with our subsequent modifications, the overall ac-
curacy improved. The modified flow chart showed a good

likelihood ratio for most of the histo-
logic and molecular groups of tumors.
Furthermore, it may offer an important
starting point for prospective analysis
using machine learning techniques. As
new molecular subgroups emerge in
the classification of pediatric brain
tumors, there is the potential for fur-
ther modifications to the flow chart to
aid in diagnosis.
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PEDIATRICS

Interobserver Reliability of an MR Imaging Scoring System in
Infants with Hypoxic-Ischemic Encephalopathy

E. Szakmar, H. Meunier, M. El-Dib, E. Yang, and T.E. Inder

ABSTRACT

BACKGROUND AND PURPOSE:MR imaging has a key role in predicting neurodevelopmental outcomes following neonatal hypoxic-
ischemic encephalopathy (HIE). A novel MR imaging scoring system for hypoxic-ischemic brain injury was used in our patient popu-
lation with the aim of assessing interobserver variability and developing subcategories for the severity of brain injury.

MATERIALS AND METHODS: We evaluated brain MR images of 252 infants who underwent hypothermia for HIE between 2014 and
2019. First, 40 infants were selected randomly to test interobserver variability. Discrepancies were identified during the assessment of the
first 20 MR images. The remaining 20 MR images were scored after adjusting the scoring system. Second, we determined cutoff values
for the severity of injury that were based on the percentiles of the total scores in the full cohort.

RESULTS: The interobserver reliability showed excellent agreement for the total score both before (intraclass correlation coefficient ¼
0.96; 95% CI 0.89–0.99) and after the adjustment (intraclass correlation coefficient ¼ 0.96; 95% CI, 0.89–0.98). The average of the differen-
ces and the agreement interval between the 2 readers decreased after the adjustment. Subcategories of brain injury were the following:
We considered a total score of#4 (#75%) as normal, 5–10 (76%–90%) as mild, 11–15 (91%–95%) as moderate, and .15 (.95%) as severe
brain injury. The agreement on the classification of brain injury improved in the second epoch (weighted k ¼ 0.723 versus 0.887).

CONCLUSIONS: The adjusted scoring system may lead to a higher degree of interrater agreement. The presented cutoff values
may be used to determine the severity of brain injury in future clinical studies including infants with mild hypoxia-ischemia.

ABBREVIATIONS: HIE ¼ hypoxic-ischemic encephalopathy; ICC ¼ intraclass correlation coefficient; kW ¼ weighted k ; PLIC ¼ posterior limb of internal
capsule; TH ¼ therapeutic hypothermia

Hypoxic-ischemic encephalopathy (HIE) occurs in 2–3 per
1000 live term births in developed countries.1 To date, thera-

peutic hypothermia (TH) initiated within the first 6 hours of life
and continued for 72 hours with a target central temperature of
33.5°C is the only available treatment to reduce the risk of death
and neurodevelopmental impairment.2,3

The ability to predict neurodevelopmental outcomes following
HIE allows parents and caregivers to optimize care beyond the neo-
natal period. MR imaging has a key role in predicting neurologic
outcomes.4,5 Although many previously reported MR imaging

scoring systems have been related to outcome,6-8 they were usually

performed with conventional sequences. The widely used scoring
system of Barkovich et al6 published before the hypothermic era
did not originally incorporate diffusion-weighted images, even

though DWI has been recognized as the most reliable MR imaging
sequence to assess injury during the first week after an hypoxic-is-

chemic event.4,9 Recently, Weeke et al10 described a novel and
more detailed MR imaging scoring system for term infants with

HIE, incorporating DWI and 1H-MR spectroscopy sequences as
well patterns of injury to the gray matter, white matter, and cerebel-
lum to improve the predictive value of MR imaging studies in

infants with HIE. The gray matter subscore was an independent
predictor of adverse outcome at 2 years of age and at school age.10

Given that our inclusion criteria for infants to undergo TH at
Brigham and Women’s Hospital had been broadened, offering
cooling to milder cases and infants born at.34weeks of gestation,
we wished to explore the application of this new scoring system in
our TH cohort.

We applied the new scoring system to our diverse patient
population with the aim of assessing the observer variability
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between 2 experienced readers. We identified discrepancies dur-
ing the evaluation of the first 20 MR imaging scans and adjusted
the scoring system of Weeke et al10 accordingly.

Second, we also aimed to develop subcategories of severity
from the scores of normal brain and, mild, moderate, severe brain
injury. Our hypothesis was that the adjusted scoring system can
improve interobserver reliability and increase the ease and reli-
ability of the application of this scoring system as a new standard
in the documentation of cerebral injury in the setting of hypoxic-
ischemic encephalopathy.

MATERIALS AND METHODS
Patients
We have collected data, including imaging data, on 252 infants
who underwent TH for neonatal encephalopathy between
January 2014 and May 2019. We randomly selected 40 infants to
assess the observer variability of the newMR imaging scoring sys-
tem.10 This retrospective observational study was conducted at
Brigham and Women’s Hospital, Department of Pediatric
Newborn Medicine, a single, tertiary-level neonatal intensive care
unit. Institutional review board approval was obtained with a
waiver of consent. The criteria for TH in our center are modified
regional center–based criteria in which variables have been
broadened from those used in the randomized clinical trials.11,12

The adaptations have included the following: 1) decreasing the
gestational age criteria to .34weeks; 2) increasing the inclusion
pH from #7.0 to #7.1; 3) reducing the base excess for inclusion
from $16 mEq/L to $10 mEq/L; and 4) providing therapeutic
hypothermia to infants with mild hypoxic-ischemic encephalop-
athy on clinical examination, in addition to those with moderate
or severe HIE. The stage of HIE was assigned on the basis of the
modified Sarnat staging system after combined assessment by
clinicians before the initiation of TH.13

MR Imaging
All infants underwent at least 1 cerebral MR imaging performed af-
ter TH within the first week of life. The second MR imaging was
based on the decision of the clinical team caring for the infant.
Only the first MR images obtained within the first week of life were
analyzed in this study. All scans were performed on a 3T Siemens
scanner (Siemens, Erlangen, Germany). The standard clinical
imaging protocol included sagittal motion-corrected magnetiza-
tion-prepared rapid acquisition of gradient echo T1-weighted
images (TR = 2800ms; TE = 2.75, 4.68, 6.54, and 8.4ms; flip angle
= 7°; voxel size = 1� 1 � 1mm), axial turbo spin-echo T1-
weighted images (TR = 574ms, TE = 13ms, flip angle = 140°, voxel
size = 0.5� 0.5� 3mm, echo-train length = 2), axial turbo spin-
echo T2-weighted images (TR = 9000ms, TE = 150ms, flip angle =
120°, voxel size = 0.5� 0.5� 3mm, echo-train length = 19), and
coronal turbo spin-echo T2-weighted images (TR = 9210ms, TE =
187ms, flip angle = 130°, voxel size = 0.4� 0.4� 3mm, echo-train
length = 19). Diffusion-weighted imaging included multidirectional
diffusion-weighted measurements (TR = 6200ms, TE = 92ms,
bandwidth = 1984Hz/Px, FOV = 140mm, voxels = 2� 2� 2mm,
30 b-directions with amplitudes ranging from 0 to 1000 s/mm2).
1H-MR spectroscopy measurements were acquired at TE = 44 and
288ms in the left thalamus and basal ganglia.

For noncritically ill neonates, we used a “feed and wrap” pro-
tocol, which is based on the timing of feeds, induction of natural
sleep, and immobilization with wrapping to avoid the need for
anesthetic agents.14 MR imaging scans with motion artifacts were
excluded from the interrater analysis.

The pattern of brain injury was evaluated according to the
novel grading system.10

The total score of the grading system is 57, including gray mat-
ter (maximum GM subscore = 25), white matter (maximum WM
subscore = 21), cerebellum (maximum cerebellum subscore = 8),
and an additional subscore (maximum additional subscore = 3).
The additional score describes the presence of intraventricular or
subdural hemorrhage and sinovenous thrombosis. The score of
1H-MR spectroscopy was included in the gray matter subscore.10

The MR images of the first 20 neonates were evaluated on the
basis of the description of the original article. We identified dis-
crepancies during the evaluation of the first 20 MR imaging scans
and adjusted the scoring system accordingly. A further series of
20 MR images was scored after adjustment of the scoring system.

The adjustments were the following: 1) The gestational age of
the infants was taken into consideration when evaluating the
myelination of the posterior limb of the internal capsule (PLIC)
and the peak of the NAA (Fig 1A, -B); 2) a lesion that had
involvement of both WM and the cortex was scored only individ-
ually for the principal area injured (Fig 1C); and 3) the extension
of signal abnormality (involving 1 lobe or.1 lobe) was scored on
the basis of the primary area of injury (Fig 1D). The images were
analyzed by a pediatric neuroradiologist (E.Y.) and a dual-board-
certified neonatologist and child neurologist (T.E.I.), who were
blinded to the stage of neonatal encephalopathy.

Interrater agreement was assessed by total score, subscores,
and the severity of brain injury (normal, mild, moderate, and
severe) before (n=20) and after the adjustment of the scoring
system (n=20).

Statistical Analysis
Interrater reliability was evaluated by calculation of the intraclass
correlation coefficient (ICC) with a 2-way random-effects model
for total score and WM, GM, cerebellum, and additional sub-
scores. In addition, Bland-Altman plots were performed to assess
the absolute limits of interobserver agreement for continuous
variables.

The percentiles of the total score in the full cohort (n=252)
were calculated to determine the cutoff values for normal brain
and mild, moderate, and severe brain injury. Weighted k (kW)
tests were used to determine the agreement between the readers
for the severity of brain injury as a categorical variable. The
McNemar test was run to determine whether there was a differ-
ence in the severity of brain injury as categoric variables between
the readers. We used SPSS, Version 22 (IBM) and GraphPad
Prism, Version 8.1.2 for macOS (GraphPad Software) to analyze
and plot the data.

RESULTS
The demographic and prenatal data of the total cohort are pre-
sented in Table 1. Fifty-three percent of the infants had mild HIE
based on the modified Sarnat staging system, reflecting our
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institutional policy offering cooling to milder cases. The brain
MR imaging scans of the 252 infants were performed at a median
of 4.0 (interquartile range = 3.0–4.0) days of life. The randomly
selected 40 MR images were evaluated by 2 experienced readers,
resulting in a total of 80 reads.

In the first epoch of the study, 20 MR images were scored by 2
readers on the basis of the description of the original article of
Weeke et al.10 There was strong interrater agreement for the total
score with an ICC of 0.96 (95% CI, 0.89–0.99). The ICC for sub-
scores also showed an excellent agreement between the raters
(Table 2).

In the Bland-Altman analysis, the average of the differences
[SD] was 1.80 [3.7] for the total score with �5.5 to 9.1 limits of
agreement. Regarding the subscores, there were no mean differ-
ences of.2 points (Online Supplemental Data).

The severity of brain injury was classified on the basis of the
distribution of total scores in the full cohort including 252
infants. Figure 2 shows the frequency distribution of the total

score in the full cohort. The median of
the total score was 2, ranging between
0 and 41 points in the full cohort.
Subcategories of brain injury were
determined as follows: We considered
total score#4 (# 75%) as normal, 5–
10 (76–90%) as mild, 11–15 (91–95%)
as moderate, and .15 (.95%) as
severe brain injury.

The 2 readers agreed that 10/20
(50%) MRI findings were within nor-
mal limits, findings of 2/20 (10%)
scans were classified as moderate and
those of 3/20 (15%) scans were graded
as severe brain injury. However, the
severity of brain injury in 5 infants (5/
20, 25%) was graded differently by the
2 observers. Reader 1 classified find-
ings of 3 MRIs (patients 1, 12, and 19)
as moderate, whereas reader 2 rated
them as mild (patients 1 and 19) or
normal (patient 12). The severity of
brain injury was classified differently
by the 2 readers in patient 2 (mild ver-
sus normal) and in patient 6 (severe
versus mild). The kW was run to
determine whether there was agree-
ment between 2 observers on the se-
verity of brain injury, and it showed a
substantial agreement (kW = 0.723)
(Fig 3A and Table 3). Figure 3 shows
the severity of brain injury based on
the total score for each of the subjects.

In the second epoch of the study,
20 MR imaging scans were evaluated
by the same readers after the adjust-
ment of the grading system. The
adjustments were based on the main
discrepancies between the 2 readers in

the first epoch, including the assessment of myelination in the
PLIC, the peak of the NAA level, cortical involvement, and the
extent of the WM injury.

In the second epoch, the ICC for the total score and subscores

also indicated an excellent reliability between the 2 readers, simi-

lar to that of the first epoch with the exception of an additional

subscore (Table 2). Overall, both the average of the differences

(bias) and the limits of agreement improved for the total score

and the subscores (Online Supplemental Data).
In addition, only 3 MR images (15%) were classified differ-

ently by the 2 observers (Fig 3B). In line with this difference, the

kW showed a very good agreement between the 2 readers’ classifi-

cations on the severity of brain injury (kW = 0.887) compared

with the substantial agreement in the first epoch (kW = 0.723).

The McNemar test determined that the difference of the propor-

tion in each category was not statistically different, similar to the

finding in the first epoch (Table 3).

FIG 1. A, The gestational age of the infants considered when evaluating the myelination of the
PLIC. In the coronal T1-weighted image, the myelination of the PLIC was considered as age-appro-
priate for a near-term infant (35weeks of gestation) and was scored as normal. B, The gestational
age of the infants was considered when evaluating the peak of the NAA. In 1H-MR spectroscopy
(TE = 30 ms), the peak NAA was considered as age-appropriate for a near-term infant (35weeks
of gestation) and was scored as normal. C, The lesion that had involvement of both the WM and
cortex was scored individually only for the principal area. In axial DWI, the diffusion restriction in
the cortex and its location were scored as focal (1 lobe) and unilateral (score of 2). The WM
involvement was scored individually as focal and unilateral (score of 2). D, The extension of signal
abnormality (involving 1 lobe or.1 lobe) was scored on the basis of the primary area of injury. In
axial ADC mapping, the diffusion restriction in the WM was scored as focal (score of 1) because
only the frontal lobe was involved and the location was scored as bilateral (score of 2).
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DISCUSSION
This study has demonstrated the utility of a novel MR imaging
scoring system in a cohort of neonates with a wide range of HIE
severity. It also showed the potential advantage of adjusting some
of its subscores. The interrater reliability showed an excellent
level of agreement for the total score between the 2 experienced
readers both before and after the adjustment of the scoring sys-
tem. The Bland-Altman plot revealed, overall, a decreasing bias
between the 2 readers and a narrower agreement interval for the
subscores after the adjustment. In addition, the agreement
between the 2 readers’ classifications on the severity of brain
injury greatly improved in the second epoch.

The presented cutoff values may be used to determine the se-
verity of brain injury in future clinical studies. However, the cut-
off values derived from the percentiles of the total scores in the
full cohort may reflect our diverse patient population, including
infants with mild HIE. Hence, these cutoff values may not be ap-
plicable to centers that provide TH to infants with only moderate
and severe HIE.

In recent years, the inclusion criteria for hypothermia have
been broadened, and TH has been offered increasingly to near-
term infants.15,16

In line with these criteria, the first adjustment related to the
gestational age of infants with HIE. Both the metabolic profile
and the myelination change as the brain matures. The rate of
increase in the NAA peak is related to the maturation process.17

Likewise, an increase in myelinated WM can be detected between
35 and 41weeks of gestation.18 Therefore, in the assessment of
the NAA peak and the absence of myelination in the PLIC, the
gestational age must be considered. The consistent evaluation of
these 2 items is also important because both abnormal signal in
the PLIC and NAA concentration have a good predictive value
for the neurodevelopmental outcomes.19,20

The second and third adjustment included the involvement of
WM and the cortical area. The retrospective study of Rao et al16

found that the WM injury was the most frequent pattern among
near-term infants, followed by GM injury and cortex involve-
ment. Furthermore, isolated WM and cortical abnormalities were
associated with communication and behavioral problems, visual
impairment, and seizures.21 Hence, the consistent evaluation of
WM and cortex involvement has a major role in the prediction of
long-term outcomes. Moreover, the inconsistent scoring of brain
injury can change the category of severity.

The study has several limitations that should be taken into
consideration. First, statistical analysis should be interpreted with
caution within the context of the small sample size. Second, the
95% limits of agreement in the Bland-Altman plot due the small
sample size may be unreliable for estimating larger populations.
Another limitation of the study is that we did not validate our
cutoff values against long-term neurodevelopmental outcome
data.

CONCLUSIONS
The novel grading system developed by Weeke et el10 provides a
detailed evaluation of the neonatal brain with hypoxic-ischemic
injury using DWI and 1H-MR spectroscopy sequences. The modifi-
cation of the scoring systemmay help with the correct interpretation

Table 2: Interrater reliability for subscores and for total scorea

Before
Adjustment
(n = 20)

After
Adjustment
(n = 20)

ICC 95% CI ICC 95% CI
Gray matter 0.95 0.86–0.98 0.95 0.88–0.98
GM with 1H-MR
spectroscopy

0.95 0.82–0.98 0.96 0.89–0.98

WM/cortex 0.97 0.91–0.99 0.98 0.96–0.99
Cerebellum 0.95 0.88–0.98 1.00 –

Additional 0.86 0.62–0.94 0.66 0.14–0.87
Total score 0.96 0.89–0.99 0.96 0.89–0.98

Note:— GM indicates Gray Matter; ICC, intraclass correlation coefficient; WM,
white matter; -, not applicable (NA).
a The ICC with a 2-way random-effects model was calculated to assess the inter-
rater variability between 2 experienced readers.

Table 1: Demographics and prenatal data of the full cohorta

Full Cohort (n= 252)
Gestational age (wk) 39 (38–40)
Birth weight (g) 3180 (2830–3544)
Sex (% of males) 145 (57.5%)
Inborn 166 (65.9%)
Apgar at 1min 2 (1–4)
Apgar at 5min 6 (5–7)
Apgar at 10min 7 (6–8)
UA pH 7.04 (6.94–7.12)
UA BD (mmol/L) 11.7 (8.5–14.3)
UA lactate (mmol/L) 8.9 (6.4–10.4)
UV pH 7.13 (7.02–7.23)
UV BD (mmol/L) 10.1 (6.9–12.9)
UV lactate (mmol/L) 7.3 (5.6–9.2)
Postnatal pH 7.24 (7.15–7.30)
Postnatal BD (mmol/L) 9.2 (6.2–12.9)
Postnatal lactate (mmol/L) 7.9 (4.9–11.2)
Stage of HIE
Mild HIE 124/234 (53.0%)
Moderate HIE 105/234 (44.9%)
Severe HIE 5/234 (2.1%)

Note:—BD indicates base deficit; UA, umbilical artery; UV, umbilical vein.
a Nonparametric data are presented as median with interquartile range. The stage
of HIE was based on the modified Sarnat stage. The Sarnat stage was available for
234 infants.

FIG 2. The frequency distribution of the total score in the full
cohort.
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of the selected items and can lead to a higher degree of interrater

agreement. The presented cutoff values may be used to determine

the severity of brain injury in future clinical studies, including those

infants with mild HIE. Clearly, further studies are needed to deter-

mine the cutoff values of this novel grading system for the severity

of brain injury in relation to neurodevelopmental sequelae.
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Widening the Neuroimaging Features of Adenosine
Deaminase 2 Deficiency

A.F. Geraldo, R. Caorsi, D. Tortora, C. Gandolfo, R. Ammendola, M. Alessio, G. Conti, A. Insalaco, S. Pastore,
S. Martino, I. Ceccherini, S. Signa, M. Gattorno, A. Rossi, and M. Severino

ABSTRACT

SUMMARY: Adenosine deaminase 2 deficiency (OMIM #615688) is an autosomal recessive disorder characterized by a wide clinical
spectrum, including small- and medium-sized vessel vasculopathies, but data focusing on the associated neuroimaging features are
still scarce in the literature. Here, we describe the clinical neuroimaging features of 12 patients with genetically proven adenosine
deaminase 2 deficiency (6 males; median age at disease onset, 1.3 years; median age at genetic diagnosis, 15.5 years). Our findings
expand the neuroimaging phenotype of this condition demonstrating, in addition to multiple, recurrent brain lacunar ischemic and/or
hemorrhagic strokes, spinal infarcts, and intracranial aneurysms, also cerebral microbleeds and a peculiar, likely inflammatory, perivascular
tissue in the basal and peripontine cisterns. Together with early clinical onset, positive family history, inflammatory flares and systemic
abnormalities, these findings should raise the suspicion of adenosine deaminase 2 deficiency, thus prompting genetic evaluation and insti-
tution of tumor necrosis factor inhibitors, with a potential great impact on neurologic outcome.

ABBREVIATIONS: DADA2 ¼ adenosine deaminase 2 deficiency; TNF ¼ tumor necrosis factor; PAN ¼ polyarteritis nodosa; PRES ¼ posterior reversible ence-
phalopathy syndrome

Adenosine deaminase 2 deficiency (DADA2) is an autosomal
recessive disorder (OMIM #615688) usually presenting in

the pediatric age group.1,2 It is characterized by a wide clinical
spectrum, including systemic autoinflammation, polyarteritis
nodosa (PAN)–like vasculopathy, noninflammatory medium-

vessel arteriopathy, and pure hematologic disorders without
vasculopathy.1-5

The ADA2 gene (previously known as CECR1) is located at
22q11.1 and encodes for ADA2, a dimeric extracellular enzyme
primarily secreted by cells of the myeloid lineage, converting
adenosine in inosine.1,2 In addition to its catalytic function,
ADA2 presents antiinflammatory and immunomodulatory prop-
erties and has a role in maintenance of vascular integrity.2

CNS involvement caused by small- and medium-sized vessel
vasculopathy is a well-recognized complication, being present in
nearly 50% of cases,6 mostly without anomalies detectable on
angiographic studies.2,6-9 Neurologic events usually occur early in
the course of the disease, at a very young age,1,2,6,10 frequently
associated with inflammatory flares.2,10 Affected patients may
present with ischemic strokes, distributed in the territory of per-
forator arteries, or intracranial hemorrhages, often recurrent,
leading to clinical manifestations varying from minimal neuro-
logic deficits to fatal outcome.1,2,6,8,10-12 Clinically silent brain
lesions and TIAs with negative MR imaging findings may also
occur,7 as well as peripheral neuropathy, acute sensorineural
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hearing loss, optic neuritis, and other ophthalmologic abnormal-
ities.1,2,6-8,10,11

Knowledge of DADA2-related neuroimaging patterns is of
particular importance because CNS manifestations are consid-
ered a marker of severity and may be the presenting form of
DADA2.4,9,10 Moreover, this may prompt early treatment with
tumor necrosis factor (TNF) inhibitors, leading to complete
remission and preventing further neurologic events.13 However,
neuroimaging features associated with this condition are still
incompletely elucidated. Indeed, to date, only 1 case series has
been published, including neuroimaging data of 12 patients with
DADA2, with limited information regarding angiographic fea-
tures and radiologic follow-up.14

Recently, we encountered novel neuroimaging findings in
patients with DADA2 that could be part of the spectrum of
anomalies associated with this syndrome. Therefore, we aimed to
provide a detailed description of CNS lesions and their long-term
evolution in a series of 12 patients with genetically confirmed di-
agnosis of DADA2, as well as of the corresponding clinical, labo-
ratory, and genetic data.

CASE SERIES
Twelve patients with DADA2 from 9 different families observed
between 2014 and 2019 in 6 Italian hospitals were included in this
case series. Institutional review board approval was obtained, waiv-
ing parental written informed consent. Demographic information,
medical history, laboratory and histopathologic results, and geno-
types were retrieved from electronic medical records. Clinical data
are summarized in the Table and the Online Supplemental Data.

Details on neuroimaging studies and protocols are presented
in the Online Supplemental Data. Images were analyzed by 2 pe-
diatric neuroradiologists in consensus (M.S. and A.F.G., with 10
and 5 years’ experience). Neuroimaging features are reported in
the Online Supplemental Data.

At first brain MR imaging, 9/12 patients (75%) presented
small focal areas of T2/FLAIR signal abnormality with or without
restricted diffusion compatible with lacunar infarcts caused by
small-vessel occlusions (Online Supplemental Data). Of these, 7
(77.8%) had multiple ischemic lesions, and 1 concomitantly pre-
sented with a large chronic hemorrhagic lesion in the left tempo-
ral lobe. Both anterior and posterior circulations were involved in
4/9 cases, and either the anterior or the posterior circulation was
involved in 3/9 and 2/9 patients, respectively. The nucleocapsular
region was the more severely affected region (11 lesions, 5 patients)
followed by the midbrain (9 lesions, 5 patients) and the thalamus
(6 lesions, 2 patients). One patient exhibited isolated intracranial
hemorrhagic lesions, and 2 presented with small foci of susceptibil-
ity effect in the parenchyma and another 1 in the interpeduncular
cistern (Fig 1). Two additional patients showed clinicoradiologic
features compatible with posterior reversible encephalopathy syn-
drome (PRES) (Online Supplemental Data).

Follow-up MR imaging detected new cerebral infarcts in 5/10
patients (50%), and 1 of them also presented an anterior spinal
artery infarct at the cervical level (Online Supplemental Data). All
events occurred before institution of anti-TNF or thalidomide
except 1 identified shortly after introduction of anti-TNF and
another during temporary discontinuation of thalidomide. In

addition, 3/9 patients (33%) with ischemic strokes developed an
abnormal contrast-enhancing soft tissue in the interpeduncular cis-
tern, encasing the midbrain perforating arteries, with associated
areas of eccentric arterial wall enhancement and thickening, that
completely subsided after anti-TNF treatment (Fig 2, Online
Supplemental Data). In addition, 1 patient with PRES presented
multiple extraaxial foci of enhancement in the left crural cistern and
inner auditory canal (Online Supplemental Data). Arterial spin-
labeling studies revealed normal, symmetric cerebral perfusion in
7/7 cases except in the regions corresponding to the infarcts.

Qualitative assessment of the CSF spaces revealed mild diffuse
enlargement of the ventricular system, the cortical cerebral sulci, or
both in 5/12 (42%) patients at first brain MR imaging. None of the 10
patients with follow-up studies presented signs of progressive atrophy.

Intracranial arterial abnormalities were noted before treatment
in 2/12 patients, including small-sized intracranial aneurysms in
the superior cerebellar artery and anterior communicating artery,
spontaneously thrombosed at follow-up (Fig 3), and transient ste-
nosis of the left posterior communicating artery associated with
contrast-enhancing perivascular tissue. Renal Doppler/abdominal
CTA and echocardiography were performed in 11/12 and 7/12
patients, respectively, including the patient with intracranial aneur-
ysms, but no visceral aneurysms were found.

Clinical data of patients with DADA2
Features Results

Males 6/12
Positive family history 7/11a

Median age (years, range) at:
Disease onset 1.3 (0.25–7)
Genetic diagnosis 15.5 (5–35)
Neurologic onset 5.5 (0.5–12)
First stroke (n¼ 10) 6.5 (1.4–12)

Symptoms at presentation
Fever 5/12
Skin manifestations 4/12
Neurologic problems 4/12

Disease course
Chronic 11/12
Recurrent 1/12

Manifestations
Neurologic disorders 12/12
Hypertension 12/12
Elevation of acute phase reactants 12/12
Inflammatory skin lesions 12/12
Musculoskeletal disorders 5/12
Gastrointestinal abnormalities 5/12
Hypogammaglobulinemia 5/12b

Cardiac abnormalities 2/12
Geneticsc

Homozygous or compound hemizygous
ADA2 variants

11/12

Homozygous tandem 22q.11.1 duplication 1/12
Skin/bowel biopsy
Polyarteritis nodosa 5/7
Leukocytoclastic vasculitis 2/7

Treatmentd

Anti-TNF 9/12
Thalidomide 3/12

a One adopted patient.
b No severe infections.
c Defective ADA2 activity in 10/10 patients.
d Complete response in all cases.
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DISCUSSION
In this series, we identified a wide spectrum of neuroimaging
abnormalities associated with DADA2, including 2 novel imaging
patterns. All patients presented a vascular phenotype, as expected
in most patients harboring missense mutations,5 but none had he-
matologic disorders besides hypogammaglobulinemia. Neurologic
involvement at presentation was common (33% of cases). As previ-
ously shown,2,14 small, multiple ischemic infarcts in the nucleocap-
sular and mesencephalic or thalamic regions were the most
frequent MR imaging abnormality, being present in 75% of our
patients and reflecting the prevalent involvement of deep perfora-
tors. Before treatment with anti-TNF, thalidomide, or both, new is-
chemic lesions developed in half of patients at follow-up
studies.4,7,13,15 Conversely, no new neurologic events or MR imag-
ing lesions were noticed afterward, except for 2 recurrences shortly
after introduction of anti-TNF or temporary discontinuation of
thalidomide. Of note, the prevalence of ischemic strokes in our
cohort was similar to that reported by Bulut et al14 in patients with
DADA2-related vasculopathy and was expectedly higher than that
described in a review also including patients with purely hemato-
logic phenotypes (around 40%).6 Interestingly, some patients

presented with small lacunar strokes clearly depicted on DWI at
clinical onset that were difficult to distinguish from enlarged peri-
vascular spaces in follow-up examinations probably because of
their small size and progressive gliotic “healing” changes. This sug-
gests a possible underestimation of these subtle findings if brain
MR imaging studies are not performed in the acute stage or with
high spatial resolution sequences. As previously identified in a few
patients with DADA2,14,15 we found an additional small ischemic
medullary infarct at the cervical level in 1 patient. Of note, spinal
cord involvement in individuals with DADA2 might also be
underrated because only a minority of patients underwent a spinal
MR imaging in both the current and in Bulut et al’s series.14

Intracranial hemorrhagic strokes are additional complications
of DADA2,1,2,6,11,12 involving nearly 12% of cases in a recent
review6 and 17% in our cohort. These hemorrhages may occur in
isolation1,12 or in association with ischemic strokes,2,12 as seen in
our patients. In most published cases, no underlying causes were
found. Conversely, 2 intracranial aneurysms were detected in 1 of
our patients presenting with diffuse subarachnoid hemorrhage
and a history of peripheral intracranial aneurysm and lobar he-
matoma. Of note, CNS aneurysms have been described only once
in a patient with DADA21 and in a few patients with PAN who
had unknown ADA2 status.16-18 These aneurysms are multiple,
small (,5 mm), and peripheral, arising in nonbranching sites or
rupturing even when small.16-18 Additionally, they can cause cra-
nial nerve compression or infarction because of occlusion of the
parental vessel.17 Their management is controversial, with both
medical and surgical and interventional treatments proposed.17

In our case, early follow-up studies demonstrated spontaneous
aneurysmal thrombosis with total exclusion from circulation and
no new intracranial aneurysms after 5 years. Of note, no visceral
aneurysms were found in this patient and in the other investi-
gated patients.

In their series, Bulut et al14 described brain atrophy in more
than 50% of cases, without further information regarding the
temporal evolution of this imaging finding. Similarly, we found
mild diffuse enlargement of CSF spaces, including the ventricular
system, the cortical cerebral sulci, or both, in 42% of patients at
first brain MR imaging. However, none of the patients with avail-
able follow-up studies presented signs of progressive atrophy.

The first novel finding in this series was the detection of
small parenchymal foci of susceptibility effect in 2 patients
with DADA2, likely corresponding to brain microhemor-
rhages. The latter have been shown to correlate with hemo-
siderin-laden perivascular macrophages and have been
associated with progressive aging and multiple neurologic
conditions, including small-vessel disease and CNS vasculi-
tis.19 Another patient presented a similar focal susceptibility
effect located in the interpeduncular fossa, likely in a vessel
wall, that could have the same origin, considering the absence
of intracranial aneurysms and subarachnoid hemorrhage.

Different from Bulut et al,14 we did not identify any parenchy-
mal area of enhancement after gadolinium injection. However, in
one-third of patients, we found another novel feature, which was
the presence of irregular, contrast-enhancing tissue in the inter-
peduncular fossa, crural cistern, and inner auditory canal, sur-
rounding the basilar, posterior cerebral arteries and AICA,

FIG 1. Intracranial hemorrhagic manifestations in adenosine deami-
nase 2 deficiency. Axial gradient-echo T2-weighted images of patient
4 at 5.8 years of age (A) and patient 11 at 18.3 years of age (B) demon-
strate microbleeds in the right lenticular nucleus (arrow) and in the
interpeduncular cistern or vessel wall (arrow), respectively. Axial
gradient-echo T2-weighted image (C) of patient 1 at 6.1 years of age
reveals an acute left temporal hematoma (thick arrow) and a left par-
amedian occipital microbleed (arrow). None of the patients pre-
sented with head CT calcifications in the corresponding locations of
the microbleeds (not shown). Axial SWI of patient 5 (D) at 16.5 years
of age depicts a right frontoparietal hemorrhagic chronic lesion (thick
arrows) causing ex vacuo dilation of the lateral ventricle (asterisks).

AJNR Am J Neuroradiol 42:975–79 May 2021 www.ajnr.org 977



respectively. Eccentric vessel wall thick-
ening and enhancement were noted in
all patients, more pronounced at the ori-
gin of brain stem perforators, leading to
progressive arterial stenosis in 1 patient.
This pattern slightly differs from the con-
centric smooth arterial wall involvement
typically seen in cerebral vasculitis caused
by inflammation-related endothelial or
vasa vasorum leakage.20 On the other
hand, in 2 patients, this new finding was
associated with acute ischemic infarcts in
the territory of the posterior perforators,
reflecting an active disease phase and
suggesting an inflammatory origin. Ac-
cordingly, after anti-TNF treatment,
there was total tissue regression in all
patients and normalization in caliber of
the stenosed artery at 1-year follow-up.
As in the present series, most skin and
bowel biopsy specimens of patients with
DADA2 either reveal a PAN-like or a
leukocytoclastic type of vasculitis.1,2,10

However, histologic proof of CNS vascu-
litis was not obtained so far.2 Therefore,
the precise mechanism of DADA2-
related intracranial vasculopathy remains
unknown and awaits further research.
Interestingly, most of our patients pre-
sented unremarkable angiographic find-
ings. Indeed, abnormalities of intra-
cranial vessels have been only occasionally
described in DADA2,14,21 probably caused
by predominant involvement of medium-
and small-sized vessels, frequently beyond
the current resolution of lumen-based
angiographic studies, including DSA.
Accordingly, with the exception of the
infarcted tissues, we did not find brain
perfusion abnormalities on arterial spin-
labeling.

Finally, we identified 2 DADA2-
related PRES events in our cohort.
PRES has been occasionally reported
in patients with DADA2,11,14 as well
as in patients with PAN with
unknown ADA2 status.22 Both our
cases occurred during childhood and
manifested with seizures associa-
ted with typical neuroimaging pat-
terns.23 These events occurred in the
context of arterial hypertension, a
complication of DADA26 and a well-
known risk factor for PRES23; none
of the patients was under anti-TNF
treatment. Of note, ADA2 is an en-
dothelial growth factor.2 Therefore,

FIG 3. Intracranial aneurysms in adenosine deaminase deficiency. Axial unenhanced head
CT scan in patient 5 at 16.4 years of age (A) demonstrates a diffuse subarachnoid acute
hemorrhage (SAH) (open arrow) symmetrically distributed in the basal cisterns, horizontal
segments of the Sylvian fissures, and anterior interhemispheric fissure, with mild enlarge-
ment of the temporal horns in keeping with incipient hydrocephalus (arrows). CTA images
(B and C) reveal the presence of small-sized intracranial aneurysms of an anterior commu-
nicating artery branch (arrow) and the left superior cerebellar artery (arrow). Note that
these 2 aneurysms have a peripheral location and arise in nonbranching sites. Follow-up
brain MR imaging performed 23 days after the initial SAH episode, including coronal (D and
E) black-blood T1WI, shows signs of intraaneurysmal thrombosis (arrows). TOF-MRA (F)
does not depict flow-related signal within the aneurysmal sacs, in keeping with exclusion
of the aneurysms from the circulation. These aneurysms remained excluded from circula-
tion at 5-year follow-up.

FIG 2. Perivascular enhancing tissue in adenosine deaminase 2 deficiency. Brain MR imaging in
patient 1 at 8.5 years of age (A–D) demonstrates a soft tissue component mass in the interpedun-
cular cistern surrounding the basilar artery and its terminal perforator branches with eccentric
vessel wall involvement. The lesion is mildly hyperintense on axial FLAIR (A, arrow), with intense
solid enhancement on fat-saturated postgadolinium axial (B) and sagittal (C) T1WI sequences
(arrows). DSA (D) reveals normal caliber of the basilar artery and posterior cerebral arteries
(arrowheads). Postgadolinium axial (E) and sagittal (F) black-blood T1-weighted images performed
at 9.7 years of age, after introduction of anti-TNF treatment, demonstrate a complete resolution
of this likely inflammatory perivascular tissue (arrows).
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patients with DADA2 may be intrinsically more prone to
endothelial dysfunction, which is the presumed key-role
mechanism of PRES.23

CONCLUSIONS
We expanded the neuroimaging phenotype of DADA2, including
(in addition to multiple, recurrent brain lacunar ischemic or
hemorrhagic strokes, spinal infarcts, PRES events, and intracra-
nial aneurysms) cerebral microbleeds, and a peculiar, likely
inflammatory, perivascular tissue in the basal and prepontine cis-
terns. Together with early clinical onset, positive family history,
inflammatory flares, and systemic abnormalities, these findings
should raise the suspicion of DADA2, thus prompting genetic
evaluation and institution of TNF inhibitors, with a potentially
positive impact on neurologic outcome.
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A Systematic Review of Procedural Complications from
Transforaminal Lumbar Puncture for Intrathecal Nusinersen

Administration in Patients with Spinal Muscular Atrophy
A. Grayev, M. Schoepp, and A. Kuner

ABSTRACT

BACKGROUND: Spinal muscular atrophy is a progressive neurodegenerative disorder that can be treated with intrathecal antisense
oligonucleotide therapy (nusinersen). However, administration is often complicated by posterior spinal fusion and neuromuscular
scoliosis, necessitating a transforaminal approach.

PURPOSE: To assess the safety profile of the transforaminal approach for intrathecal access.

DATA SOURCES: Searches of the PubMed, Web of Science, and SCOPUS databases.

STUDY SELECTION: Thirteen articles were selected based on inclusion of transforaminal access and appropriate clinical information
about the procedure.

DATA ANALYSIS: Complications were taken from the included articles and aggregated based on Cardiovascular and Interventional
Radiological Society of Europe scale adverse event grading.

DATA SYNTHESIS: Total number of complications and grade of complications were analyzed, by year and in total.

LIMITATIONS: Selection bias in publication, small patient population size, and variability of the procedure limits the available data.

CONCLUSIONS: Transforaminal approach is a safe alternative for intrathecal access in patients with spinal muscular atrophy and
may be applicable to a larger patient population.

ABBREVIATIONS: CBCT ¼ conebeam CT; CIRSE ¼ Cardiovascular and Interventional Radiological Society of Europe; SMA ¼ spinal muscular atrophy

Spinal muscular atrophy (SMA) is a genetic disease of
spinal motor neurons characterized by progressive

muscle weakness and hypotonia due to progressive degen-
eration of motor neurons in the spine and brain stem.1,2 It
is inherited in an autosomal recessive pattern and roughly
1/10,000 live births have a mutation or deletion of the sur-
vival of motor neuron 1, telomeric (SMN1) gene, resulting
in SMA.1,3

In 2016, nusinersen became the first therapeutic drug
approved for the treatment of SMA. The drug must be admin-
istered as an intrathecal injection because it is unable to cross

the blood-brain barrier.3 Nusinersen requires intrathecal

administration with loading doses on the first, 15th, 30th, and

60th day of treatment, followed by maintenance doses every 4

months for the patient’s lifetime. Traditional interlaminar or

interspinous lumbar puncture is difficult in this population

due to a high prevalence of concomitant neuromuscular scoli-

osis and spinal deformity correction surgery with long-seg-

ment instrumented posterior fusion. Cervical punctures were

also initially considered in some patients; however, all were

precluded by the complex spinal anatomy. The transforaminal

approach to lumbar puncture has emerged as an alternative

approach; however, given the small number of patients with

SMA in any one center, it is difficult to accurately assess a

complication rate.
To assess the safety profile for our institution, we aggregated

our own center’s experience and compared this with the results

of our comprehensive literature review. With our analysis, we

hope to establish a broader, more generalizable safety profile for

the transforaminal lumbar puncture that has proved to be a
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relatively safe and reliable method of intrathecal access as demon-

strated in the SMA population.

MATERIALS AND METHODS
This retrospective study was conducted under an institutional
review board protocol for Clinical Imaging and Outcomes
Research. Funding was provided by the Herman and Gwendolyn
Shapiro Foundation through the University of Wisconsin School
of Medicine and Public Health.

Following consultation with a health sciences librarian because
no review protocol exists, a literature search was performed in
PubMed, Web of Science, and SCOPUS by using the keywords
“transforaminal,” “foraminal,” “spinal puncture,” “lumbar punc-
ture,” and “intrathecal” on June 24, 2020 (Table 1). Articles were
compiled, duplicates were removed, and article abstracts were
reviewed for inclusion in the study. Animal research or articles

that did not contain transforaminal
access to the intrathecal space were
excluded (Figure). Eligible articles were
reviewed, and data were extracted as
feasible on patient demographics, the
number of transforaminal injections,
procedure technique, adverse events,
and conclusions of the studies. Adverse
events were graded based on the
Cardiovascular and Interventional Radio-
logical Society of Europe (CIRSE)
scale.3 Grade I complications are those
that did not require any additional
therapy or change from normal post-
procedural course. Grade II complica-
tions are defined as those requiring a
prolonged hospital stay but no addi-
tional therapy. Grade III complications
require either additional therapy or a
prolonged hospital stay (. 2days), but
without long-term sequelae. Given the
small number of patients with SMA
currently being treated via the transfor-
aminal approach, all studies were
included, despite the high risk of selec-
tion bias, to increase the overall power
of the study.

The SMA data base at our institu-
tion was queried for all patients
undergoing transforaminal lumbar

punctures for nusinersen administration. All patients under-
went a standard procedure planning CT scan at the start of their
therapy, followed by limited localization scanning at the time of
procedure to minimize patient radiation exposure. All proce-
dures were performed by using 22-ga Quincke tip spinal nee-
dles. Needle placement was performed under intermittent
visualization with CT fluoroscopy aiming for the Kambin trian-
gle in the inferior-posterior foramen. All procedures were per-
formed in conjunction with the anesthesiology department,
which administered appropriate sedation for patient comfort.
Routine patient follow-up was performed before patient dis-
charge and at regular intervals after the procedure. The number
of patients, number of injections, and adverse events were col-
lated; adverse events were also graded on the basis of the scale.3

Adverse events were collated for each year, as well as an aggre-
gate total based on the available years’ data.

Table 1: Search queries as entered for the specific databases
Data Base PubMed Web of Science Scopus

Search query (“transforaminal*[All Fields] OR
“foraminal*[All Fields]) AND
(“spinal puncture[MeSH Terms]
OR (“spinal[All Fields] AND
“puncture*[All Fields]) OR
(“lumbar[All Fields] AND
“puncture*[All Fields]) OR
“intrathecal*[All Fields])

TS=(transforaminal* OR foraminal*)
AND TS=((spinal AND puncture*)
OR (lumbar AND puncture*) OR
intrathecal*)

TITLE-ABS-KEY
((transforaminal* OR foraminal*))
AND ( TITLE-ABS-KEY ((spinal
AND puncture*) OR (lumbar
AND puncture*) OR
intrathecal*)) AND (LIMIT-TO
(LANGUAGE, “English”))

FIGURE. Flowchart demonstrating the identification of eligible articles.
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RESULTS
A total of 317 articles were identified by searching the 3 data
bases, in which there were 151 unique articles after duplicates
were reviewed and removed. In addition, 137 records were
excluded after reviewing the article abstracts, because they were
either animal research studies (n¼ 9), did not include a transfora-
minal approach for intrathecal access (n¼ 125), or were not
research articles (n¼ 1) and articles not available in English (n ¼
2). Fourteen full-text articles were then reviewed and 1 additional
article was excluded because it did not include the number of
injections performed (Figure). Most interesting, despite not
including “SMA” in the search terms, no additional articles were
identified outside of this patient population. Only 12 articles
advocated for the transforaminal approach and 1 article (with the
highest complication rate) argued against the safety of this
approach, thus further demonstrating the selection bias present
in these articles. The included articles are summarized below and
in Table 2.

In 2018, Mousa et al4 published a review of 26 children,
undergoing a total of 104 intrathecal injections. There were 44
injections performed in 11 patients with complex spines, all of
which were preceded by a noncontrast lumbar spine CT. There
were 19 injections performed via an interspinous approach, 3
via cervical puncture, and 7 patients underwent a total of 22
transforaminal injections. Three of the transforaminal injec-
tions were performed by using conebeam CT (CBCT) and 19 by
using a biplane fluoroscopy machine. The spinal needles were
22-ga with the length dependent on patient body habitus, but
the type of needle was not noted. They report a single adverse
event of meningismus and back pain at the injection site, but it
is uncertain if this was a patient undergoing a transforaminal
approach. For the purposes of this analysis, this was included as
a CIRSE grade 1 adverse event. In addition, they note that a
transforaminal approach was preferable to a cervical puncture
when available.

The same year, Nascene et al5 published a review of 26 trans-
foraminal injections in 9 patients during a 21-month period. Two
patients did not have SMA (both were complicated postoperative
patients requiring myelography) and 1 injection was performed
with CT guidance and the other under fluoroscopy. All 7 patients
with SMA underwent preprocedural imaging and CT was used
for procedural guidance. The review noted that 22-ga Quincke
(cutting) needles were used and 24 total injections were per-
formed. Four patients developed self-limited headaches and 1
reported injection site pain, for a total of 5 CIRSE grade 1 adverse
events. These data are not included in the 2018 data because they

overlap with an ensuing article from the same group published in
2020.

Finally, the last article from 2018 was published inMuscle and
Nerve by Geraci et al,6 who had a total of 14 injections in 5
patients. This article was slightly different in that patients did not
undergo preprocedural imaging and instead had a full diagnos-
tic-quality CT of the lumbar spine at the time of intrathecal injec-
tion. CT was also used to guide needle placement and a 22-ga
Chiba needle was used for each procedure. A single patient devel-
oped postprocedural headache, CIRSE grade 1.

For 2018, there were a total of 36 transforaminal injections
published with 2 adverse events reported, both CIRSE grade 1
(adverse event rate 5.6%).

The following year, 2019, there were 2 published studies.
Bortolani et al7 performed 27 transforaminal injections in 7
patients, all of whom had preprocedural imaging. All procedures
were performed under CT guidance, by using a 22-ga spinal nee-
dle in 4 patients and a 20-ga Chiba needle in 3 patients. They
reported that 1 patient developed a mild headache, CIRSE grade
1. Towbin et al8 had a cohort of 9 patients who underwent 42
transforaminal injections. Patients underwent either radiography
or CT before the procedure and the procedure was performed
under fluoroscopic or CBCT guidance. They used 22-ga Quincke
needles for most of the procedures; however, Whitacre needles
were used if the patient had a history of prior spinal headache,
and a coaxial approach was used with an 18-ga Chiba as a guide
if necessitated by body habitus, while still using a 22-ga needle for
dural puncture. No complications were reported.

For 2019, there were a total of 69 transforaminal injections
published with 1 adverse event reported, CIRSE grade 1 (adverse
event rate 1.4%). Combining the articles from the 2 years gives a
total of 105 injections with 3 adverse events, again all CIRSE
grade 1 (adverse event rate 2.9%).

Most the articles were published in the first half of 2020.
Velayudhan et al9 published a series of 17 transforaminal injec-
tions in 3 patients, all of whom underwent a preprocedural plan-
ning CT and they used CT guidance for the procedure. Either a
20-ga or 22-ga Quincke needle was used for the procedure. There
were 2 headaches in patients in whom 20-ga needles were used,
both of which were self-limited, CIRSE grade 1. In addition, they
report 3 episodes of transient radiculopathy in 2 patients, also
categorized as CIRSE grade 1.

An additional single report of 1 patient undergoing a single
injection was published by Cartwright et al.10 This patient was
transitioned from a fluoroscopically-guided interlaminar lumbar
puncture to a CT-guided transforaminal approach secondary to

Table 2: Number of injections performed by year in the literature and our data with complications, number, and ratea

Year Transforaminal Injections Patients
CIRSE
Grade 1

CIRSE
Grade 2

CIRSE
Grade 3

Overall Adverse
Event Rate

2018 36 16 2 0 0 5.6%
2019 69 16 1 0 0 1.4%
2020 451 74 31 2 3 6.9%
Total 556 106 34 2 3 7%
Adverse event rate 5.8% 0.3% 0.5%
Institutional experience 42 8 1 0 0 2.4%

a Data include the total adverse event rate categorized by CIRSE grade as well as by year.
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discomfort during prior 7 interlaminar approach procedures. No
complication was reported.

Weaver et al11 published the largest series of transforaminal
injections – 200 injections in 28 patients. Preprocedural plan-
ning was performed with CT and a 22-ga Quincke needle was
used in 199 procedures; a single procedure was performed with
a 24-ga Sprotte Spinal needle (Teleflex Medical). There were
187 procedures performed with CBCT and 13 performed under
fluoroscopic guidance. Three patients developed transient ra-
diculopathy, 2 patients developed self-limited headache, and 2
patients developed headache that responded to gabapentin for a
total of 7 CIRSE grade 1 complications. One patient developed
meningitis that was attributed to the nusinersen after CSF tests
were negative for bacterial infection (CIRSE grade 2) and 1
patient was admitted for observation and antibiotics after possi-
ble traversal of the large bowel during the procedure (CIRSE
grade 3).

Another large group of procedures, 85 transforaminal injec-
tions in 9 patients, was reported the same year by Shokuhfar
et al,12 including both adult and pediatric patients. All patients
underwent preprocedural planning CT and most patients under-
went a fluoroscopically-guided procedure (all pediatric patients
and 29 of 39 adult patients), with the remainder of procedures
performed using CBCT guidance. Whitacre needles were used
for all procedures; however, the gauge was not reported. Two
complications were reported, but the technique used was not
included. A pediatric patient developed constipation and urinary
tenesmus, which was successfully treated with polyethylene glycol
3350 (Miralax) (CIRSE grade 1). An adult patient developed
bilateral radicular pain after the first injection; no epidural hema-
toma was visualized on imaging and the pain responded to a sin-
gle dose of opioid medication (CIRSE grade 1).

A different approach was described by Jacobson et al,13 using
a coaxial curved-needle technique in 59 procedures performed in
12 patients. Three of the patients had preprocedural CT with the
procedures performed under fluoroscopy using a 25-ga coaxial
Pakter Curved Needle (Cook). One patient developed a headache
that required admission for transforaminal epidural blood patch
placement (CIRSE grade 3) and 2 patients had dorsal muscular
arterial branch puncture during placement of the 21-ga coaxial
needle without complication (CIRSE grade 1).

Özütemiz et al14 published a series of 65 transforaminal injec-
tions in 13 patients; however, there is a 10-month overlap with
the previous publication from this group (Nascene et al,5 2018).
It is unclear how many of these patients were included in the
original analysis. For the purposes of our analysis, we elected to
include this cohort of patients in the analysis. All patients under-
went preprocedural low-dose CT scanning of the lumbar spine.
One patient started the procedure by using fluoroscopic guidance
but was transitioned to CT guidance after concern for renal punc-
ture (without adverse outcome – CIRSE grade 1); the remaining
procedures were performed under CT guidance from the initia-
tion. The length of the needle was determined by patient body
habitus with 64 patients having the procedure performed with a
22-ga Quincke needle and 1 patient with a 25-ga Quincke needle.
Eight patients had postprocedural headaches, 1 of which lasted
more than a day (CIRSE grade 1). One patient developed hot

flashes, 2 had soreness, and 1 developed self-limited radicular
pain (CIRSE grade 1). There was a single CIRSE grade 2 compli-
cation of radiculopathy requiring emergency department admit-
tance and use of narcotic pain management.

Spiliopoulos et al15 reported on 20 transforaminal injections
performed in 5 patients. All patients underwent lumbar spine CT
for procedure planning with limited CT used to evaluate the nee-
dle trajectory and advancement. Procedures were performed by
using 23-ga Chiba needles. No complications were reported.

Finally, an article was published by Cordts et al16 detailing
their experience performing 4 transforaminal injections in 3
patients. None of the patients underwent preprocedural imaging
but CT was used for procedural guidance. Needle type and length
were not reported, but the needle gauge was 18–22. Two patients
developed self-limited radiculopathy (CIRSE grade 1). One
patient developed severe head and back pain for 1 week, necessi-
tating hospitalization; however, the treatment was not reported
(CIRSE grade 3). Given the 75% adverse event rate in their
patient population, the authors advocate for consideration of
laminar drilling to create a posterior approach. However, the nee-
dle gauge used in this study was significantly larger than that in
any of the other publications, which may have contributed to the
higher complication rate.

For 2020, there were 451 transforaminal injections published
with a total of 36 adverse events (6.9% adverse event rate). Of the
adverse events, 30 were CIRSE grade 1, 2 were grade 2, and 3
were grade 3. In total, this gives an aggregate of 582 injections
with an overall adverse event rate of 5.8% (34 total adverse
events) as detailed in Table 2. The most common type of compli-
cation was headache (n¼ 19), followed by radiculopathy (n¼ 10)
and back pain/soreness (n¼ 4). Most of the adverse events
were CIRSE grade 1 (34 – 5.8% rate) with 0.3% grade 2 and 0.5%
grade 3.

When available, type of needle used in the procedure was
evaluated; note that this information was not included in all stud-
ies. The number of procedures performed with cutting (Quincke)
needles was 216 with 17 CIRSE grade 1 adverse events.
Noncutting needle types included Whitacre, Chiba, spinal, and
the Pakter Curved Needle with a total of 206 procedures per-
formed with 7 adverse events (6 CIRSE grade 1, 1 CIRSE grade
3). The Pakter Curved Needle system was the only curved system
used and had 3 adverse events of which 2 were grade 1 and 1 was
grade 3 (5.1% adverse event rate). The overall adverse event rate
for cutting needles was 7.9% and for noncutting needles was 3.4%
(Table 3).

Procedural guidance varied on the basis of operator prefer-
ence; granular delineation was not included in all studies. Cross-
sectional guidance techniques provide the advantage of direct vis-
ualization of other structures that may be encountered along the
needle path, with a theoretic decreased risk of traversing the
bowel or kidneys with these far lateral needle approaches. Most
procedures were performed under CT guidance, but several
authors noted transitioning patients to CT or CBCT after unsuc-
cessful fluoroscopic procedures (Table 4). The higher adverse
event rate may therefore reflect the more complicated anatomy
necessitating CT guidance. The only 2 groups included in the flu-
oroscopically-guided procedures were the patients reported by
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Jacobson et al13 using the curved needle technique and the pedi-
atric cohort reported by Shokuhfar et al.12 Towbin et al8 did not
report the number of each technique used, but did note that
CBCT and CT were initially used for guidance before transition-
ing to fluoroscopy. Nearly all of the studies included preproce-
dural CT for planning purposes with the following exceptions:
Jacobson et al13 (curved coaxial technique), Cordts et al16 (larger
needle bore), and Geraci et al6 (instead performed full-dose CT
for each procedure). Given the additional variables in each of
these publications, the decision was made not to separately evalu-
ate for any correlation between performing preprocedural imag-
ing and the adverse event rate.

At our institution, a total of 42 transforaminal injections have
been performed in 8 patients. All procedures were performed with
22-ga Quincke type spinal needles with lengths of 3.5, 5, or 7
inches depending on preprocedural images obtained for planning.
A single adverse event occurred (2.4% adverse event rate) in 2018,
which was deemed to be a CIRSE grade 2 because the patient
required inpatient hospitalization for pain management after
developing a noncompressive epidural hematoma. The epidural
hematoma spontaneously resolved without surgical intervention.

DISCUSSION
The advent of an effective intrathecal treatment for SMA result-
ing in dramatic clinical improvement has driven the need for the
development and use of alternative pathways to access the subar-
achnoid space.17 The presence of neuromuscular scoliosis and
spinal deformity correction surgery in a large number of these
patients complicates the ability to use standard posterior
approaches. There are publications supporting the use of cervical
puncture by using both fluoroscopic and sonographic guid-
ance;18,19 however, this can be precluded given the nonstandard
occipitocervical anatomy in this patient population.

Because the transforaminal approach is technically more
challenging than a traditional posterior approach – either

interlaminar or interspinous – and has a theoretically potentially
higher risk, it is not advocated as a primary approach at our insti-
tution. Recently numerous patient series have been published in
which transforaminal lumbar puncture was used; however, these
publications were limited due to relatively small patient popula-
tions. We have aggregated the published multicenter experience
with the transforaminal lumbar puncture to assess the safety pro-
file and determine a more generalizable complication rate. Most
interesting, there was no clear pattern to the adverse event per-
centage. It did not parallel the number of transforaminal injec-
tions performed, nor the institutional experience (as reported).
One study (Cordts et al16) did report a much higher adverse
event rate; however, this may be related to the large needle gauge
used in their procedures, because both the needle gauge and the
adverse event rate seemed to be outliers. Overall, there was a low
rate of significant complication from transforaminal approach
lumbar puncture in the patients with SMA after spinal fusion
surgery (,1% grade 2 or 3) despite the small number of total
procedures (623 procedures total).

During our literature search, we found it interesting that most
transforaminal lumbar puncture literature was exclusively
focused on the patient population with SMA, without a single
publication outside of this patient population even though our
search terms were not restricted to this population. Therefore, we
must acknowledge that the generalizability of this safety profile is
limited to patients with SMA, and additional work would be
needed to determine the safety in the general population, despite
the 2 successful patients reported by Nascene et al.5 The mor-
phology of the foraminal anatomy with a generally exaggerated
craniocaudal dimension of the neural foramen may reduce the
risk of procedural complications.

Although this literature review addresses the overall safety of
the technique, it does not address procedural specifics. The com-
mon pathway in all publications is that the neural foramen is
traversed by a needle, with a favorable safety profile; however,

Table 3: Number of adverse events by needle typea

Needle Type Transforaminal Injections Adverse Event Number
CIRSE
Grade 1

CIRSE
Grade 2

CIRSE
Grade 3 Adverse Event Rate

Quincke 216 17 17 0 0
Cutting needles 7.9%
Sprotte 1 0 0 0 0
Whitacre 85 2 2 0 0
Chiba 14 1 1 0 0
Spinal or Chiba 27 1 1 0 0
Pakter 59 3 2 0 1
Chiba 20 0 0 0 0
Noncutting needles 206 7 6 0 1 3.4%

a Note that 1 publication reported by using either a spinal or Chiba type needle without delineation of complication rate separately.

Table 4: Number of adverse events by imaging technique

Technique Transforaminal Injections Adverse Event Number
CIRSE
Grade 1

CIRSE
Grade 2

CIRSE
Grade 3 Adverse Event Rate

CT 133 19 17 1 1 14.3%
Fluoroscopy 104 4 3 0 1 3.8%
CBCT 39 1 1 0 0 2.6%
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there is a large heterogeneity in procedural technique, including
imaging guidance (CT versus fluoroscopy) and needle character-
istics (needle gauge, type of tip, needle curve, and the use or ab-
sence of a guide needle). While most articles focused on CT
guidance, there are several institutions that preferentially use ei-
ther fluoroscopy or CBCT and some that report a combination
(starting the procedures with fluoroscopy and transitioning to ei-
ther CT or CBCT if difficulty was encountered). The determina-
tion of the benefits of one technique over the other is beyond the
scope of this article and is dependent on multiple factors, includ-
ing operator preference and experience. An additional procedural
component not addressed in this review is the use of general an-
esthesia or other methods of sedation during the procedures; this
was variable between institutions and was not regularly men-
tioned in the available literature. It is unlikely to affect the com-
plication rate.

A significant limitation of our review is the inability to accu-
rately report complications, because not all complications are
likely included in the publication, resulting in significant selection
bias. In addition, there is little information regarding how adverse
events were reported and what postprocedural follow-up was per-
formed, further limiting the accuracy of the adverse event rate.
The published rates (,1% CIRSE grade 2 or higher) are lower
than our institutional experience (2.4%); however, we have a
small internal patient population with a single adverse event.

There are now both oral (risdiplam) and intravenous (ona-
semnogene abeparvovec-xioi) treatments for SMA; however,
anecdotally, most of our patient population has continued with
nusinersen treatment given their previous responses to therapy.
Treatment of patients with SMA requires an interdisciplinary
team approach for success. Maintaining intrathecal access is of
paramount importance to ensure continued delivery of therapy.
The published literature supports our anecdotal experience that
the transforaminal approach has a favorable safety profile in the
SMA population.

CONCLUSIONS
This literature review of all available transforaminal lumbar
puncture complication data in the administration of nusinersen
demonstrates a favorable safety profile with a low complication
rate (,1% CIRSE grades 2 and 3). This is congruent with our
own institution experience. Despite a heterogeneous approach to
the procedure across institutions, it appears that this is a safe al-
ternative option for intrathecal access in patients with SMA and
may have larger applicability in the general population.

Disclosures: Marissa Schoepp—RELATED: Grant: Shapiro Grant, Comments:
summer research funding program for medical students at the University of
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Research consultant.

REFERENCES
1. Lunn MR, Wang CH. Spinal muscular atrophy. Lancet 2008;371:2120–

33 CrossRef Medline
2. Stolte B, Totzeck A, Kizina K, et al. Feasibility and safety of intrathe-

cal treatment with nusinersen in adult patients with spinal muscular

atrophy. Ther Adv Neurol Disord 2018;11:1756286418803246 CrossRef
Medline

3. Filippiadis DK, Binkert C, Pellerin O, et al. CIRSE quality assurance
document and standards for classification of complications: the
CIRSE classification system. Cardiovasc Intervent Radiol 2017;40:1141–
6 CrossRef Medline

4. Mousa MA, Aria DJ, Schaefer CM, et al. A comprehensive institu-
tional overview of intrathecal nusinersen injections for spinal mus-
cular atrophy. Pediatr Radiology 2018;48:1797–805 CrossRef Medline

5. Nascene DR, Ozutemiz C, Estby H, et al. Transforaminal lumbar
puncture: an alternative technique in patients with challenging
access. AJNR Am J Neuroradiol 2018;39:986–91 CrossRef Medline

6. Geraci AP, Black K, Jin M, et al. Transforaminal lumbar puncture
for intrathecal nusinersen administration. Muscle Nerve 2018 Jan
24 [Epub ahead of print] CrossRef

7. Bortolani S, Stura G, Ventilii G, et al. Intrathecal administration of
nusinersen in adult and adolescent patients with spinal muscular at-
rophy and scoliosis: transforaminal versus conventional approach.
Neuromuscul Disord 2019;29:742–46 CrossRef Medline

8. Towbin R, Schaefer C, Kaye R, et al. The complex spine in children
with spinal muscular atrophy: the transforaminal approach - a
transformative technique. AJNR Am J Neuroradiol 2019;40:1422–26
CrossRef Medline

9. Velayudhan V, Patel S, Danziger A, et al. Transforaminal lumbar
puncture for intrathecal access: case series with literature review
and comparison to other techniques. J Clin Neurosci 2020;72:114–
18 CrossRef Medline

10. Cartwright MS, Ward ZT, White EP, et al. Intrathecal delivery of
nusinersen in individuals with complicated spines. Muscle and
Nerve 2020;62:114–18 CrossRef Medline

11. Weaver JJ, Hallam DK, Chick JFB, et al. Transforaminal intrathecal
delivery of nusinersen for older children and adults with spinal
muscular atrophy and complex spinal anatomy: an analysis of 200
consecutive injections. J Neurointerv Surg 2021;13:75–78 CrossRef
Medline

12. Shokuhfar T, Abdalla RN, Hurley MC, et al. Transforaminal intra-
thecal access for injection of nusinersen in adult and pediatric
patients with spinal muscular atrophy. J Pediatr Neurol 2020;18:88–
94 CrossRef

13. Jacobson JP, Cristiano BC, Hoss DR. Simple fluoroscopy-guided
transforaminal lumbar puncture: safety and effectiveness of a
coaxial curved-needle technique in patients with spinal muscular
atrophy and complex spines. AJNR Am J Neuroradiol 2020;41:183–
88 CrossRef Medline

14. Özütemiz C, Karachunski P, Nascene D.R. Nusinersen injections in
adults and children with spinal muscular atrophy: a single-center
experience. Diagn Interv Radiol 2020;26:596–602 CrossRef Medline

15. Spiliopoulos S, Reppas L, Zompola C, et al. Computed-tomography-
guided transforaminal intrathecal nusinersen injection in adults
with spinal muscular atrophy type 2 and severe spinal deformity:
feasibility, safety and radiation exposure considerations. Eur J
Neurol 2020;27:1343–49 CrossRef

16. Cordts I, Lingor P, Friedrich B, et al. Intrathecal nusinersen admin-
istration in adult spinal muscular atrophy patients with complex
spinal anatomy. Ther Adv Neurol Disord 2020;13:1756286419887616
CrossRef Medline

17. Claborn MK, Stevens DL, Walker CK, et al. Nusinersen: a treat-
ment for spinal muscular atrophy. Ann Pharmacother 2019;53:61–
69 CrossRef Medline

18. Veerapandiyan A, Pal R, D’Ambrosio S, et al. Cervical puncture to
deliver nusinersen in patients with spinal muscular atrophy.
Neurology 2018;91:e620–24 CrossRef Medline

19. Ortiz CB, Kukreja KU, Lotze TE, et al. Ultrasound-guided cervical
puncture for nusinersen administration in adolescents. Pediatr
Radiol 2019;49:136–40 CrossRef Medline

AJNR Am J Neuroradiol 42:980–85 May 2021 www.ajnr.org 985

http://dx.doi.org/10.1016/S0140-6736(08)60921-6
https://www.ncbi.nlm.nih.gov/pubmed/18572081
http://dx.doi.org/10.1177/1756286418803246
https://www.ncbi.nlm.nih.gov/pubmed/30305849
http://dx.doi.org/10.1007/s00270-017-1703-4
https://www.ncbi.nlm.nih.gov/pubmed/28584945
http://dx.doi.org/10.1007/s00247-018-4206-9
https://www.ncbi.nlm.nih.gov/pubmed/30022258
http://dx.doi.org/10.3174/ajnr.A5596
https://www.ncbi.nlm.nih.gov/pubmed/29567652
http://dx.doi.org/10.1002/mus.26082
http://dx.doi.org/10.1016/j.nmd.2019.08.007
https://www.ncbi.nlm.nih.gov/pubmed/31604650
http://dx.doi.org/10.3174/ajnr.A6131
https://www.ncbi.nlm.nih.gov/pubmed/31296522
http://dx.doi.org/10.1016/j.jocn.2019.12.056
https://www.ncbi.nlm.nih.gov/pubmed/31980274
http://dx.doi.org/10.1002/mus.26899
https://www.ncbi.nlm.nih.gov/pubmed/32319101
http://dx.doi.org/10.1136/neurintsurg-2020-016058
https://www.ncbi.nlm.nih.gov/pubmed/32471828
http://dx.doi.org/10.1055/s-0039-1697583
http://dx.doi.org/10.3174/ajnr.A6351
https://www.ncbi.nlm.nih.gov/pubmed/31831464
http://dx.doi.org/10.5152/dir.2020.19607
https://www.ncbi.nlm.nih.gov/pubmed/32436843
http://dx.doi.org/10.1111/ene.14245
http://dx.doi.org/10.1177/1756286419887616
https://www.ncbi.nlm.nih.gov/pubmed/32010224
http://dx.doi.org/10.1177/1060028018789956
https://www.ncbi.nlm.nih.gov/pubmed/30008228
http://dx.doi.org/10.1212/WNL.0000000000006006
https://www.ncbi.nlm.nih.gov/pubmed/30006410
http://dx.doi.org/10.1007/s00247-018-4240-7
https://www.ncbi.nlm.nih.gov/pubmed/30167764


ORIGINAL RESEARCH
SPINE

Spinal Compliance Curves: Preliminary Experience with a
New Tool for Evaluating Suspected CSF

Venous Fistulas on CT Myelography in Patients
with Spontaneous Intracranial Hypotension

M.T. Caton Jr, B. Laguna, K.A. Soderlund, W.P. Dillon, and V.N. Shah

ABSTRACT

BACKGROUND AND PURPOSE: Craniospinal space compliance reflects the distensibility of the spinal and intracranial CSF spaces as
a system. Craniospinal space compliance has been studied in intracranial pathologies, but data are limited in assessing it in spinal
CSF leak. This study describes a method to estimate craniospinal space compliance using saline infusion during CT myelography
and explores the use of craniospinal space compliance and pressure-volume curves in patients with suspected cerebrospinal-venous
fistula.

MATERIALS AND METHODS: Patients with suspected cerebrospinal-venous fistula underwent dynamic CT myelography. During the
procedure, 1- to 5-mL boluses of saline were infused, and incremental changes in CSF pressure were recorded. These data were
used to plot craniospinal space compliance curves. We calculated 3 quantitative craniospinal space compliance parameters: overall
compliance, compliance at opening pressure, and the pressure volume index. These variables were compared between patients
with confirmed cerebrospinal-venous fistula and those with no confirmed source of CSF leak.

RESULTS: Thirty-four CT myelograms in 22 patients were analyzed. Eight of 22 (36.4%) patients had confirmed cerebrospinal-venous
fistulas. Bolus infusion was well-tolerated with no complications and transient headache in 2/34 (5.8%). Patients with confirmed cer-
ebrospinal-venous fistulas had higher compliance at opening pressure and overall compliance (2.6 versus 1.8mL/cm H20, P , .01).
There was no difference in the pressure volume index (77.5 versus 54.3mL, P = .13) between groups.

CONCLUSIONS: A method of deriving craniospinal space compliance curves using saline intrathecal infusion is described.
Preliminary analysis of craniospinal space compliance curves provides qualitative and quantitative information about pressure-vol-
ume dynamics and may serve as a diagnostic tool in patients with known or suspected cerebrospinal-venous fistulas.

ABBREVIATIONS: Cop ¼ compliance at opening pressure; CSC ¼ cerebrospinal space compliance; CTM ¼ CT myelography; CVF ¼ cerebrospinal-venous fis-
tula; PVI ¼ pressure-volume index; SIH ¼ spontaneous intracranial hypotension

Spontaneous intracranial hypotension (SIH) is a debilitating-
but-potentially curable syndrome caused by spinal CSF leakage.

CSF-venous fistulas (CVFs) are a recently discovered cause of SIH
and should be suspected in patients with persistent clinical and
brain imaging features of SIH who lack extradural CSF on CT or
MR myelography.1 CVFs are challenging to diagnose and may be
position-, volume-, and pressure-dependent; therefore, the true
prevalence is likely underestimated.2-4 Dynamic CT myelography
(CTM) and digital subtraction fluoroscopy can facilitate diagnosis,

but the sensitivity of these techniques remains modest.5 The patho-

physiology of CVF remains poorly understood but is closely tied to

the pressure-volume dynamics of the craniospinal axis.2 Knowledge

of patient-specific CSF pressure-volume dynamics may, therefore,

aid in CVF diagnosis and improve our understanding of CVF

pathogenesis.
Craniospinal space compliance (CSC) reflects the distensibil-

ity of the CSF system as a change in volume relative to a change
in pressure.6 Building on the Monro-Kellie doctrine, work by
Shapiro et al7 showed that CSC forms an exponential rather than
linear curve. They defined the pressure-volume index (PVI) as a
reproducible measure of CSC accounting for this nonlinear rela-
tionship, mathematically representing the infusion volume neces-
sary to raise CSF pressure by an order of magnitude.7

Later work showed that the PVI can be reliably calculated
using bolus-response measurements as opposed to steady-state
infusion, more easily performed during routine myelography.8
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Recent work and our experience indicate that CVF detection is
improved with CSF pressure augmentation, which can be achieved
with patient positioning, respiratory phase variation, or fluid infu-
sion to the thecal sac.3,9-11 Building on prior studies of CSF pres-
sure-volume dynamics using intrathecal CSF infusion in healthy
subjects12,13and in pathologic states such as normal-pressure hy-
drocephalus,14 we aimed to present our preliminary experience in
estimating CSF compliance and PVI using bolus CSF pressure aug-
mentation in patients with SIH suspected of having a CVF.

MATERIALS AND METHODS
In this retrospective case series, we reviewed clinical and imaging
records of adult patients with clinical and brain imaging features of
SIH suspected of having a CVF from 2015 to 2019 at a single, terti-
ary referral center. Inclusion criteria were as follows: 1) All patients
underwent an initial work-up comprising brain MR imaging and ei-
ther spine MR imaging or conventional myelography, 2) all patients
met the International Classification of Headache Disorders-3 criteria
for SIH, and 3) each patient had at least 2 pressure-volume point
recordings. Patients with SIH who did not meet these criteria or had
confirmation of a non-CVF cause of SIH were excluded. Our insti-
tutional CSF leak spine imaging protocol comprises fat-saturated,
T2-weighted images of the whole spine in sagittal and coronal
planes. In each case, there were findings of SIH on brain MR imag-
ing and no extradural collection on spine MR imaging or conven-
tional myelography. These patients underwent dynamic decubitus,
positive-pressure CTM. Patients were classified as having either con-
firmed CVF (imaging and/or surgical diagnosis) or no definite etiol-
ogy diagnosed for CSF leak.

CT Myelography Technique
All CTMs were performed by 2 experienced spinal neuroradiolo-
gists. A 22-ga Quincke spinal needle (BD) was placed under

intermittent CT fluoroscopy (Discovery
CT 750; GE Healthcare) with the
patient in the decubitus position.
Intrathecal position was confirmed with
a test dose of 0.5–1 mL of iohexol
contrast (Omnipaque 300 mg; GE
Healthcare). Opening CSF pressure
was recorded using Glass-Tube
(CareFusion) or a digital manome-
ter (Compass; Centurion), allowing
equilibration through several respi-
ratory and cardiac cycles, typically
10–15 seconds (this approach was
used both pre- and post-bolus infu-
sion). Intrathecal pressure was recorded
following serial infusions of normal sa-
line in 1- to 5-mL boluses. When an
inflection in CSF pressure (ie, a greater-
than-expected change in pressure per
bolus, shown in Fig 1) was observed,
typically after 10–15 mL of infusion
or positive-pressure augmentation
was otherwise deemed adequate by
the operator, CSF pressure was again

recorded, and 8–10 mL of Omnipaque 300mg was then instilled.
Saline bolus infusion was also stopped if patients developed symp-
toms or peak CSF pressure approached 25–30 cm H20 to avoid
headache and acute visual changes, on the basis of empiric experi-
ence of an experienced spine neuroradiologist (unpublished data,
W.P.D., May, 2020) and in consultation with a spine neurosur-
geon. If the initial CTM was nondiagnostic, a subsequent CTM
was performed with the patient in the opposite decubitus position
on the following day. At our institution, decubitus dynamic CTM
is performed using the HoverMatt device (HoverTech
International), which allows rapid transient Trendelenburg posi-
tioning for approximately 10 seconds, which is then immediately
reversed. Following this maneuver, diagnostic-dose CT is per-
formed with the patient in the decubitus position (typically with
140 kV[peak] and 240 mA) in a dynamic caudal-cranial followed
by cranial-caudal fashion, to optimally visualize signs of CVF.

CSF Compliance Analysis and Parameter Calculation
Serial CSF pressure and infusion volume recordings were plotted
to generate CSC curves (Fig 1). The PVI was calculated for each
patient according to the method of Marmarou et al.15 This
method uses log-transformation of the exponential CSF compli-
ance curve to simplify the calculation (Equation 1):

PVI ¼ DV
log=10

Pp
Po

:

In this formula, DV is the incremental change in volume,
equal to the normal saline bolus. Pp is the final (peak) pressure,
and P0 is the initial pressure. The PVI value can then be used to
estimate CSF-space compliance using an experimentally derived
constant function for a given pressure.7 To estimate the compli-
ance of the system in equilibrium, we calculated the compliance

FIG 1. Sample craniospinal compliance curves in a 51-year-old man confirmed to have CVF at
operation. Combined plot of 2 CTMs with dashed lines showing a linear approximation of com-
pliance (A). Initial nondiagnostic CTM (B) shows a roughly sigmoid pattern with an inflection point
seen after a �15-mL normal saline bolus was administered (black curved arrow). Repeat CTM
with more aggressive positive-pressure augmentation shows an abrupt loss of pressure (purple
arrows) after infusion volume of 27mL of normal saline (C). The CVF became apparent only after
pressure was increased beyond this threshold point.
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at opening pressure using the following equation, assigning the
value of Pressure as the measured opening pressure (Equation 2):

Compliance ¼ 0:4343� PVI
Pressure

:

CSF-space compliance was also estimated as slope�1 of the
line of best fit estimated using linear regression of the pressure-
volume curves (Fig 1A).16 Whereas Equation 2 defines the com-
pliance at a particular pressure, the linear regression approxi-
mates the compliance over the range of pressures interrogated
during saline infusion.

Statistical comparison of continuous variables between groups
was assessed with Student t tests or the Mann-Whitney U test as
appropriate. Frequency data were compared using the Pearson
x 2 test. P values , .05 were considered statistically significant.
Statistical analyses were performed using R statistical and com-
puting software (Version 3.6.2; http://www.r-project.org/).

RESULTS
Patient Characteristics
A total of 34 CTMs performed in 22 patients were included in the
analysis (14 patients had a single CTM, 5 had 2 CTMs, 2 patients
had 3 CTMs, and 1 patient had 4 CTMs). Patient demographic
characteristics and a summary of CSC parameters by group are
shown in Table 1. The mean age was 57.3 [SD, 13.7] years, and
59.1% of patients were women. Eight patients (36.4%) were diag-
nosed with confirmed CVF (4 by imaging and surgery, 4 by imag-
ing alone), and the remaining 14 remained undiagnosed. There
were no immediate postprocedural complications; however, 2
patients developed mild headaches during the injection (2/34
procedures, 5.8%), which resolved promptly during postproce-
dural observation.

The mean total normal saline bolus infusion volume was 20.7
[SD, 1.8]mL; range, 4 –41mL with significantly higher infusion
volume in the confirmed CVF compared with the unconfirmed
CVF group (P, . 001). Mean opening pressure was lower in the
confirmed CVF group (9.8 [SD, 0.9] versus 12.8 [SD, 0.8] cm

H20, P¼ . 02). The average relative increase in CSF pressure from
opening pressure baseline was 146.7% [SD, 17.3%] with no differ-
ence between the confirmed/unconfirmed CVF groups (148.5%
[SD, 17.9%] versus 145.4% [SD, 27.0%], P¼ . 93). The average
peak CSF pressure after bolus augmentation was 26.3 [SD,
1.3] cm H20 (interquartile range 16.3�36.3 cm H20). Peak CSF
pressures were lower in the group with confirmed CVF, but the
mean difference was not statistically significant (23.2 [SD, 2.1]
versus 28.4 [SD, 1.6] cm H20, P¼ .06).

Craniospinal Compliance Parameters
The mean CSC parameters are summarized in Table 1. The mean
PVI for all patients was 63.9 [SD, 7.5]mL. The mean PVI was
higher in patients with confirmed CVF, but this difference was
not statistically significant (PVI¼ 77.5 [SD, 10.3] versus 54.3
[SD, 10.1]mL/cm H20, P¼ .13). Patients with confirmed CVF
had significantly higher compliance at opening pressure (Cop)
(mean¼ 3.8 [SD, 0.5]mL/cm H20) than the unconfirmed CVF
group (mean¼ 1.8 [SD, 0.3]mL/cm H20, P # .001). The patient
group with confirmed CVF also had higher overall compliance
across the range of CSF pressure values compared with patients
with unconfirmed CVF (mean¼ 3.1 [SD, 0.6] versus 1.3 [SD,
0.3]mL/cm H20, P¼ .005). Sex-related differences are shown in
Table 2. No significant differences were observed between men
and women for opening pressure, PVI, Cop, or overall compliance
(P. .05, all cases).

CSC-Curve Morphology
We observed a spectrum of CSC curve shapes, including curves
that were roughly linear, sigmoid, and exponential. We also
found 2 distinct patterns that may have particular clinical rele-
vance. A sudden drop in measured pressure during positive-pres-
sure augmentation was observed in 11/34 (32.4%) patients (Fig
1). No difference in the frequency of this curve morphology was
seen between the confirmed and unconfirmed CVF groups
(28.6% versus 35.0%, P =.69). Continued administration of
normal saline boluses after the pressure drop resulted in

Table 1: Demographic and CSF pressure-volume parameters for patients with clinical and imaging features of SIH, all of whom
were suspected of having CVFa

Total (n = 22)
Definite or Probable CVF

(n = 8) No CVF Identified (n = 14)
P

Value
Age (yr) 57.3 60.0 55.8 .5
Sex 59.1% F 37.5% F 71.4% F .12
Increase in relative pressure during
normal saline infusion (cm H20)

146.7% (SD, 17.3%) 148.5% (SD, 17.9%) 145.4% (SD, 27.0%) .93

Total volume infusion (mL) 20.7 (SD, 1.8) 27.6 (SD, 2.9) 15.9 (SD, 4.1) ,.001
CSC curves with abrupt pressure loss 11/34 (32.4%) 4/14 (28.6%) 7/20 (35.0%) .69
Opening pressure (cm H20) 11.6 (SD, 3.8) 9.8 (SD, 0.9) 12.8 (SD, 0.8) .02
PVIb (mL H20) 63.9 (SD, 7.5) 77.5 (SD, 10.3) 54.3 (SD, 10.1) .13
Cop

c (mL/cm H20) 2.6 (SD, 0.3) mL/cm H20 3.8 (SD, 0.5) mL/cm H20 1.8 (SD, 0.3) mL/cm H20 ,.001
Overall compliance (linear slope of CSC
curve) (mL/cm H20)

2.0 (SD, 0.3) 3.1 (SD, 0.6) 1.3 (SD, 0.3) .005

a Eight patients had definite or probable CVF diagnosed on CTM, and the remaining cases (14/22) remain unconfirmed. All P values represent comparison of diagnosed-
versus-undiagnosed groups. Data represent either proportions or mean values with standard deviation (SD).
b Equation 1.
c Equation 2.
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reconstitution of the CSC slope in each case, though multiple/
recurrent drops were observed in some instances (Fig 2).

DISCUSSION
We report a method of generating craniospinal compliance curves
derived from CT myelography and characterize these curves in a
preliminary analysis of patients with SIH and suspected CVF.
Compliance measurements (Cop, overall CSC compliance) in
patients with confirmed CVFs were statistically different from
those in patients with SIH in whom a final etiology of CSF leak
could not be identified. Using a hand-bolus injection as a simple
and reproducible alternative to continuous infusion techniques, we
show how patient-specific models of pressure-volume dynamics
can be reconstructed and the PVI can be estimated.

Although these findings are preliminary, we propose several
potential uses of CSC curves in patients with SIH who undergo
CTM: First, a drop in CSF pressure observed on the CSC curve
may help identify patients with dural leaks or fistulas. Second, there

are probably pressure-dependent CVFs,
that otherwise remain occult without
adequate pressure augmentation (Fig
1). Finally, the documentation of CSF
compliance may also define a patient-
specific baseline, allowing quantification
of treatment response, as we show with
the epidural blood patch (Fig 3). For
example, baseline patient-specific CSC
parameters could be used in patients
who undergo surgical fistula ligation as
a means of confirming successful or
unsuccessful CVF exclusion.

The theoretic basis for CSC curve
analysis in patients with CSF leak war-
rants additional discussion. Abnormal
profiles of PVI and the resistance to
CSF outflow have been described in
patients with intracranial pathology,
including normal-pressure hydroce-
phalus, subarachnoid hemorrhage, and
traumatic brain injury.17-19 However,
contemporary models of CSF-space
compliance treat the cranial and spinal
spaces as communicating compartments
of the same system.6 In these models,
the CSC is analogized to an electrical cir-
cuit with systemic compliance deter-
mined by the additive effects of
cranial and spinal compartments.16,13,20

Abnormal dural compliance in the spi-
nal compartment should, therefore,
influence the entire craniospinal system.
CVF, like all spinal CSF leaks, should, in
theory, increase compliance, but the
pressure-volume relationship is likely
dictated by the dynamic equilibrium of
CSF pressure and venous pressure. Our

observation that in some patients, a sudden collapse of pressure
occurred during saline infusion may indicate that we had reached a
CSF-venous pressure equilibrium point. A further increase in CSF
pressure could conceivably open the leak and provides one explana-
tion for the inflection in compliance observed in this study (Fig 4).
While unproven, this mechanism could provide a physiologic expla-
nation for why CVFs are often occult in the supine position but
manifest when the patient is upright or in the decubitus position or
provocation maneuvers are performed. Our observation is also con-
cordant with work from Amrhein et al,11 which showed increased
conspicuity of the CVF with inspiration, which augments the CSF-
venous pressure gradient increasing venous return to the right
atrium. It has been postulated that such maneuvers open the leak,
which could be detected as a sudden increase in compliance of the
craniospinal system.5,9,21 A similar mechanism was postulated by
Kumar et al,22 who reported indirect treatment of CVFs by reduc-
tion of the CSF-venous gradient using an inferior vena cava stent.

The hand-injection bolus pressure augmentation method is
easily reproducible and does not require additional equipment,

Table 2: CSC parameter differences by sexa

Women Men P Value
Opening pressure (cm H20) 11.5 [SD, 0.8] 11.7 [SD, 1.0] .86b

PVI (mL H20) 57.5 [SD, 9.1] 74.1 [SD,7.0] .29b

Compliance at opening pressure (mL/cm H20) 2.5 [SD, �0.5] 2.9 [SD, 0.4] .06c

Overall compliance (mL/cm H20) 1.7 [SD, 0.4] 2.5 [SD, 0.6] .06b

a Data are mean values with standard deviation (SD).
b Student t test.
cMann-Whitney U test.

FIG 2. A craniospinal compliance curve in a 70-year-old woman with confirmed CVF (A) shows
high compliance (ie, smaller change in pressure per increase in volume) with multiple abrupt pres-
sure drops (arrows) above 10 cm H20. Recent brain MR imaging shows characteristic features of
SIH (B), including reduced mamillopontine distance, low cerebellar tonsils, and pachymeningeal
enhancement. A right T7–8 CVF was identified on decubitus CT myelography (C and D).
Hyperdensity of the paraspinal vein and azygous vein (dashed circle) aids in identification of the
fistula (white arrows). The patient was treated with percutaneous fibrin glue injection.
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unlike previously described methods using steady-state infu-
sion.20,23,24 The hand-bolus technique is more appropriate for
patients with SIH than serial CSF withdrawal, which was

described by Griffith et al25 as a means
of estimating compliance and PVI. This
approach is based in mathematic and
empiric observations showing that the
PVI can be accurately measured using
bolus (rather than steady/continuous)
infusion.8 Although only a single bolus
injection is needed to estimate PVI,
multiple measurements, as used in our
study, may be advantageous to identify
zones in which the pressure-volume
relationship changes more quickly due
to autoregulatory mechanisms.26 While
dynamic CTM is the preferred tech-
nique at our institution, the bolus-
pressure augmentation method could
be performed with conventional or
dynamic fluoroscopy. In this prelimi-
nary experience, we observed no peri-
procedural complications and only 2
instances (5.8%) of transient headache
during bolus infusion. These findings
suggest that this technique has a reason-
able safety profile when pressures and
symptoms are closely monitored.

The interpretation of CSC curves
has several important technical and theoretic limitations. First,
because we did not investigate CSC parameters in controls without
SIH, it is difficult to estimate the diagnostic value of CSC curves in

FIG 4. Schematic of the components of craniospinal compliance and hypothesized physiology
of CVF (CSF = green, arterial blood = red, venous blood = blue). A normal CSC encompasses both
intraventricular and subarachnoid CSF and is defined by cranial and spinal compartments (larger
and smaller boxes, respectively) as well as the arteriovenous vascular bed (A). In dural tear CSF
leak or CVF at low pressure, an equilibrium state (B) may exist in which the leak is occult by CTM.
With special maneuvers (dynamic CTM, respiratory-phase variation, jugular pressure, and bolus-
pressure augmentation), pressure gradients may open the leak, allowing detection on CTM (C).

FIG 3. Craniospinal compliance curve in a 63-year-old woman suspected but not radiographically confirmed to have CVF. Estimated linear com-
pliance for each CTM is shown as a dashed line, approximating the shape of the pressure-volume curve (A). The second CTM was performed af-
ter the blood patch showed an increase in opening pressure (B and C). The effect of the blood patch is diminished on delayed repeat CTM (D),
in which the left side of the curve, including opening pressure, more closely matches the prepatch curve.
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routine practice. A corollary limitation is that comparisons
between confirmed and unconfirmed (suspected) CVFs are inher-
ently limited and should be interpreted conservatively. Another
important limitation is that CSC has been shown to vary with pos-
ture, largely due to shifts and redistribution of venous outflow
through the jugular veins.27 While our data suggest that a rapid
drop in CSF pressure during pressure augmentation may reflect
opening of a pressure-dependent CVF, this effect could plausibly
be due to other physiologic effects such as respiratory phase varia-
tion and the cardiac cycle.11 Definitive correlation could be estab-
lished if the bolus-pressure augmentation technique were
performed during digital subtraction myelography to allow real-
time visualization of the CVF; we would expect that the leak would
become visible or more conspicuous as CSF pressure is increased
with serial intrathecal boluses, controlling for respiratory phase
and cardiac cycle variations.

Another important limitation of our study is that the popula-
tion included in this analysis comprised patients with suspected
CVF who remained undiagnosed after conventional diagnostic
and interventional studies (eg, MR myelography, conventional
CTM). Accordingly, patients with other, non-CVF leaks are not
represented, and the relatively low rate of confirmatory diagnosis
(8/22, 36.4%) in this cohort reflects the diagnostic challenge of
CVF relative to other forms of CSF leak.2 Some of these patients
may have leaks in locations that are more difficult to visualize
(eg, sacrum) or simply CVFs that were not visible at that time.
An additional important limitation of our study is that we did
not assess control patients, and as a result, we did not define dis-
criminatory threshold values of PVI and compliance in healthy
patients. Nonetheless, the mean PVI values in our study (63.9
[SD, 7.5] mL) are higher than those in control patients reported
in the literature, for example by Shapiro et al7 (PVI= 25.9 [SD,
3.7]mL) and by Wahlin et al13 (PVI mean= 9.8 [SD, 2.7mL]),
though methodologic differences may affect comparison., This
finding is consistent with the proposed pathophysiology of CVF
as a high-compliance state. A final limitation is that we did not
use a standardized approach to positive-pressure augmentation
because each operator selected the bolus number and volume
before imaging.

This work is a preliminary exploration of a novel technique in
a dynamic disease process; while these results are promising,
investigation of CSC curves and correlation of steady-state and
bolus-infusion methods should also be performed in the CSF leak
population to confirm the validity of this approach. Future stud-
ies should also establish the boundaries of normal physiology in
control patients.

CONCLUSIONS
This study describes a method of estimating craniospinal compli-
ance during dynamic CT myelography and presents our prelimi-
nary experience in applying this technique in patients with
suspected CVF. This method could be applied prospectively to
evaluate compliance parameters and pressure-volume curve mor-
phology as tools for the diagnosis of CVF and could inform the
practice of spine interventionalists treating these patients.
Disclosures: Benjamin Laguna—OTHER RELATIONSHIPS: Cofounder of a pre-rev-
enue company called Sira Medical (augmented reality).

REFERENCES
1. Schievink WI, Moser FG, Maya MM. CSF–venous fistula in sponta-

neous intracranial hypotension. Neurology 2014;83:472–73 CrossRef
Medline

2. Kranz PG, Amrhein TJ, Gray L. CSF venous fistulas in spontaneous
intracranial hypotension: imaging characteristics on dynamic and
CT myelography. AJR Am J Roentgenol 2017;209:1360–66 CrossRef
Medline

3. Schievink WI. Spontaneous spinal cerebrospinal fluid leaks and in-
tracranial hypotension. JAMA 2006;295:2286–96 CrossRef Medline

4. Hunderfund ANL, Mokri B. Orthostatic headache without CSF
leak. Neurology 2008;71:1902–06 CrossRef Medline

5. Dobrocky T, Mosimann PJ, Zibold F, et al. Cryptogenic cerebrospinal
fluid leaks in spontaneous intracranial hypotension: role of dynamic
CTmyelography. Radiology 2018;289:766–72 CrossRef Medline

6. Burman R, Alperin N, Lee SH, et al. Patient-specific cranio-spinal
compliance distribution using lumped-parameter model: its rela-
tion with ICP over a wide age range. Fluids Barriers CNS 2018;15:29
CrossRef Medline

7. Shapiro K, Marmarou A, Shulman K. Characterization of clinical CSF
dynamics and neural axis compliance using the pressure-volume
index, I: the normal pressure-volume index. Ann Neurol 1980;7:508–
14 CrossRef Medline

8. Tans JT, Poortvliet DC. CSF outflow resistance and pressure-vol-
ume index determined by steady-state and bolus infusions. Clin
Neurol Neurosurg 1985;87:159–65 CrossRef Medline

9. Griffin AS, Lu L, Peacock S, et al.CSF volume provocationmaneuvers
during lumbar puncture as a possible predictive tool for diagnosing
spontaneous intracranial hypotension. Clin Neurol Neurosurg
2019;186:105552 CrossRef Medline

10. Kranz PG, Luetmer PH, Diehn FE, et al. Myelographic techniques
for the detection of spinal CSF leaks in spontaneous intracranial
hypotension. AJR Am J Roentgenol 2016;206:8–19 CrossRef Medline

11. Amrhein TJ, Gray L, Malinzak MD, et al. Respiratory phase affects
the conspicuity of CSF–venous fistulas in spontaneous intracranial
hypotension. AJNR Am J Neuroradiol 2020;41:1754–56 CrossRef
Medline

12. Miller JD, Garibi J, Pickard JD. Induced changes of cerebrospinal
fluid volume: effects during continuous monitoring of ventricular
fluid pressure. Arch Neurol 1973;28:265–69 CrossRef Medline

13. Wåhlin A, Ambarki K, Birgander R, et al. Assessment of craniospi-
nal pressure-volume indices. AJNR Am J Neuroradiol 2010;31:1645–
50 CrossRef Medline

14. Qvarlander S, Lundkvist B, Koskinen L-OD, et al. Pulsatility in CSF
dynamics: pathophysiology of idiopathic normal pressure hydro-
cephalus. J Neurol Neurosurg Psychiatry 2013;84:735–41 CrossRef
Medline

15. Marmarou A, Shulman K, LaMorgese J. Compartmental analysis of
compliance and outflow resistance of the cerebrospinal fluid sys-
tem. J Neurosurg 1975;43:523–34 CrossRef Medline

16. Löfgren J, von EC, Zwetnow NN. The pressure-volume curve of the
cerebrospinal fluid space in dogs. Acta Neurol Scand 1973;49:557–
74 CrossRef Medline

17. Pomschar A, Koerte I, Lee S, et al. MRI evidence for altered venous
drainage and intracranial compliance in mild traumatic brain
injury. PLoS One 2013;8:e55447 CrossRef Medline

18. Eklund A, Smielewski P, Chambers I, et al. Assessment of cerebro-
spinal fluid outflow resistance. Med Biol Eng Comput 2007;45:719–
35 CrossRef Medline

19. Heinsoo M, Eelmäe J, Kuklane M, et al. The possible role of CSF
hydrodynamic parameters following in management of SAH
patients. In: Marmarou A, Bullock R, Avezaat C, et al, eds.
Intracranial Pressure and Neuromonitoring in Brain Injury. Springer-
Verlag; 1998:13–15

20. Tain RW, Bagci AM, Lam BL, et al. Determination of cranio-spinal
canal compliance distribution by MRI: methodology and early
application in idiopathic intracranial hypertension. J Magn Reson
Imaging 2011;34:1397–404 CrossRef Medline

AJNR Am J Neuroradiol 42:986–92 May 2021 www.ajnr.org 991

http://dx.doi.org/10.1212/WNL.0000000000000639
https://www.ncbi.nlm.nih.gov/pubmed/24951475
http://dx.doi.org/10.2214/AJR.17.18351
https://www.ncbi.nlm.nih.gov/pubmed/29023155
http://dx.doi.org/10.1001/jama.295.19.2286
https://www.ncbi.nlm.nih.gov/pubmed/16705110
http://dx.doi.org/10.1212/01.wnl.0000336655.07617.e0
https://www.ncbi.nlm.nih.gov/pubmed/19047563
http://dx.doi.org/10.1148/radiol.2018180732
https://www.ncbi.nlm.nih.gov/pubmed/30226459
http://dx.doi.org/10.1186/s12987-018-0115-4
https://www.ncbi.nlm.nih.gov/pubmed/30428887
http://dx.doi.org/10.1002/ana.410070603
https://www.ncbi.nlm.nih.gov/pubmed/7436357
http://dx.doi.org/10.1016/0303-8467(85)90001-0
https://www.ncbi.nlm.nih.gov/pubmed/4053471
http://dx.doi.org/10.1016/j.clineuro.2019.105552
https://www.ncbi.nlm.nih.gov/pubmed/31639606
http://dx.doi.org/10.2214/AJR.15.14884
https://www.ncbi.nlm.nih.gov/pubmed/26700332
http://dx.doi.org/10.3174/ajnr.A6663"
https://www.ncbi.nlm.nih.gov/pubmed/32675336
http://dx.doi.org/10.1001/archneur.1973.00490220073011
https://www.ncbi.nlm.nih.gov/pubmed/4688432
http://dx.doi.org/10.3174/ajnr.A2166
https://www.ncbi.nlm.nih.gov/pubmed/20595369
http://dx.doi.org/10.1136/jnnp-2012-302924
https://www.ncbi.nlm.nih.gov/pubmed/23408066
http://dx.doi.org/10.3171/jns.1975.43.5.0523
https://www.ncbi.nlm.nih.gov/pubmed/1181384
http://dx.doi.org/10.1111/j.1600-0404.1973.tb01330.x
https://www.ncbi.nlm.nih.gov/pubmed/4770652
http://dx.doi.org/10.1371/journal.pone.0055447
https://www.ncbi.nlm.nih.gov/pubmed/23405151
http://dx.doi.org/10.1007/s11517-007-0199-5
https://www.ncbi.nlm.nih.gov/pubmed/17634761
http://dx.doi.org/10.1002/jmri.22799
https://www.ncbi.nlm.nih.gov/pubmed/21972076


21. Kranz PG, Gray L, Amrhein TJ. Decubitus CT myelography for
detecting subtle CSF leaks in spontaneous intracranial hypoten-
sion. AJNR Am J Neuroradiol 2019;40:754–56 CrossRef Medline

22. Kumar N, Neidert NB, Diehn FE, et al. A novel etiology for cranio-
spinal hypovolemia: a case of inferior vena cava obstruction. J
Neurosurg Spine 2018;29:452–55 CrossRef Medline

23. Beck J, Fung C, Ulrich CT, et al. Cerebrospinal fluid outflow resist-
ance as a diagnostic marker of spontaneous cerebrospinal fluid
leakage. J Neurosurg Spine 2017;27:227–34 CrossRef Medline

24. Weerakkody RA, Czosnyka M, Schuhmann MU, et al. Clinical
assessment of cerebrospinal fluid dynamics in hydrocephalus:

guide to interpretation based on observational study. Acta Neurol
Scand 2011;124:85–98 CrossRef Medline

25. Griffith B, Capobres T, Patel SC, et al. CSF pressure change in rela-
tion to opening pressure and CSF volume removed. AJNR Am J
Neuroradiol 2018;39:1185–90 CrossRef Medline

26. Avezaat CJ, Eijndhoven JH, van Wyper DJ. Cerebrospinal fluid
pulse pressure and intracranial volume-pressure relationships. J
Neurol Neurosurg Psychiatry 1979;42:687–700 CrossRef Medline

27. Alperin N, Lee SH, Sivaramakrishnan A, et al. Quantifying the effect
of posture on intracranial physiology in humans by MRI flow
studies. J Magn Reson Imaging 2005;22:591–96 CrossRef Medline

992 Caton Jr May 2021 www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A5995
https://www.ncbi.nlm.nih.gov/pubmed/30819772
http://dx.doi.org/10.3171/2018.2.SPINE171373
https://www.ncbi.nlm.nih.gov/pubmed/30004315
http://dx.doi.org/10.3171/2017.1.SPINE16548
https://www.ncbi.nlm.nih.gov/pubmed/28574328
http://dx.doi.org/10.1111/j.1600-0404.2010.01467.x
https://www.ncbi.nlm.nih.gov/pubmed/21208195
http://dx.doi.org/10.3174/ajnr.A5642
https://www.ncbi.nlm.nih.gov/pubmed/29724759
http://dx.doi.org/10.1136/jnnp.42.8.687
https://www.ncbi.nlm.nih.gov/pubmed/490174
http://dx.doi.org/10.1002/jmri.20427
https://www.ncbi.nlm.nih.gov/pubmed/16217773


35 YEARS AGO

Celebrating 35 Years of the AJNR
May 1986 edition

AJNR Am J Neuroradiol 42:993 May 2021 www.ajnr.org 993


	AJNR_42_5_May_Cover_Ad_FM_BM_PART_I
	1 AN-AJNR210129_print
	2 AN-AJNR005210000C2
	3 AN-AJNR005210000A1
	4 AN-AJNR005210000A2
	5 TOC AN-AJNR210087_print
	6 AN-AJNR005210000A4
	7 AN-AJNR005210000A6
	8 AN-AJNR210119_print_A8
	9 AN-AJNR005210000B1
	10 AN-AJNR005210000C3
	11 AN-AJNR005210000C4

	Binder1
	807_AN-AJNR200482_print
	808_AN-AJNR200537_print
	815_AN-AJNR210004_print
	824_AN-AJNR210005_print
	831_AN-AJNR210006_print
	838_AN-AJNR200562_print
	845_AN-AJNR210003_print
	853_AN-AJNR200563_print
	861_AN-AJNR210002_print
	868_AN-AJNR200565_print
	875_AN-AJNR210014_print
	882_AN-AJNR200573_print
	888_AN-AJNR210039_print
	896_AN-AJNR200582_print
	904_AN-AJNR210034_print
	910_AN-AJNR210040_print
	916_AN-AJNR210042_print
	921_AN-AJNR200552_print
	926_AN-AJNR210080_print
	927_AN-AJNR210041_print
	930_AN-AJNR200566_print
	938_AN-AJNR210007_print
	945_AN-AJNR200584_print
	951_AN-AJNR200581_print
	955_AN-AJNR200583_print
	961_AN-AJNR210024_print
	969_AN-AJNR210017_print
	975_AN-AJNR200578_print
	980_AN-AJNR200568_print
	986_AN-AJNR200577_print
	993_AN-AJNR200404_print



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




