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REVIEW ARTICLE

MR-Eye: High-Resolution Microscopy Coil MRI for the
Assessment of the Orbit and Periorbital Structures, Part 2:

Clinical Applications
N.W. Dobbs, M.J. Budak, R.D. White, and I.A. Zealley

ABSTRACT

SUMMARY: In the first part of this 2-part series, we described how to implement microscopy coil MR imaging of the orbits.
Beyond being a useful anatomic educational tool, microscopy coil MR imaging has valuable applications in clinical practice. By
depicting deep tissue tumor extension, which cannot be evaluated clinically, ophthalmic surgeons can minimize the surgical field,
preserve normal anatomy when possible, and maximize the accuracy of resection margins. Here we demonstrate common and
uncommon pathologies that may be encountered in orbital microscopy coil MR imaging practice and discuss the imaging appear-
ance, the underlying pathologic processes, and the clinical relevance of the microscopy coil MR imaging findings.

ABBREVIATIONS: BCC ¼ basal cell carcinoma; MC-MR imaging ¼ microscopy coil MR imaging

In the first part of this 2-part series, we described how to imple-
ment microscopy coil MR imaging (MC-MR imaging) of the

orbits and described pearls and pitfalls of the technique that were
acquired from experience at our institution (Ninewells Hospital,
Dundee). We have demonstrated that submillimeter depiction of
orbital structures using MC-MR imaging generates images that
provide functional and clinically relevant anatomy of the orbit
and orbital content.

As well as being a useful anatomic educational tool, MC-MR
imaging has many applications in clinical practice. The key princi-
ple in ophthalmic surgery is to preserve vision.1 Preoperative imag-
ing already aids this via its depiction of compartmental lesion
location, guiding the most appropriate anatomic corridor to avoid
manipulation of the optic and oculomotor nerves.1 With the supe-
rior tissue contrast that MC-MR imaging offers compared with
conventional MR imaging and CT,2,3 MC-MR imaging increases
confidence in lesion location and extent into different orbital com-
partments. Furthermore, by accurately demonstrating deep tissue
tumor extension, the ophthalmic surgeons at our institution think
they can better plan surgical procedures, preserving structures that

are difficult or impossible to reconstruct, while, at the same time,
maximizing the accuracy of resection margins.

Furthermore, through an understanding of the orbital patholo-
gies and their appearance on MC-MR imaging, a greater degree of
confidence can be assured to diagnoses that are suspected clini-
cally.4 This can help guide the surgeon and patient toward conserv-
ative management when appropriate, avoiding an inappropriate
resection or damage to vital orbital structures or, conversely, dem-
onstrate the need for more extensive resection when necessary.4

Although it may not always reveal additional information that
would alter clinical management, MC-MR imaging will provide
the radiologist and the surgeon with the highest resolution imaging
of the pathology. By providing the highest resolution imaging the
first time around, MC-MR imaging provides the best value to the
patient by improving the clinician’s confidence and minimizing
the necessity for recalls and further clarification.

This article does not set out an exhaustive catalogue of orbital
pathology but does provide examples that highlight the benefits
of MC-MR imaging of the orbits. We describe common and
uncommon pathologies that may be encountered in orbital MC-
MR imaging practice and discuss the imaging findings together
with a description of the underlying pathologic processes and the
clinical relevance of the MC-MR imaging findings.

Basal Cell Carcinoma
Basal cell carcinoma (BCC) is the most common skin malig-
nancy, with its incidence rising with increasing age.5-7 Although
the tumor only very rarely metastasizes,7 it is locally invasive, cre-
ating “rodent ulcers,” which, with time, may become very large
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and invade critical deep structures.8-11 BCCs are associated with
the stochastic effects of exposure to ultraviolet radiation, tending
to occur in sun-exposed areas.7

The medial canthus of the eye is a common but sometimes
surgically challenging site for BCC resection.9,10,12,13 This issue is
because the complex anatomy of the eyelids and tear ducts in this
region may require complex reconstructive surgery10-12 and reli-
able clinical assessment of the deep lesion extent is impossi-
ble,10,11 with subclincal tumor extension being one of the main
features found in recurrent BCC.14 When reporting MC-MR
imaging, we accurately describe the extent of tissue invasion. This
description allows preoperative planning of the surgical field,
aiming to minimize the extent of surgery to preserve eye and tear
duct function, while maximizing clear resection margins.

Invasion of the superior tarsal plate in the upper eyelid is a
key determinant of the subsequent complexity of reconstruc-
tion.12,13,15 If this is spared, then surgical defects can usually be
closed directly.12 However, if tarsal plate involvement mandates
the creation of a full-thickness surgical defect, then the tarsal plate
needs to be reconstructed. This reconstruction necessitates repair
by oculoplastic surgeons using a variety of different techniques,
including the Cutler-Beard bridge flap, in which conchal cartilage

from the ear is grafted into the surgical
defect to deliver the stability necessary
for a functional eyelid.12,15,16 Tarsal
plate invasion is difficult to determine
clinically, as shown in Fig 1. However,
involvement of the tarsal plate and
other important structures is ex-
quisitely depicted on T1-weighted
MC-MR imaging sequences, allowing
advanced surgical planning to ensure
that appropriately skilled surgical per-
sonnel are present for reconstruction
and wound closure.

Dermoid Cyst
Dermoid cysts are benign lesions that
arise from rests of embryonic epithe-
lium, which are abnormally seques-
tered into embryologic sites of fusion
and may be encountered as incidental
findings.17,18 However, they may pres-
ent due to cyst growth causing mass
effect or following cyst rupture and
subsequent induction of a local inflam-
matory response.17,19

Dermoid cysts are lined by squa-
mous epithelium and may also cont-
ain skin appendages, including hair fol-
licles, sebaceous glands, and sweat
glands, features that differentiate der-
moid from epidermoid cysts.18,20 These
pathologic features are mirrored in the
imaging, with MC-MR imaging dem-
onstrating a well-defined, extraconal
mass with components of varying sig-

nal return depending on their contents. Most telling is the sebum-
rich component, which returns high signal on T1-weighted imag-
ing, with signal drop-out on fat-saturated T1-weighted imaging.21

This appearance is demonstrated in Fig 2.
Surgical treatment for orbital dermoid cysts is primarily cos-

metic, usually to reduce the degree of proptosis associated with
the mass effect. Surgery is also indicated when the mass impairs
eye movement or when rupture causes orbital inflammation.22

MC-MR imaging is useful for preoperative planning through its
demonstration of deep lesion extent; superficial lesions can be
easily and completely excised, whereas deep lesions may require
complex deep orbital dissection.22–24

Melanoma
Uveal melanoma is the most common intraocular malignant tu-
mor of adulthood.25,26 Nevertheless, it remains relatively uncom-
mon, with an annual incidence of 6 per million population.25,27

Diagnosis and staging of uveal melanoma are usually purely clini-
cal, with the use of ophthalmoscopy and slit lamp biomicro-
scopy.26,28 However, when there is secondary orbital melanoma,
either as local spread or recurrence or as a true metastasis, imag-
ing with MC-MR imaging can add value.29,30

FIG 1. BCC of the left medial canthus in 2 elderly women. A, Clinical photograph of case 1. B,
Clinical photograph of case 2, which appears superficially similar to the first case. C, T1-weighted
axial MC-MR imaging of case 1 demonstrates that the superior tarsal plate is intact (arrow) and
not invaded by tumor. D, T1-weighted axial MC-MR imaging of case 2 demonstrates full-thickness
tumor invasion of the superior tarsal plate (arrow), requiring complex oculoplastic reconstruction
surgery to optimize eyelid function after resection of the tumor. The tumor also abuts the tendi-
nous insertion of the medial rectus muscle (arrowhead), but there was no invasion of this found
during the operation.
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Secondary orbital melanoma has a propensity to involve the
extraocular muscles.29-31 The detailed depiction of the extent of
tumor invasion provided by MC-MR imaging facilitates surgical
planning to ensure full clearance. The case shown in Fig 3 dem-
onstrates periosteal involvement, and surgical margins were
adjusted accordingly.

Lacrimal Gland Prolapse
The lacrimal glands contain both lymphoid and epithelioid tis-
sues and so may be affected by a diverse range of pathologic proc-
esses.32 The presentation of lacrimal disorders typically involves
nonspecific swelling of the outer aspect of the upper eyelid; clari-
fying the cause of localized palpebral swelling on clinical grounds
alone is challenging.32,33 We have found that MC-MR imaging

can assist with diagnosis and devising
appropriate treatment, including the
planning of surgical excision when
appropriate.

An interesting and unusual lacri-
mal cause of lateral upper eyelid swel-
ling is a prolapse of otherwise-normal
lacrimal tissue, surrounded by fat,
under the superior orbital rim. While
this is a relatively reassuring diagnosis,
the surgical management of lacrimal
gland prolapse can be challenging.
Macroscopically, the prolapsed lacri-
mal tissue resembles hypertrophied
fat, which can lead to an inadvertent
lacrimal resection during blepharo-
plasty, with subsequent aqueous tear
deficiency and resultant damage to the
surface of the eye.34,35 MC-MR imag-
ing evaluation of palpebral swelling
can alert ophthalmic surgeons to this
diagnosis, as was the case in Fig 4, and
help avoid inadvertent lacrimal gland
resection.

Venous Malformation
Venous malformations, previously
known as cavernous malformations,
are the most common orbital vascular
lesions of adulthood. Typically, they
present with painless proptosis or
may occasionally be diagnosed as an
incidental finding on head imaging
for other indications.36

Rapidly progressive proptosis due
to a venous malformation has been
described in both puberty and preg-
nancy.37 The accelerated growth of the
malformations in pregnancy has been
attributed to the increase in serum
concentrations of vascular endothelial
growth factor, which occurs with the
progression of pregnancy, because im-

munohistochemical studies have shown that venous malforma-
tions express vascular endothelial growth factor receptors.38

These observations support the hypothesis of a hormone-driven
and angiogenic cytokine-mediated growth pattern.36

The nature of the underlying pathologic processes that lead to
the development of venous malformations is a controversial topic,
with some sources postulating a purely venous origin while others
suggest that they are a form of low-flow arteriovenous malforma-
tion with a fibrous pseudocapsule.36,39,40 Nevertheless, they have a
characteristic appearance that facilitates the radiologic diagnosis.
They are typically well-defined, lobulated masses, with signal isoin-
tense to muscle on T1-weighted acquisitions and hyperintense to
muscle on T2-weighted acquisitions. This appearance is demon-
strated in Fig 5.

FIG 3. Intraorbital melanoma metastasis in an elderly woman with previous enucleation for pri-
mary iris melanoma.T1-weighted sagittal MC-MR imaging (A) and T1-weighted axial MC-MR imag-
ing (B) demonstrate a bilobed mass (dashed white line) involving the extraocular muscles (arrows)
and abutting the periosteum of the lateral orbital wall (dotted white circle). The tarsal plate was
also invaded. Surgical resection margins were planned accordingly, with clear margins confirmed
on histologic examination of the resection specimen.

FIG 2. Dermoid cyst in the superonasal quadrant of the orbit in a 46-year-old man who had pre-
sented with slowly progressive swelling on the medial aspect of the right globe. A, T1-weighted
sagittal MC-MR imaging demonstrates a superior layer of high signal intensity and an inferior layer
of lower intensity. The acquisition plane of B is denoted by the dotted line. B, Fat-saturated T1-
weighted axial MC-MR imaging shows signal drop-out of the superior layer, confirming fat con-
tent and reinforcing the preoperative diagnosis of dermoid cyst.
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Lymphatic Malformation
Lymphatic malformations are benign lesions that tend to be diag-
nosed in early childhood. They are nonencapsulated and consist of
multiple lymph-filled channels of various caliber, separated by fine
septa.36 As slow-growing lesions, they usually present with gradual
onset and progressive proptosis but can present with more sudden
proptosis in the case of intralesional hemorrhage.41 Management is
often conservative, and traditionally surgery was considered when
the degree of proptosis caused distress on cosmetic grounds or if
the intraorbital involvement impaired eye movement and visual

acuity. However, the lesions often insin-
uate between the compartments of the
orbit and can be intricately related to
the extraocular muscles and optic nerve.
This feature makes complete surgical
excision challenging, with recurrence
common.36,41 Thus, percutaneous scle-
rotherapy is now thought an excellent
treatment option for the condition
because it has been shown to be safe
and effective.41 In Fig 6, a recurrent
lymphatic malformation is demon-
strated, with MC-MR imaging as part
of the work-up before bleomycin
sclerotherapy.

Summary
Cross-sectional imaging is already
in use for orbital abnormalities,27,36

and MC-MR imaging of the orbits
has been previously described but
with rather limited clinical applica-
tion.2,42-44 However, the high spatial
resolution of MC-MR imaging facili-
tates assessment of lesions and their
relationship to normal anatomic
structures in detail sufficient to more
confidently and accurately guide the
therapeutic approach. MC-MR imag-
ing is particularly valuable for depict-
ing tumor invasion of critical small
structures such as the tarsal plates
and for depicting clean fat planes
between important structures or
obliteration of these planes due to tu-
mor invasion. Thus, MC-MR imaging
can be implemented for imaging of
orbital mass lesions in routine clinical
practice. Furthermore, while diagno-
ses are usually established on clinical
grounds, we have observed that char-
acteristic MC-MR imaging appearan-
ces of several orbital pathologies can
facilitate diagnosis in some unusual
cases.

The added value of MC-MR imag-
ing over conventional MR imaging is

clear in many of the cases presented. We accept that in some cases,
patients would have been managed appropriately with conven-
tional CT or MR imaging. However, until an imaging investigation
is performed, it may not be clear whether a particular case will ben-
efit from high-resolution imaging. We are aware of the need to
provide the best value for patients. We suggest that by performing
MC-MR imaging as the first-line investigation, we are delivering
the best value to patients by providing the highest resolution imag-
ing the first time around and avoiding the delay, inconvenience,
and expense of recalls for clarification. Furthermore, the surgeons

FIG 4. Lacrimal gland prolapse in a 27-year-old woman who had presented with palpebral swelling
of uncertain origin. T1-weighted coronal MC-MR imaging (A) and T1-weighted sagittal MC-MR imag-
ing (B) demonstrate prolapse of the lacrimal gland (LG) under the superior orbital rim (SOR). The
patient was reassured and discharged from the clinic. Should future blepharoplasty be considered,
intraoperative repositioning of the gland would be incorporated into the surgical planning.16

FIG 5. Venous malformation in a middle-aged woman. T1-weighted sagittal MC-MR imaging T1 (A)
and T2-weighted sagittal MC-MR imaging (B) demonstrate a well-defined, lobulated mass (VM)
with signal isointense to muscle on T1-weighted acquisitions and signal hyperintense to muscle
on T2-weighted acquisitions. A clean fat plane (arrowhead) separates the lesion from the globe
(G), in keeping with a fibrous pseudocapsule. Such narrow fat planes would not be resolved on
head coil MR imaging. Despite close proximity, neither the rectus muscles nor the tarsal plate
was involved, and the lesion was surgically removed intact.
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with whom we work have become accustomed to high-resolution

MC-MR imaging of orbital pathologies and indicate that they find

that these images allow them to better visualize what they will en-

counter at the operation and how best to plan their procedures.
As well as providing a descriptive radiologic report, we en-

courage review of the images alongside the ophthalmic, oculo-

plastic, or dermatologic surgeons. This collegial approach helps

the radiologist understand the clinically and surgically pertinent

findings and helps the surgeon by delineating the often-complex

anatomic relationships between orbital lesions and surrounding

structures. This close clinical liaison builds a mutually beneficial

interdisciplinary relationship and increases the appropriateness

and utility of referrals for MC-MR imaging, leading to better

informed treatment plans and optimization of patient outcomes.
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ORIGINAL RESEARCH
ADULT BRAIN

Modelling the Anatomic Distribution of Neurologic Events in
Patients with COVID-19: A Systematic

Review of MRI Findings
N. Parsons, A. Outsikas, A. Parish, R. Clohesy, F. D’Aprano, F. Toomey, S. Advani, and G.R. Poudel

ABSTRACT

BACKGROUND: Neurologic events have been reported in patients with coronavirus disease 2019 (COVID-19). However, a model-
based evaluation of the spatial distribution of these events is lacking.

PURPOSE:Our aim was to quantitatively evaluate whether a network diffusion model can explain the spread of small neurologic events.

DATA SOURCES: The MEDLINE, EMBASE, Scopus, and LitCovid data bases were searched from January 1, 2020, to July 19, 2020.

STUDY SELECTION: Thirty-five case series and case studies reported 317 small neurologic events in 123 unique patients with COVID-19.

DATA ANALYSIS: Neurologic events were localized to gray or white matter regions of the Illinois Institute of Technology (gray-
matter and white matter) Human Brain Atlas using radiologic images and descriptions. The total proportion of events was calcu-
lated for each region. A network diffusion model was implemented, and any brain regions showing a significant association (P, .05,
family-wise error–corrected) between predicted and measured events were considered epicenters.

DATA SYNTHESIS: Within gray matter, neurologic events were widely distributed, with the largest number of events (�10%)
observed in the bilateral superior temporal, precentral, and lateral occipital cortices, respectively. Network diffusion modeling
showed a significant association between predicted and measured gray matter events when the spread of pathology was seeded
from the bilateral cerebellum (r¼ 0.51, P, .001, corrected) and putamen (r¼ 0.4, P¼ .02, corrected). In white matter, most events
(�26%) were observed within the bilateral corticospinal tracts.

LIMITATIONS: The risk of bias was not considered because all studies were either case series or case studies.

CONCLUSIONS: Transconnectome diffusion of pathology via the structural network of the brain may contribute to the spread of
neurologic events in patients with COVID-19.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; IIT ¼ Illinois Institute of Technology; NDM ¼ network diffusion model; SARS-CoV-2 ¼ Severe
Acute Respiratory Syndrome coronavirus 2

The coronavirus disease 2019 (COVID-19) is caused by Severe
Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2).1

Typically, patients with COVID-19 present with fever, cough, fa-
tigue, and dyspnea, with approximately 20% of cases developing
severe life-threatening disease.1 Extrapulmonary symptoms are
also being reported, including altered consciousness, seizures, and
focal neurologic injuries, raising concerns of the long-term neuro-
logic sequelae of COVID-19.2-7 As of October 15, 2020, .38.4

million cases and 1.1 million deaths have been reported globally,
with cases rising rapidly in the United States, India, and Brazil.8

Neurologic symptoms in patients with COVID-19 are linked
to a broad range of acute neurologic events from large ischemic
strokes to small and localized hemorrhages, vascular thrombo-
sis, and microbleeds.9 The presence of cerebral microbleeds
(small 2- to 5-mm perivascular hemosiderin deposits) are also
being reported and are presumed to be features of small-vessel
disease.10,11 These smaller neurologic events can manifest as
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FLAIR signal abnormalities in either gray or white matter or
localized signal changes as measured with T1-weighted, suscep-
tibility-weighted, and diffusion-weighted MR imaging.9,12,13

Most importantly, such neurologic events are known to be asso-
ciated with long-term impacts on brain function14,15 and may
therefore reflect a selective vulnerability of brain regions to
COVID-19.

These neurologic events are anatomically distributed through-
out both cortical and deep subcortical structures.6,16-18 However,
these distributions are not well-understood and may benefit from
mathematic modeling to characterize the pattern of distribution
and potential epicenters of spread. For instance, network diffusion
models (NDMs) can emulate the pattern of pathologic spread via
white matter pathways in the brain and have been useful in model-
ing the cerebral distribution of pathology in other progressive, de-
generative neurologic conditions.19,20 However, to date, there has
been no application of any mathematic model to assess and map
the distribution of neurologic events associated with COVID-19.

This systematic review aims to shed light on the distribution
of COVID-19-related neurologic events within gray matter.
Subsequently, we summarized recent literature on neurologic
events, mapped the spatial distribution of neurologic events, and
used the NDM to model the anatomic distribution of gray matter
events in patients with COVID-19.

MATERIALS AND METHODS
Protocol Registration
This systematic review was registered with the international pro-
spective register of systematic reviews (PROSPERO: registration
No. CRD42020201161) and conducted according to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines.

Search Strategy
We searched MEDLINE, EMBASE, Scopus, and LitCovid data
bases from January 1, 2020, to July 19, 2020, by “nervous system”

OR “CNS” AND “MR imaging” OR “MR imaging” OR “hypoin-
tensities”OR “microbleeds”OR “cerebral microbleeds”OR “micro-
hemorrhages.” Additional studies were identified by manually
searching the reference lists of relevant articles. The search strategy
is outlined in the Online Supplemental Data in a PRISMA flow
chart. This search was conducted the with help of a health science
librarian.

Selection Criteria
We included case reports, case series, and observational studies
published in peer-reviewed journals and preprints available in
English that identified small neurologic events in patients with
COVID-19 using MR imaging. Articles without full texts and
studies in patients without laboratory-confirmed COVID-19
diagnoses were excluded. Any studies that reported only large
cerebrovascular events (such as strokes, infarcts) and diffuse pa-
thology (nonspecific) were also excluded.

Data Extraction
Two independent reviewers screened articles by title and abstract
for relevance. These studies were then screened for eligibility for

inclusion by full-text evaluation. For each included article, 2 inde-
pendent reviewers extracted data (A.P., R.C.). Disagreements
were collaboratively resolved within the team. Instructions detail-
ing the type of information to be extracted and how to record,
categorize, or code this information were also discussed among
team members. The following information was extracted from
each article: 1) country, first author, and year of publication; 2)
sample characteristics (sample size, age group, and sex distribu-
tion); 3) study design; 4) clinical symptoms; 5) reason for brain
imaging; 6) type of MR imaging performed; 7) imaging findings;
and 8) relevant conclusions to assist article interpretation. Two
additional reviewers (F.D., F.T.) then validated all the extracted
data and the eligibility of each included article.

Neuroimaging Data Synthesis and Coding
Two expert reviewers (N.P., G.R.P.) screened each included arti-
cle to identify the location, distribution, and number of neuro-
logic events. These events ranged from microbleeds (observed in
SWI or T2* gradient recalled-echo images), white matter hyper-
intensities (FLAIR images), small lesions, or signal changes in dif-
fusion-weighted imaging within the gray or white matter. For
each article, events were manually localized to gray or white mat-
ter regions on the basis of available MR images and/or radiologic
descriptions. The Desikan-Killiany gray matter atlas incorporat-
ing 84 brain regions was used to label any events located within
the gray matter. Of the 41 gray matter regions that were
impacted,�70% of the regions had an exact match with the labels
used in the atlas (eg, putamen, caudate, cerebellum, precentral/
postcentral gyri, and so forth). The remaining labels that did not
directly match or were broad (eg, basal ganglia, occipitoparietal,
temporal, frontal) were localized using the combination of
description and MR images available (based on agreement
between 2 neuroimaging experts and 1 physician; Online
Supplemental Data). White matter bundles from the Illinois
Institute of Technology (IIT) Human Brain Atlas were used to
label any events located within the white matter. The FSLeyes
neuroimaging software from the FMRIB Software Library
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLeyes) was then used to
visualize white matter tracts and gray matter areas from the IIT
atlas. Any patient with COVID-19 with nonspecific neuropatho-
logic findings (eg, juxtacortical white matter) or without an
accompanying MR image or description was excluded from fur-
ther analyses. This data-encoding process generated 2 tables for
gray and white matter regions with columns corresponding to
each article and rows corresponding to the name of the region/
bundle (Online Supplemental Data). Each cell in the table pro-
vided information on the number of cases corresponding to a
localized neurologic event. A third independent reviewer (F.T.)
validated the encoded data, and any discrepancies were discussed
and addressed.

Neuroimaging Data Visualization
The proportion of events number of events � 100

total cases

� �
pertaining to

each encoded region within the IIT Desikan-Killiany gray matter
atlas and IIT white matter bundles was used for visualization.
Gray matter events were visualized using MRIcroGL software
(https://www.nitrc.org/projects/mricrogl/). White matter events
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were visualized using Matlab 2018a (MathWorks) and the
CONN toolbox, Version 19b (https://web.conn-toolbox.org/).

Network Diffusion Model of Spread
A graph theoretic meta-analysis model was used to test whether
the spatial distribution of small neurologic events in the brain can
be explained by a spread via the structural connectome of the
brain (source code available at: https://github.com/govin2000/
covidspread). NDM was used per previous protocols that identi-
fied a spatial pattern of pathology in the brain.19,20 The NDM
models the hypothetic distribution of pathology in a brain net-
work (given by a connectome C) across time by linear diffusion,
given by x tð Þ ¼ e�bHtx0, where x0 is the initial pattern of the
neurologic events at t ¼ 0, H is the degree normalized graph
Laplacian, and is a diffusivity constant. The unit of the model’s
diffusion time ðtÞ is assumed to be days (given the likely progres-
sion of 5–14days) for the diffusivity constant of 1 per day. x tð Þ is
a vector of distribution of pathology in the brain when diffusion
is seeded from a given region provided by an initial condition x0.
We used a repeat seeding approach, which has previously been
used to identify potential epicenters of the spread of neuropathol-
ogy. The IIT (84 � 84) connectivity matrix was used for the
NDM simulation.

The NDM generates a vector of distribution of pathology x tð Þ
across time. We expect that x tð Þ should correlate with the distri-
bution of neurologic events. Thus, the Pearson correlation coeffi-
cient strength and P values were calculated between the empiric
proportions of events measured using the systematic review

method (described above) and x tð Þ at all model timepoints tð Þ.
This process was repeated for all bilateral regions (42 bilateral
regions) within the IIT Desikan-Killiany gray matter atlas. The
region that showed the largest significant (P, .05, family-wise
error–corrected for 84 regions) association with measured neuro-
logic events was defined as the seed region.

RESULTS
The systematic search yielded 461 articles, of which 62 were eligible
for full-text assessment (Online Supplemental Data; PRISMA flow
diagram). Of these, 28 were excluded; these were commentaries,
response letters, and review articles proposing SARS-CoV-2 nerv-
ous system invasion but lacking clinical findings. A total of 35
publications reporting small neurologic events in patients with
COVID-19 were evaluated. Of these, 35 provided specific anatomic
detail required for meta-analysis and modeling. These articles con-
tributed 123 unique patients, with a total of 317 neurologic events
(Online Supplemental Data). Of these, 91 patients had gray matter
changes, 95 patients had white matter changes, and 72 patients had
confirmed cerebral microbleeds. Further details on the presentation
of gray and white matter events, and the frequency of symptoms
can be found in the Online Supplemental Data.

Spatial Distribution of Neurologic Events
Figure 1A, -B depicts the spatial distribution of white and gray
matter neurologic events. White matter events were observed
within 11 of 42 white matter bundles from the IIT atlas. The high-
est percentage (26%) of events was observed within the bilateral

FIG 1. Visualization of the spatial distribution of neurologic events and network diffusion modeling. (A) The highest proportions of events occur
in white matter areas such as the corticospinal tract. (B) In gray matter, the most affected regions are the bilateral superior temporal cortices,
precentral cortices, and pallidum. (C) A network diffusion model using structural connectivity edge weights successfully predicts the spread of
neurologic events. (C) The epicenters of spread that showed the most significant association between predicted and measured distribution of
events are the bilateral cerebellum and putamen. CC indicates corpus callosum.
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corticospinal tracts, composed of white matter fibers that connect
the primary motor cortex and basal ganglia. The splenium and
middle of the corpus callosum were affected in 14% and 9% of the
cases, respectively. The remaining tracts showed white matter
events in ,9% of cases. Of the cerebral microbleeds observed, a
similar pattern emerged, in which the largest proportion of cere-
bral microbleeds was also found in the middle corpus callosum,
followed by the splenium of the corpus callosum. Gray matter
events were spatially distributed among 41 brain regions within
the Desikan-Killiany atlas. The highest proportions (�10%) of
events were observed in the bilateral superior temporal, precentral,
and lateral occipital cortices. Subcortical events were most fre-
quently identified in the pallidum.

Network Diffusion Model Findings
Each of the 84 regions within the IIT Desikan-Killiany gray mat-
ter atlas was used as a potential seed for the spread of pathology
across time. Figure 1C shows a glass-brain visualization of the
best fit (maximum Pearson correlation coefficient value) between
empiric events and predicted values determined using the NDM.
A significant fit was achieved when seeding the spread from the
bilateral cerebellum (Pearson r=0.52, P, .001, corrected) and
the putamen (r=0.4, P= .02, corrected). Other basal ganglia
structures also showed moderate associations (r. 0.3) but were
not significant after correction. The spatial distribution of the fit
in all regions reflects the consequence of network spread, origi-
nating from each of the included regions. The association
between empiric events and predicted events was low (r, 0.2)
when the Euclidian distance between regions was used as
network edges instead of structural connectivity (Online
Supplemental Data).

DISCUSSION
Patients with COVID-19 are vulnerable to acute neuropathology,
commonly in the form of small neurologic and cerebrovascular
events. We systematically reviewed articles reporting localized
MR imaging findings in patients with COVID-19 and spatially
encoded them onto a common gray and white matter atlas. We
then investigated whether the spatial distribution of these events
follows a cortical or subcortical pattern that can be explained by a
linear diffusion-based model of pathologic spread. We found the
epicenters of this spread to be the cerebellum and putamen.

Neurologic Events in White and Gray Matter
White matter events were identified most frequently in the corti-
cospinal tract and corpus callosum. The corticospinal tract is a
major white matter pathway connecting critical subcortical brain
regions such as the basal ganglia and thalamus and, thus, facili-
tates information related to voluntary motor control. As a result,
diffuse aberrations in the corticospinal tract are associated with
motor symptoms such as tendon reflexes, ankle clonus, and bilat-
eral extensor plantar reflexes, which have been commonly
reported in patients with COVID-19.21 Similarly, the corpus cal-
losum plays an important role in interhemispheric communica-
tion, which can result in a disconnection syndrome and broad
neurocognitive deficits.22

In gray matter regions, events were identified most frequently
in the temporal and precentral gyrus as well as the bilateral thala-
mus. Alterations in thalamocortical connectivity can disrupt the
regulation of consciousness and arousal.23 Thus, acute events in
these regions may explain symptoms such as confusion, disorien-
tation, agitation, and loss of consciousness.10,24 Despite their
acute manifestation, the accumulation of neurologic events in
subcortical structures and consequent disruption to distal cortical
regions can increase susceptibility to cognitive impairment
and decline, which have ramifications for long-term cognitive
prognosis.25,26

Infiltration and Spread Mechanism: Olfactory Pathway
Patients with neurologic symptoms also presented with anosmia,
encephalopathy, seizures, and changes in vision including cortical
blindness and visual confabulation.27-29 Alterations in olfaction
may therefore have a neurologic basis, particularly in light of the
identified pathology implicating the olfactory bulb in clinical imag-
ing, including the presence of microbleeds among these patients. It
is plausible that these symptoms relate closely to the mode of infil-
tration of SARS-CoV-2, with a potential mechanism being direct
injury to the nervous system via angiotensin-converting enzyme 2
receptor expression on nerve cells, including the olfactory bulb.

Given the potential for SARS-CoV-2 neurotropism, neuropa-
thology in the piriform cortex could be caused initially by the
introduction of a virus through a direct axonal connection with
the olfactory bulb. Although we were not able to mathematically
model the piriform cortex specifically within the Desikan-
Killiany brain atlas, we found only 7 patients from 3 studies who
presented with small lesions within this cortex (olfactory bulb).
Indeed, some have found intranasal infection of other coronavi-
ruses such as SARS-CoV in the respiratory tract, which were sub-
sequently neuroinvasive.30 However, this mechanism remains to
be established in the newly discovered SARS-CoV-2.

Infiltration and Spread Mechanism: Axonal Transport
An important question arises from our finding of the cerebel-
lum and putamen as the seeds of spread—that is, how likely is it
that these are indeed epicenters? Herein, note that NDMs are
high-level generative models and only model the macroscopic
consequences of the pathology in gray matter regions, and that
the NDM does not require that the seed region itself presents
with the highest number of pathologic events. Indeed, a neuro-
biologic explanation for the identification of these seed regions
is beyond the scope of this article. Therefore, the mechanism
underpinning the potential spread from these sites and subse-
quent distribution of SARS-CoV-2 throughout the brain
remains to be thoroughly examined. However, while the cere-
bellum and putamen may serve as epicenters, SARS-CoV-2 may
then travel to cortical sites such as the precentral gyrus via retro-
grade transsynaptic transmission through the corticospinal tract
by hijacking axonal transport mechanisms.22 While in transit,
direct neuronal or endothelial cell disruption may exacerbate
the systemic pathophysiology, facilitating cerebrovascular com-
plications and mixed type I/II respiratory failure.3,22

Indeed, the first site of infection of other SARS-CoV viruses is
the epithelial cells of the respiratory tract, where they bind to
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angiotensin-converting enzyme 2 receptors;31 however, angio-
tensin-converting enzyme 2 is also expressed on nerve cells.
Therefore, coronaviruses may easily be transported to infect the
endothelial cells of the blood-brain barrier.31 However, SARS-
CoV-2 has rarely been isolated from CSF samples, precluding the
characterization of its neurotropism and direct role in neurologic
event pathogenesis.

Neuroinflammation and Cytokine Storm
Other proposed pathologic mechanisms may explain the distribu-
tion of neurologic events, including neuroinflammatory responses
and cytokine- and hypoxia-induced injury.3 Emerging evidence is
characterizing COVID-19 as a vascular disease, a hyperinflamma-
tory response with an ensuing cytokine storm and coagulopathy
that may synergistically contribute to neurologic event pathogene-
sis.2,3 COVID-19-associated coagulopathy occurs proportional to
disease severity and leads to treatment-resistant thrombotic and
hemorrhagic events, characterized by D-dimer elevation with pro-
thrombin prolongation and thrombocytopenia.

Furthermore, cytokine- and hypoxia-induced injury to the cor-
pus callosum, particularly the splenium, has been reported in criti-
cal illness, including acute respiratory distress syndrome and high-
altitude cerebral edema, potentially contributing to a vulnerability
in COVID-19.17 Hypoxia directly induces chemical and hydro-
static endothelial cell disruption, promoting vascular permeability
and hence contributing to neurologic event pathogenesis.32

Relative to the cortex, the thalamus, basal ganglia, and deep white
matter are poorly perfused due to their watershed end-arterial vas-
cular architecture, which could exacerbate their baseline hypoxic
vulnerability and ultimately promote subcortical neurologic events.
While the pathogenesis of white matter hyperintensities remains
under debate, roles for hypoxia, immune activation, endothelial
cell dysfunction, and altered metabolism have been posited, not
dissimilar to the neuropathologic associations of COVID-19.15,18,33

Clinical Relevance
In addition to their acute manifestations, the accumulation of
neurologic events in subcortical structures and consequent dis-
ruption of distal cortical regions may lead to microstructural
injury, independently contributing to cognitive impairment
and dementia—a clinically impacting patient morbidity.11,34

Microbleeds and white matter hyperintensities also signify a
hemorrhage-prone brain, which is more susceptible to larger
neurologic events such as ischemic stroke and intracranial hem-
orrhage, whereby patients demonstrate worse deterioration
from premorbid functioning and increased mortality.17 Indeed,
in patients with COVID-19, the presence of small neurologic
events has been associated with increased disease severity, the
length of hospital admission, mortality, and worse functional
status on discharge.35 Given the established adverse effects of
small neurologic events and these early findings, the potential
long-term cognitive and cerebrovascular impact on patients
with COVID-19 may become more apparent with time. If
found, careful consideration should be given to the prescription
of anticoagulation, given that these neurologic events suggest a
propensity for further hemorrhage.

Limitations
This review has several important limitations. First, we translated
neurologic events into a standard MR imaging atlas space using a
partly qualitative method, whereby these pathologies were local-
ized using the radiologic description of the location or MR
images when available. While this method may lack specificity,
we used multiple neuroimaging and medical experts and
included only data with specific spatial information or MR
images. Thus, the partly qualitative nature of the translation
should be considered with caution while interpreting our find-
ings. Furthermore, the white matter tracts used to visualize the
summary of the white matter findings are only coarse grain reor-
ientations. Given that few tracts (eg, corpus callosum) completely
match the labels used in the atlas, we localized events on the basis
of the descriptions and available MR images regarding approxi-
mate corresponding tracts. Second, most of the included articles
were cross-sectional case studies and hence cannot directly attrib-
ute the observed neuropathology to SARS-CoV-2.

The question remains as to whether neurologic events are the
direct consequence of viral infection/sequalae or instead indicate
an underlying propensity for neurologic events in these patients.36

To answer this question, studies must use large samples in which a
specific etiology can be isolated in a case-control, longitudinal
design.36 These etiologies must be separated into those of unrelated
vascular origin and those that may be a direct consequence of viral
infection. Therein, an additional challenge ensues: to determine
whether there are, indeed, overlapping or isolated pathologies in
patients with COVID-19. This question could be approached by
including patients with previous MR images, in whom existing pa-
thology can essentially be modelled out. We acknowledge that
some of the neurologic events included in our study may be
explained by the healthy ageing process, whereby white matter
hyperintensities are correlated with age.14 Furthermore, IIT trac-
tography data were used for visualization of abnormalities in the
white matter. Because only a few labels (eg, corpus callosum) com-
pletely match the names of the tracts, the locations are only ap-
proximate. Hence, the findings regarding white matter changes,
for example, white matter hyperintensities in the centrum semi-
ovale, should be interpreted with caution.

CONCLUSIONS
Patients with COVID-19 exhibit acute neuropathologic and cere-

brovascular events. These events occur predominantly in white

matter tracts such as the corticospinal tract and corpus callosum,

as well in gray matter areas such as the pallidum, putamen, thala-

mus, and cerebellum. These aberrations likely contribute to

altered thalamocortical connectivity and may disrupt the regula-

tion of consciousness and arousal. The accumulation of these

events in subcortical structures and the consequent disruption to

distal regions may ultimately increase susceptibility to cognitive

impairment and decline—having significant long-term cognitive

ramifications. Given the prevalence and severity of these manifes-

tations, clinicians should consider having a low threshold for

investigating neurologic symptoms and monitoring potential

long-term sequelae in patients with COVID-19.
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Cerebral Venous Thrombosis in COVID-19: A New York
Metropolitan Cohort Study
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A. Tiwari, K. Berekashvili, N. Dangayach, J. Liang, G. Gupta, P. Khandelwal, J.F. Dominguez, T. Sursal,

H. Kamal, K. Dakay, B. Taylor, E. Gulko, M. El-Ghanem, S.A. Mayer, and C. Gandhi

ABSTRACT

BACKGROUND AND PURPOSE: Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) infection is associated with hyper-
coagulability. We sought to evaluate the demographic and clinical characteristics of cerebral venous thrombosis among patients
hospitalized for coronavirus disease 2019 (COVID-19) at 6 tertiary care centers in the New York City metropolitan area.

MATERIALS AND METHODS:We conducted a retrospective multicenter cohort study of 13,500 consecutive patients with COVID-19
who were hospitalized between March 1 and May 30, 2020.

RESULTS: Of 13,500 patients with COVID-19, twelve had imaging-proved cerebral venous thrombosis with an incidence of 8.8 per
10,000 during 3months, which is considerably higher than the reported incidence of cerebral venous thrombosis in the general
population of 5 per million annually. There was a male preponderance (8 men, 4 women) and an average age of 49 years (95% CI,
36–62 years; range, 17–95 years). Only 1 patient (8%) had a history of thromboembolic disease. Neurologic symptoms secondary to
cerebral venous thrombosis occurred within 24 hours of the onset of the respiratory and constitutional symptoms in 58% of cases,
and 75% had venous infarction, hemorrhage, or both on brain imaging. Management consisted of anticoagulation, endovascular
thrombectomy, and surgical hematoma evacuation. The mortality rate was 25%.

CONCLUSIONS: Early evidence suggests a higher-than-expected frequency of cerebral venous thrombosis among patients hospital-
ized for COVID-19. Cerebral venous thrombosis should be included in the differential diagnosis of neurologic syndromes associated
with SARS-CoV-2 infection.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; CVST ¼ cerebral venous sinus thrombosis; CVT ¼ cerebral venous thrombosis; SARS-CoV-2 ¼
Severe Acute Respiratory Syndrome coronavirus 2

Coronavirus disease 2019 (COVID-19) is predominantly an
acute respiratory disease caused by a single-stranded RNA

virus known as severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), which originated in Wuhan, China.1 The virus
possesses a spike protein that binds to angiotensin-converting
enzyme receptors, expressed on respiratory epithelium, facilitating
entry into the host cell.2-4 Susceptibility of organ systems to this vi-
rus may depend on the extent of expression of angiotensin-con-
verting enzyme receptors on cell surfaces. These receptors are
expressed on endothelial cells, pericytes, macrophages, glial cells,
and cardiac myocytes.2-4 Viral entry into these cells can lead to
diverse manifestations such as acute respiratory distress syndrome,
acute kidney injury, transaminitis, cardiac injury, and neurologic
complications.3-6

Neurologic symptoms include headache, confusion, hypogeu-
sia, hyposmia, myalgias, and delirium, while neurologic complica-
tions include acute ischemic stroke, encephalitis, and Guil-
lain-Barre syndrome.3,6-8 Postmortem data have revealed cerebral
edema and partial neuronal degeneration in some patients as well.9

Early evidence suggests an increased risk of acute ischemic
stroke in patients with COVID-19, which has been linked to a
hypercoagulable state that can develop in some patients with

Received December 12, 2020; accepted after revision February 23, 2021.

From the Departments of Neurosurgery (F.A.-M., R.S., J.C., P.O., R.N., J.F.D., T.S., E.G.,
S.A.M., C.G.) and Neurology (F.A.-M., R.S., J.O., H.K., K.D., E.G., S.A.M., C.G.),
Westchester Medical Center at New York Medical College, Valhalla, New York;
Department of Neurosurgery (K. Bekelis), Catholic Health Services and Good
Samaritan Hospital, West Islip, New York; Department of Neurosurgery (R.K.),
Hackensack University Medical Center, Hackensack, New Jersey; Department of
Neurosurgery (A.T., K. Berekashvili), New York University, New York, New York;
Department of Neurosurgery (N.D., J.L.), Icahn School of Medicine at Mount Sinai,
New York, New York; Department of Neurological Surgery (G.G., P.K., B.T.), Rutgers
University, New Brunswick, New Jersey; Department of Neurology (M.E.-G.),
University of Arizona-Tuscon, Tuscon, Arizona; and Department of Radiology
(K.A.), Goodman Campbell Brain and Spine, Indianapolis, Indiana.

Please address correspondence to Fawaz Al-Mufti, MD, Westchester Medical
Center at New York Medical College School of Medicine, 100 Woods Rd, Macy
Pavilion 1331, Valhalla, NY 1059; e-mail: Fawaz.Al-Mufti@wmchealth.org

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

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7134

1196 Al-Mufti Jul 2021 www.ajnr.org

https://orcid.org/0000-0003-4461-7005
https://orcid.org/0000-0002-8859-8574
https://orcid.org/0000-0003-0836-6501
https://orcid.org/0000-0001-8428-6410
https://orcid.org/0000-0003-4008-204X
https://orcid.org/0000-0002-3657-7894
https://orcid.org/0000-0003-4737-3026
https://orcid.org/0000-0002-8303-995X
https://orcid.org/0000-0001-5416-7461
https://orcid.org/0000-0001-8595-6631
https://orcid.org/0000-0002-5861-3323
https://orcid.org/0000-0002-6485-350X
https://orcid.org/0000-0001-6055-0918
https://orcid.org/0000-0002-9442-6007
https://orcid.org/0000-0003-3140-780X
https://orcid.org/0000-0002-8671-3014
https://orcid.org/0000-0002-5342-8137
https://orcid.org/0000-0002-0852-8278
https://orcid.org/0000-0001-6903-8013
https://orcid.org/0000-0001-6111-4747
https://orcid.org/0000-0002-3163-6576
https://orcid.org/0000-0001-9426-0548
https://orcid.org/0000-0002-1272-6277
https://orcid.org/0000-0002-8423-0414
mailto:Fawaz.Al-Mufti@wmchealth.org


COVID-19.10 It remains unknown whether infection with the
SARS-CoV-2 virus can also lead to cerebral venous thrombosis
(CVT).

MATERIALS AND METHODS
We conducted a retrospective multicenter cohort study of 13,500
consecutive patients with COVID-19 who were hospitalized
between March 1 and May 30, 2020, in 6 academic, tertiary care
facilities that are also designated as comprehensive stroke centers
in the New York City metropolitan area. The number of hospital
beds ranged from 500 to 1100. The patients were identified by
conducting a retrospective review of prospectively maintained
stroke data bases in each of these collaborating centers. The goal
of our study was to characterize the frequency and demographic
and clinical characteristics of hospitalized patients with SARS-
CoV-2 who developed CVT. This study was approved by the
individual enrolling hospitals’ institutional review board centers.

Clinical Management
Clinical management of CVT conformed to the American
Heart Association/American Stroke Association and Society of
Neurointerventional Surgery guidelines.11,12 The diagnostic cri-
teria and classification of COVID-19 severity was defined by the
American Thoracic Society criteria.13

Data Collection
Comprehensive data on each patient were collected, including
demographics, medical history, baseline clinical status, imaging
results and treatment, and complications during hospitalization.
Clinical data for COVID-19 diagnosis and management were
retrieved from the medical records as well, which included demo-
graphic features, medical history, clinical symptoms, laboratory
findings, lung CT findings on admission, treatment regimens,
and clinical outcomes. Prior prothrombotic risk was defined as
any history of a clinically significant thromboembolic event.

Clinical and Radiologic Variables
The diagnosis of the CVT was established by admission CT or MR
venography. All included patients also underwent a noncontrast
CT of the head. In patients with intracranial hemorrhages, hema-
toma volumes were measured using the ABC/2 technique modified
for ellipsoid chronic subdural hematoma (cSDH).14 The diagnosis
was confirmed following adjudication by a cerebrovascular special-
ist and a neuroradiologist.

RESULTS
During the study period, of 13,500 patients with COVID-19 admit-
ted to 6 different New York metropolitan tertiary care centers, 12
patients (8.8:10,000) had imaging-proved CVT. The demographic
and clinical characteristics of our patients are summarized in the
Online Supplemental Data.

The mean age in our cohort was 48 years (95% CI, 36–62 years)
(interquartile range, 31–63 years) with 25% of patients younger
than 25 years of age. Men accounted for 66% (8/12) of cases. 50%
of the patients (6/12) were White. Prior prothrombotic risk was
identified in only 17% (2/12) of patients (breast cancer and deep
vein thrombosis). However, traditional cardiovascular risk factors

(hypertension, hyperlipidemia, diabetes, smoking) were identified
in 58% (7/12) of patients.

Neurologic symptoms secondary to CVT occurred within
24hours of the onset of the respiratory and constitutional symp-
toms (fever, cough, dyspnea, myalgia, and fatigue) in 58% (7/12) of
patients. Of the remaining patients, 25% (3/12) developed CVT
symptoms between 24 and 72 hours from symptom onset, and
16% (3/12) manifested CVT between 3 and 7days from symptom
onset.

Headache was the most common clinical neurologic symptom
noted in 85% (10/12) of patients. Both seizures and hemiparesis
occurred in 42% of patients. Cortical signs such as aphasia,
neglect, or hemianopia were noted in only 25% of patients. Fever
or cough was the most common symptom attributed to the
COVID-19 infection and was noted in 75% (9/12) of patients.

Neuroimaging demonstrated focal brain injury in 75% of
patients. Isolated hemorrhage (n¼ 4), venous infarction (n¼ 2),
or venous infarction with hemorrhagic changes (n¼ 3) was about
equally represented. Vessel imaging identified dural venous sinus
thrombosis in 83% (10/12) of patients and isolated cortical vein
thrombosis in 16% (2/12) of patients. Multiple dural sinuses were
involved in 41% (5/12) of patients (Fig 1).

Anticoagulation was administered to 83% (10/12) of patients.
Two patients were treated with endovascular thrombolysis (Fig 2).
Hemicraniectomy was also performed in 2 patients. Of the 2
patients who did not receive treatment for their CVT, one
patient died; and the second patient, who had a cortical vein
as well as a nonocclusive superior sagittal sinus thrombosis,
refused treatment.

FIG 1. A, NCCT shows hyperdense thrombus in the region of the tor-
cula and subtle cortical hyperdensity along the right temporo-occipi-
tal region (arrows). Sagittal (B) and coronal MIP (C) reformatted
images of CTA show multiple filling defects along the posterior supe-
rior sagittal sinus (double arrows), torcula, and right transverse sinus.
Note a parenchymal hematoma in the right occipital lobe. D, MR
imaging of the brain; gradient recalled-echo sequence shows throm-
bus in the sagittal sinus and associated parenchymal hematoma.
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Although all patients met the criteria for admission to the in-
tensive care unit, mechanical ventilation was required in 41% of
patients (5/12), and the median duration of ventilation was
15 days. One patient required a tracheostomy, while the remain-
ing patients were successfully extubated. Acute renal failure was
noted in 33% (4/12), acute liver failure occurred in 25% (3/12),
and 8% (1/12) developed superimposed sepsis. One patient devel-
oped concomitant deep vein thrombosis. Hydroxychloroquine
with or without azithromycin was administered to half (6/12) of
the patients. No patients received steroids or remdesivir. Three
patients (25%) were discharged home. Half (6/12) of patients
were transferred to a rehabilitation facility (5 to acute rehabilita-
tion and 1 patient to subacute rehabilitation). The mortality rate
in our cohort was 25% (3/12).

DISCUSSION
Our findings on CVT in the setting of COVID-19, pooled from 6
tertiary care centers in the New York metropolitan area, demon-
strate the predominance of individuals younger than 25 years of age
in 25% of cases, with a male preponderance. Only 1 patient in our
cohort was African American, despite the fact that Black individuals
are more severely affected by severe COVID-19. In terms of risk fac-
tors, traditional thrombogenic risk factors were identified in only 1
of 12 patients, and 7 of 12 had traditional cardiovascular risk factors.
Most patients (10 of 12) presented with headache, and half pre-
sented with seizures or unilateral weakness. This presentation is in
addition to the fever and cough attributed to COVID-19 infection
in 9 of 12 patients, with 5 of 12 requiring mechanical ventila-
tion. Neuroimaging was significant for brain injury, including hem-
orrhage, venous infarction, venous infarction with hemorrhagic

changes, dural venous sinus thrombosis,
and isolated cortical vein thrombosis in
most (9 of 12) patients. Ten of 12
patients were treated with anticoagula-
tion, 2 with endovascular thrombolysis,
2 with hemicraniectomy, and 6 with
hydroxychloroquine with or without
azithromycin. Of the 2 patients who did
not receive treatment for their CVT,
one died; the other patient, who had a
cortical vein as well as a nonocclu-
sive superior sagittal sinus thrombosis,
refused treatment.

We collected our cases during the
height of the COVID-19 pandemic
(March through May 2020). During
this 3-month period, CVT was diag-
nosed in 12 of 13,500 hospitalized
patients with COVID-19, for a fre-
quency of 0.088 per million. By con-
trast, the reported incidence of CVT
in the general population is 5 per mil-
lion annually.11 The higher-than-
expected rate of CVT among ho-
spitalized patients with COVID-19,
along with the well-established hyper-

coagulability that is known to occur with SARS-CoV-2 infec-
tion, supports a causal effect.

The literature demonstrates that 36%–59% of patients with
COVID-19 have neurologic complications.1,2 Ischemic stroke
incidence is estimated to be in the range of 5%, with a recent
study demonstrating an unusual presentation of young patients
with COVID-19 with arterial stroke.2,5 By contrast, cerebral ve-
nous sinus thrombosis (CVST) associated with COVID-19 is an
exceedingly rare occurrence, with only 57 reports available at the
time this writing (Online Supplemental Data).15-43 The average
age of these previously reported patients is 53.5 years (range, 23–
72 years), which is in agreement with our findings. Although we
report a male preponderance, these 57 cases demonstrate an
equal distribution of male and female patients. A direct compari-
son between our patients and those reported in the Online
Supplemental Data is challenging in light of the substantial heter-
ogeneity of demographic and clinical characteristics of patients
with COVID-19 with CVST. Most previously reported patients
had clinical CVST in a delayed fashion from initial symptoms at-
tributable to COVID-19, whereas more than half of our patients
presented with CVT concomitant with respiratory and constitu-
tional symptoms. Because headache can be a common symptom
of viral illnesses including COVID-19, diagnosis can often be elu-
sive or delayed until symptoms worsen.7 Patients with either no
or minimal systemic and respiratory symptoms may first come to
medical attention when they present with seizures or other symp-
toms attributed to the venous sinus thrombosis and are ultimately
found to have COVID-19 infection.8

While treatment guidelines for patients with COVID-19-
related strokes are emerging, it is unclear whether any interven-
tion can prevent these outcomes.43 Although anticoagulation is

FIG 2. A, NCCT shows a subtle hyperdense thrombus in left transverse sinus. MR imaging of the
brain: T1 postgadolinium images in axial (B) and sagittal (C) projections and MRV (D) with gadolin-
ium showing sinus thrombosis of the torcula with extension to the bilateral, left-greater-than-
right, transverse sinuses. E, Endovascular microcatheter venogram shows progression of thrombus
throughout superior sagittal sinus. F, A postinterventional venogram shows improved patency af-
ter mechanical thrombectomy.
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being used prophylactically at many centers to prevent the
thrombotic complications related to COVID-19, its benefit in
stroke prevention remains to be seen. Two of our patients were
on anticoagulation when their strokes were detected, and in one
of those patients, the anticoagulation may have contributed to
hemorrhagic conversion.

There have been several proposed mechanisms of neurologic
manifestations following infection with coronaviruses.44 The vi-
rus may initially invade endothelial cells through angiotensin-
converting enzyme receptors.45 The presence of viral elements
within endothelial cells and an accumulation of inflammatory
cells, with evidence of inflammatory cell death, have been demon-
strated in patients with COVID-19.44 Inflammation of endothe-
lial cells may cause cellular dysfunction, leading to either
disruption of stable atherosclerotic plaque or circulatory changes
in vascular beds, through a thrombogenic microvascular environ-
ment, manifesting as stroke, pulmonary embolism, or myocardial
infarction. Critical SARS-CoV-2 infection is almost always
accompanied by a significant proinflammatory response, which
can activate the coagulation cascade through various pathways,
leading to a profound prothrombotic state. This is consistent
with 5 of 12 patients in our cohort having elevated D-dimer
levels.

SARS-CoV-2 infection has also been linked to alternative and
lectin complement cascade activation.46 These complement com-
plexes can deposit on endothelial cells, leading to cellular damage,
and can initiate a thrombotic microangiopathy.47 The presence of
antiphospholipid antibodies and lupus antibodies has also been
described in patients with COVID-19, though their clinical signif-
icance remains unknown.48

Several caveats and weaknesses of this study deserve mention.
Complete screening for pre-existing hypercoagulable states was
not performed in all patients. However, the temporal associat-
ion of CVT with respiratory and constitutional symptoms of
COVID-19 in more than half of our patients suggests a causal
effect. It is possible that some patients with CVT due to COVID-
19 were not included in this series because their symptoms or
signs were not properly diagnosed or charted. We were unable to
compare baseline demographic and disease-related features
between the CVT patient population and the main cohort of
patients with COVID-19; this comparison might have allowed us
to confirm male sex and identify other risk factors for CVT.
Similarly, we also were unable to provide an estimate of the fre-
quency of CVT among patients with COVID-19 who underwent
brain imaging. Because all our patients were sick enough to be
admitted to the hospital, multiple confounding factors could have
contributed to our observed complications and outcomes.
Additionally, because our sample of patients with confirmed
CVT is limited to patients with COVID-19 who had neurologic
issues, we are unable to assess the frequency of CVT in the overall
COVID-19 cohort. It is also difficult to compare the incidence of
CVT in the COVID-19 cohort with that of the general population
due to differences in demographics between our cohort and the
general population. Finally, the small number of included
patients and restriction of our study population to the New York
metropolitan area may limit the generalizability of our findings
to other regions throughout the world. Larger analyses of this

complication, such as a pooled meta-analysis, are warranted in
the future, especially when more data become available.

CONCLUSIONS
SARS-CoV-2 has already infected millions of patients worldwide.
Dreaded thrombotic complications, including CVST, have been
reported in patients with SARS-CoV-2. As more reports of
COVID-related CVST become available, it is hoped that our
understanding of which patients are most at risk and the ideal
treatment and prevention strategies can be elucidated.
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Variability of Normal Pressure Hydrocephalus Imaging
Biomarkers with Respect to Section Plane Angulation:

HowWrong a Radiologist Can Be?
P. Ryska, O. Slezak, A. Eklund, J. Salzer, J. Malm, and J. Zizka

ABSTRACT

BACKGROUND AND PURPOSE: Systematic analysis of angulation-related variability of idiopathic normal pressure hydrocephalus
imaging biomarkers has not been published yet. Our aim was to evaluate the variability of these radiologic biomarkers with respect
to imaging plane angulation.

MATERIALS AND METHODS: Eighty subjects (35 with clinically confirmed idiopathic normal pressure hydrocephalus and 45 age- and
sex-matched healthy controls) were prospectively enrolled in a 3T brain MR imaging study. Two independent readers assessed 12
radiologic idiopathic normal pressure hydrocephalus biomarkers on sections aligned parallel or perpendicular to the bicallosal,
bicommissural, hypophysis-fastigium, and brain stem vertical lines, respectively.

RESULTS: Disproportionately enlarged subarachnoid space hydrocephalus, simplified callosal angle, frontal horn diameter, z-Evans
Index, and cella media vertical width did not show significant systematic differences in any of 6 section plane combinations stud-
ied. The remaining 7 biomarkers (including the Evans Index and callosal angle) showed significant differences in up to 4 of 6 mutu-
ally compared section plane combinations. The values obtained from sections aligned with the brain stem vertical line (parallel to
the posterior brain stem margin) showed the most deviating results from other section angulations.

CONCLUSIONS: Seven of 12 idiopathic normal pressure hydrocephalus biomarkers including the frequently used Evans Index and callosal
angle showed statistically significant deviations when measured on sections whose angulations differed or did not comply with the proper
section definition published in the original literature. Strict adherence to the methodology of idiopathic normal pressure hydrocephalus
biomarker assessment is, therefore, essential to avoid an incorrect diagnosis. Increased radiologic and clinical attention should be paid to
the biomarkers showing low angulation–related variability yet high specificity for idiopathic normal pressure hydrocephalus–related mor-
phologic changes such as the z-Evans Index, frontal horn diameter, or disproportionately enlarged subarachnoid space hydrocephalus.

ABBREVIATIONS: BVR ¼ brain-to-ventricle ratio; CA ¼ callosal angle; CMW ¼ cella media vertical width; CTR ¼ cella media-to-temporal horn ratio;
DESH ¼ disproportionately enlarged subarachnoid space hydrocephalus; EI ¼ Evans Index; FHD ¼ frontal horn diameter; FHVD ¼ frontal horn vertical diameter;
HC ¼ healthy control; Hy-Fa ¼ hypophysis-fastigium; iNPH ¼ idiopathic normal pressure hydrocephalus; ISD ¼ inner skull diameter; MSID ¼ maximum supra-
tentorial intracranial diameter; PBSM ¼ posterior brain stem margin; simpCA ¼ simplified callosal angle; SVW ¼ supraventricular brain vertical width; THW ¼
temporal horn vertical width; ZEI ¼ z-Evans Index

The prevalence of idiopathic normal pressure hydrocephalus
(iNPH) may be as high as 0.5% in the population older than

65 years of age, and iNPH has emerged as a significant health
issue for the aging population in developed countries. The

symptoms include gait disturbance, memory impairment, and
urinary incontinence. Underdiagnosed iNPH entails missed
opportunities for successful ventricular shunt treatment.1,2

Numerous linear, angular, and volumetric measurements; rel-
ative indexes; CSF flow studies; as well as visual semiquantitative
or qualitative parameters have been proposed as radiologic bio-
markers of iNPH.3-15 Most of the iNPH imaging biomarkers
have originally been defined by their authors using arbitrary or
proprietary settings in terms of defining section planes and/or
measurement techniques, which, in many cases, do not comply
with the routines of daily radiologic practice. This issue particu-
larly applies to the use of the bicommissural plane, which is rarely
used in routine practice because the anatomic landmarks are
subtle and, therefore, difficult to apply.
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Various institutions have been using different definitions of
standard imaging planes for decades. For example, a “standard”
transverse CT or MR imaging plane can be angulated according
to at least 5 different section definitions. Such interinstitutional
differences may lead to different outcomes of iNPH imaging
studies.

The frequently used Evans Index (EI, originally defined on
pneumoencephalograms in 1942) was not initially intended for
use with cross-sectional imaging.16 The Evans Index was second-
arily adopted for transverse CT sections aligned parallel to orbito-
meatal line in 1976 and subsequently transferred into MR
imaging, without a particular respect for the transverse plane def-
inition.17 Even recently published studies often do not precisely
define anatomic landmarks used for angulation of transverse or
coronal sections in the methodology section. Such methodologic
inconsistencies might have contributed to widely differing diag-
nostic performances of iNPH biomarkers reported by various
authors.3-5,8-12

A systematic evaluation of the variability of iNPH biomarkers
related to imaging plane definition (bicallosal, bicommissural,
hypophysis-fastigium [Hy-Fa], brain stem vertical line, and so
forth) has not been published so far. The aim of this study was to
assess the variability of individual iNPH cross-sectional imaging
biomarkers with respect to different imaging plane angulations.

MATERIALS AND METHODS
Study Population
Eighty subjects were prospectively enrolled in the study: 35 subjects
with clinically confirmed iNPH (25 men and 10 women; mean age,
74.0 [SD, 7.2] years) and 45 sex- and age-matched healthy controls
(HCs: 32 men and 13 women; mean age, 72.6 [SD, 5.7] years).

Patient history, neurologic objective findings, and brain MR
imaging were used for diagnosing iNPH in accordance with the
international iNPH guidelines.18 Six subjects with iNPH (17%)
showed signs of dementia (Mini-Mental State Examination
scores, 20–24 points), and 15 subjects (43%) had mild cognitive
impairment (Mini-Mental State Examination scores, 24–27
points). All patients except one were able to walk 10 m with or
without an assistive device. In addition, all patients underwent a
CSF dynamic investigation (including estimation of CSF outflow
resistance) and a short-term tap test, which had positive findings
in 19 patients (54%). Eighty-nine percent of patients (31/35) were

categorized as having probable iNPH,
and 11% (4/35), as having possible
iNPH. Subjects with significant neuro-
logic comorbidities or a known etiol-
ogy of NPH (secondary NPH) were
not included in the study.

The healthy control group com-
prised sex- and age-matched volun-
teers primarily recruited through an
advertisement in a local newspaper
who showed no signs of neurologic,
psychiatric, or advanced atheroscler-
otic disease on a subsequent clinical
examination performed by a neurolo-
gist. We applied the following exclu-

sion criteria: medications influencing the central nervous system
or blood coagulation; electrocardiogram evidence of arrhythmia,
left ventricular hypertrophy, or myocardial infarction; a history
and/or clinical or radiologic signs of neurologic disease (includ-
ing ventriculomegaly, stroke, tremor, ataxia, walking/balance dif-
ficulties); significant cardiovascular disease; diabetes mellitus; $2
ancillary vascular risk factor (smoking, hypertension, hyperlipid-
emia); ongoing infectious disease; known serious disease that may
reduce life expectancy; and contraindications to MR imaging.
Cognition, balance, and gait were tested using the Mini-Mental
State Examination (.27 points required) and the one-legged bal-
ancing test (30 seconds), tandem stand (10 seconds), Timed Up-
and-Go test, and 300-m walk test. Of 59 screened subjects, 50
passed the clinical evaluation and underwent brain MR imaging.
Five subjects were subsequently excluded from participating in the
study due to MR imaging findings of cortical infarctions (n¼ 3),
cerebellar tonsillar herniation (n¼ 1), and subdural hygroma
(n¼ 1). Thus, the HC group consisted of 45 individuals.

The study was approved by the Umeå University institutional
review board. Signed informed consent was obtained from all
participants of the study.

MR Image Acquisition and Analysis
All subjects were examined on a 3T MR imaging system by
means of a 3D T1-weighted spoiled gradient-echo imaging
sequence with a voxel size of 0.49mm3. Multiplanar reformats
parallel and perpendicular to the bicallosal, bicommissural, Hy-
Fa, and brain stem vertical line were obtained.

Anonymized MR imaging data were independently evaluated
by 2 observers: a senior radiology resident with 5 years of radiol-
ogy training and a neuroradiologist with 21 years of clinical expe-
rience. Both readers were blinded to clinical data.

Definition of Anatomic Planes on Midsagittal Sections
Inferior margins of the rostrum and splenium of the corpus
callosum were used as anatomic landmarks for defining the
bicallosal plane (Fig 1). The anterior and posterior commis-
sure defined the bicommissural plane. The inferior pituitary
gland margin and the apex of the fourth ventricle defined the
hypophysis-fastigium (Hy-Fa) plane. The brain stem vertical
line (ie, fourth ventricle floor plane) was parallel to the poste-
rior brain stem margin (PBSM).

FIG 1. Definition of standard transverse imaging planes: bicallosal (yellow), bicommissural (blue), Hy-Fa
(green), and perpendicular to the posterior brain stem margin (red), shown on midsagittal MR images
of 2 different individuals. Note the differences in their mutual alignment between the 2 subjects.
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iNPH Biomarker Definitions
Ten previously published radiologic measures as well as 4 calculated
indexes5-7,12,16-21 were individually evaluated on transverse/coronal
imaging sections of 4 different angulations (bicallosal, bicommissu-
ral, Hy-Fa, and PBSM) (Fig 2): The frontal horn diameter (FHD)
was defined by the maximum distance between the lateral margins
of the frontal ventricular horns on the respective transverse sec-
tions.16,17 The inner skull diameter (ISD) was defined by the maxi-
mum lateral-to-lateral distance between the inner laminae of the
parietal bones on the same transverse sections that were used for
FHDmeasurements.16,17 The frontal horn vertical diameter (FHVD)
was defined by the maximum z-axis (vertical) diameter of the frontal
horns measured at the level of the foramen of Monro, ie, the vertical
distance between the ceiling of the lateral ventricle and the midpoint
of the foramen of Monro on 4 coronal sections.7 The maximum su-
pratentorial intracranial diameter (MSID) was measured bone-to-
bone on the midsagittal section; the measurement line was drawn
parallel to the coronal plane used for FHVDmeasurement.7

The maximum vertical width of the supraventricular brain
(SVW; width of brain tissue superior to the ventricle), the cella
media of the lateral ventricle (CMW), and the temporal horn
(THW) were measured on 4 coronal sections passing through the
posterior commissure (modified from Yamada et al12). Depending
on the degree of ventricular dilation, the THWwas measured either
superior to the hippocampus only (if the hippocampus completely
covered the floor of the temporal horn) or superior1 lateral1 infe-
rior to the hippocampus (if the dilated temporal horn extended
below the level of the hippocampus).

Disproportionately enlarged subar-
achnoid space hydrocephalus (DESH)
referred to visual semiquantitat-
ive assessment of the disproportion
between enlarged volumes of subarach-
noid spaces at the Sylvian fissure and
decreased volumes at the superior
parasagittal convexity on the respective
coronal sections passing through the
posterior commissure.19,20 DESH was
rated as follows: no disproportion¼ 0,
mild-to-moderate disproportion ¼ 1,
severe disproportion¼ 2 (Figs 2 and
3). A single enlarged sulcus in other-
wise reduced subarachnoid spaces did
not alter the rating because it was
known to be a relatively common fea-
ture of iNPH.19 In rare cases when the
Sylvian fissure was narrower than the
parasagittal convexity sulci, findings
were rated as�1 or�2, respectively.

The callosal angle (CA) was
defined by 2 lines tangentially aligned
with the superior-medial walls of the
lateral ventricles on the coronal sec-
tions passing through the posterior
commissure.5 The simplified callosal
angle (simpCA) was assessed on the
coronal sections passing through the
corpus callosum midpoint, which was

identified on the midsagittal section. The angle was drawn with
the vertex placed in the inferior point of the corpus callosum and
the sides tangential to the lateral ventricles.6

In addition, 4 calculated indexes (ratios) derived from the
above-mentioned linear measurements were assessed on 4 differ-
ently angulated transverse/coronal sections: The Evans Index (EI)
was defined as the FHD divided by the ISD obtained from the
same section.16,17 The z-Evans Index (ZEI) was defined as the
FHVD divided by the MSID.7 The brain-to-ventricle ratio (BVR)
was defined as the ratio between the SVW and the CMW.12 The
cella media-to-temporal horn ratio (CTR) was defined as the ratio
between the CMW and THW. In cases of ventricular asymmetry,
the hemisphere with a larger cella media was used for all
measurements.

Note that the inner skull diameter and maximum supratento-
rial intracranial diameter were neither considered nor evaluated
as iNPH biomarkers, yet they were prerequisites for calculating
the EI or ZEI, respectively.

Data Analysis
Interrater agreement was studied by means of the intraclass corre-
lation coefficient for a 2-way random effects model and absolute
agreement. Correlation coefficient analysis of each biomarker was
based on measurements from all 4 planes, giving a total of n¼ 320
(4 � 80) measurements per biomarker. Results of the reliability
analysis were presented as intraclass correlation coefficients with
95% confidence intervals for 2 independent raters.

FIG 2. Graphic representation of biomarker measurements. A, Maximum frontal horn diameter (FHD)
and inner skull diameter (ISD). B, Frontal horn vertical diameter (FHVD) measured to the midpoint of the
foramen of Monro. C, Maximum supratentorial intracranial diameter (MSID) measured perpendicular to
the bicommissural line (dotted line). D, Maximum vertical widths of the supraventricular brain (SVW),
cella media (CMW), and temporal horn (THW), respectively; callosal angle (CA); and DESH (curved
dashed lines, rated as severe, grade 2 in this case) measured on the coronal section passing through the
posterior commissure. E, Simplified callosal angle (simpCA) measured at the corpus callosum midpoint
on the coronal section paralleling the PBSM (F, dotted line). Note that for each biomarker, 4 measure-
ment values have been obtained from 4 different sections (as defined in Fig 1). To keep the illustration
simple, we show measurements on sections aligned parallel and perpendicular to the bicommissural
line, except for the simpCA (E and F). For details, see theMaterials andMethods section.
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To assess whether individual biomarkers showed systematic dif-
ferences when measured on sections with different angulations, we
used 2-way repeated measures ANOVA (Huynh-Feldt correction)
with angulation as a within-subjects factor and disease status (iNPH/
HC) as a between-subjects factor, including the angulation by disease
status interaction term (angulaton iNPH/HC). For biomarkers that
showed statistically significant dependence on angulation in the
repeated measures ANOVA, we analyzed the pair-wise comparison
among angulation planes. Means6 standard errors of paired differ-
ences were calculated and presented (n¼ 80) for the paired tests that
were significant. A Bonferroni correction was used for the pair-wise
comparisons. The level of statistical significance was set to P, .05.

RESULTS
The interrater agreement analysis yielded reliable agreement for
DESH (intraclass correlation coefficient ¼ 0.851; 95% CI, 0.752–
0.903) and excellent agreement for the remaining 11 biomarkers
(intraclass correlation coefficients ranging from 0.963 to 0.997;
95% CI within6 0.011 for all biomarkers). Because all intraclass
correlation coefficients were highly significant (P, .001), aver-
aged values from both raters were used in all subsequent analyses.

When we compared the values of individual biomarkers
obtained from differently angulated sections, DESH, simplified CA,

FHD, ZEI, and CMW did not show significant systematic differen-
ces in the repeated measures ANOVA (Table 1, column 5:
“Angulation”). The remaining 7 biomarkers showed significant dif-
ferences between up to 3 (eg, EI) or even 4 (eg, CA) mutually com-
pared section pairs (Table 2). The biomarker values obtained from
sections aligned parallel or perpendicular to the fourth ventricle floor
(PBSM) showed the most deviating results from other section angu-
lations. The lowest biomarker variability was found when comparing
the results obtained from those section pairs: bicallosal and Hy-Fa
or bicommissural and Hy-Fa; these combinations of sections signifi-
cantly differed in a single biomarker only (BVR or THW, respec-
tively; see Table 2, columns 3 and 5).

The angulation by the iNPH/HC interaction term was sig-
nificant for the THW and CA, ie, dependence on angulation
differed between the iNPH and HC groups for the THW and
CA only, with the effects being larger for iNPH in both cases
(Table 1, column 6: “Angulation iNPH/HC”). Differences of
biomarker values between the iNPH and HC groups were sig-
nificant (P, .001) for all 12 biomarkers evaluated (Table 1,
column 4: “iNPH/HC”).

Graphic examples of the variability of the EI and CA meas-
ured on 4 standardized imaging sections of the same subject are
presented in Fig 3.

FIG 3. Variability of the CA (middle row) and EI (lower row) as measured on bicallosal (yellow), bicommissural (blue), Hy-Fa (green), and PBSM
(red) sections of a single subject with iNPH. The CA yields 73°, 69°, 70°, and 103° in the 4 respective planes (maximum percentage difference of
39.5%). The EI shows a less variable range of values: 0.364, 0.361, 0.359, and 0.380, respectively (maximum difference of 5.7%). Color lines on the
sagittal sections (upper row) refer to the alignment of the respective coronal and transverse sections below. The disproportion between Sylvian
and parasagittal convexity subarachnoid spaces (DESH) has been rated moderate in this case (grade 1).
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DISCUSSION
Various linear, angular, volumetric, or index measurements have
been proposed as radiologic biomarkers of iNPH in multiple
studies.3,5-10,12,13,15,16 However, consensus on which biomarker is
the most sensitive, specific, and accurate has not been reached.

Much less attention has been paid to standardization of bio-
marker measurements and their reliability with respect to imaging
plane angulation. Ishii et al5 arbitrarily decided to use the bicom-
missural plane for CA measurements, stating that CAs varied on
each plane, but they did not provide any further details. Cagnin et
al6 tested callosal angle variability with respect to different section
angulations on a limited group of 5 subjects. Toma et al9 showed
that the EI varied depending on both the CT section level and
angulation in a study of 10 patients with NPH; the researchers con-
cluded that comparing the EI on CT scans obtained at different

institutions using different protocols may result in inaccurate
assessment of disease progression. Nonetheless, systematic com-
parison of biomarker variability with respect to different imaging
plane angulations or robustness against angulation-related bias has
not been published.

Angulation-Related Variability
Our results show that both the EI and CA, the most frequently
used biomarkers for iNPH assessment, are subject to significant
systematic differences when assessed on sections of different
angulations. Because most CT and MR imaging brain studies pri-
marily do not contain coronal sections aligned perpendicular to
the bicommissural line, precise CA values cannot be obtained
unless a 3D set of volumetric data is available and supplementary
multiplanar reformatting is performed. This requirement is easily

Table 2: Pair-wise comparisons between different planes performed with Bonferroni correction for biomarkers showing significant
dependence on angulation (P< .05) in the repeated measures ANOVA (as per Table 1)a

Biomarker
Bi-Call,
Bi-Comm

Bi-Call,
Hy-Fa

Bi-Call,
PBSM

Bi-Comm,
Hy-Fa

Bi-Comm,
PBSM

Hy-Fa,
PBSM

DESH NS NS NS NS NS NS
simpCA NS NS NS NS NS NS
FHD NS NS NS NS NS NS
ZEI NS NS NS NS NS NS
CMW NS NS NS NS NS NS
BVR NS .007 .009 NS NS ,.001

–0.04 6 0.01 0.07 6 0.02 0.11 6 0.02
THW NS NS NS .002 .014 NS

0.24 6 0.06 0.32 6 0.10
CTR NS NS NS NS .004 NS

–0.12 6 0.03
EI NS NS ,.001 NS ,.001 ,.001

–0.005 6 0.001 –0.005 6 0.001 –0.005 6 0.001
FHVD NS NS .014 NS ,.001 ,.001

–0.52 6 0.17 –0.92 6 0.20 –0.79 6 0.17
CA .013 NS ,.001 NS ,.001 ,.001

–1.94 6 0.61 –7.06 6 0.87 –9.01 6 1.07 –8.24 6 0.91
SVW .034 NS .005 NS ,.001 .001

–0.45 6 0.16 0.97 6 0.28 1.42 6 0.30 1.26 6 0.32

Note:—Bi-Call indicates bicallosal; Bi-Comm, bicommissural; Hy-Fa, hypophysis-fastigium; PBSM, posterior brain stem margin; NS, not significant.
a P values (upper digit) and means 6 standard errors of paired differences are calculated (n¼ 80) and presented for those paired tests that are statistically significant.

Table 1: Variability of iNPH biomarkers with respect to imaging plane angulationa

Biomarker
Mean Repeated Measures ANOVA (P Values)

HC iNPH iNPH/HC Angulation Angulation iNPH/HC
DESH 0.12 1.31 ,.001 .463 .463
simpCA 129.8 98.2 ,.001 .264 .950
FHD 39.1 51.2 ,.001 .151 .757
ZEI 0.286 0.420 ,.001 .075 .792
CMW 17.4 34.5 ,.001 .056 .49
BVR 2.44 0.92 ,.001 .005 .106
THW 7.6 12.5 ,.001 .002 .026
CTR 2.33 2.86 ,.001 .002 .235
EI 0.293 0.384 ,.001 ,.001 .971
FHVD 25.7 38.8 ,.001 ,.001 .059
CA 116.6 74.7 ,.001 ,.001 ,.001
SVW 39.6 30.9 ,.001 ,.001 .288

Note:—HC indicates healthy control; iNPH, idiopathic normal pressure hydrocephalus.
a Please refer to the Results section for detailed explanation. Two-way repeated measures ANOVA: angulation is a within-subjects factor (Angulation), and disease status
is a between-subjects factor (iNPH/HC). Angulation by disease status interaction term (Angulation iNPH/HC) is significant for THW and CA only, with larger effects
observed in the iNPH group for both biomarkers. Data are sorted in descending angulation P value order (column 5: “Angulation”). Decreasing P values indicate increasing
statistical differences between measurements obtained at different section planes.
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achievable in properly and prospectively designed research stud-
ies such as Miskin et al,3 Yamada et al, 7 and Agerskov et al;22

however, it does not comply with the reality of routine clinical
practice in which the CA is frequently measured on the readily
available, yet inappropriately angulated, coronal section (typically
the PBSM). According to our results, this issue may lead to incor-
rect diagnostic conclusions. As shown in Fig 3, the CA value cor-
rectly obtained from the coronal section perpendicular to the
bicommissural line is pathologically decreased to 69° in this sub-
ject, whereas the value obtained from the readily available “stand-
ard” coronal section aligned parallel to the PBSM yields 103°,
which may be misinterpreted as a normal finding.

Similarly, if EI values are compared on cross-sectional studies
of the same subject using various definitions of transverse planes,
the differences obtained may be subject to a methodologic error
rather than to the natural evolution of ventriculomegaly. This phe-
nomenon might have contributed to the failure of the EI to cor-
rectly identify subjects with iNPH in a large study of 390 patients
in which CT andMR imaging studies from 5 institutions using dif-
ferent protocols were retrospectively evaluated.8 Although the EI
may show significant differences when measured on variously
angulated transverse sections, the exact definition of the transverse
plane used for EI evaluation has been missing in multiple research
studies published such as Kojoukhova et al,8 Bao et al,10 and
Reinard et al.11 It remains debatable whether small statistical differ-
ences found in the EI are relevant in the setting of daily clinical
routine; nonetheless, they may be of significance at least in those
cases in which the EI approaches the cutoff value.

On the contrary, DESH, simplified CA, FHD, ZEI, and CMW
did not show statistically significant differences related to varying
section angulation (Tables 1 and 2) and proved to be insensitive
to plane-tilting differences, which would predispose them better
for comparing iNPH imaging studies performed at different insti-
tutions using different protocols. DESH proved to be the bio-
marker least prone to angulation-related variability, which might
be attributed to its semiquantitative nature based on visual rela-
tive assessment of subarachnoid spaces.

The FHD also showed insignificant variability of results
obtained at various section angulations. Owing to the lateral con-
vex geometry of the frontal horns, the maximum FHD would
remain unchanged over a wide range of section angulations.
Besides, the FHD scored comparably with the EI in a recent study
on the diagnostic performance of 15 iNPH biomarkers.21 This
finding has further raised the question of whether a simple linear
measure such as the FHD could possibly replace the more com-
plicated index measurement of the EI which, in addition, shows
significant variability when measured on different transverse sec-
tions. The reason for the increased EI variability is that although
its numerator (FHD) remains constant at the level of maximum
frontal horn diameter, the denominator (inner skull diameter)
varies on differently angulated sections, which all intersect at the
FHD level. As shown in the example in Fig 3, the FHD remains
the same at all angulations (48.5mm), whereas the inner skull di-
ameter ranges between 127.6 and 134.8mm.

Unlike the EI, the ZEI has not shown significant variability
when assessed on different section planes using repeated measures
ANOVA. Furthermore, the ZEI has shown better discriminatory

power between subjects with iNPH and HCs than the EI in the
recent study.21

When comparing the CA5 with the simplified CA6, the former
(assessed at the posterior commissure) shows substantially increased
variability at different angulations. This is because the angle formed
by the medial walls of the lateral ventricles progressively varies near
the ventricular trigones (and posterior commissure) but is relatively
constant at the midportion of the corpus callosum, making the sim-
plified CA at this location less susceptible to angulation-related devia-
tions. Because the cerebral “uplift” and “wrapping” of the lateral
ventricles around the posterior falx belong to the imaging hallmarks
of iNPH,12,20,23 the changes of the ventricular geometry as well as the
resulting CA angulation-related variability tend to be accentuated in
subjects with iNPH. This tendency is in accordance with the analysis
of the disease status interaction term in which the dependence on
angulation has differed between the iNPH and HC groups, most sig-
nificantly for CA (P, .001), with larger effects observed in the iNPH
group (Table 1, column “Angulation iNPH/HC”). Post hoc analysis
within the iNPH group showed that the SD of CA values obtained
on 4 coronal planes yielded 10.3° (intraindividual differences of CA
values ranged between 2° and 40°), whereas the SD within the HC
group was significantly lower (5.8°; intraindividual range, 1°–26°).

Coronal sections aligned parallel with the brain stem vertical
line (PBSM) showed the highest CA deviations from the pre-
scribed bicommissural plane. Considering that the PBSM
serves as the standard coronal imaging section at many insti-
tutions, improper-yet-not-rare assessment of the CA on
PBSM sections may induce significant bias (Table 2 and Fig
3) and should be avoided. This observation should certainly
not discourage radiologists from using the CA in routine
practice because the CA has shown high discriminatory
power between HCs and iNPH, surpassing, for example, the
EI or the simplified CA,21 yet it emphasizes that complying
with the proper measurement methodology is essential.

Study Limitations
This study was not intended to suggest new imaging standards,
evaluate the importance of radiologic biomarkers as supplemen-
tary tests for predicting outcome of CSF shunt surgery, or deter-
mine which plane or biomarker is the most accurate one. Instead,
we have tried to investigate how different standards of section
positioning affect individual iNPH biomarkers and whether inap-
propriate cross-sectional plane angulation may significantly influ-
ence iNPH biomarker measurements.

The diagnosis of iNPH was established on the basis of the
international iNPH guideline;18 therefore, the EI of.0.3 was al-
ready used as a preselecting criterion. On the contrary, ventricu-
lomegaly and EI increase are common in the overall elderly
population,4 which enhances the diagnostic benefits of more
iNPH-specific biomarkers such as the ZEI, DESH, or CA.

The orbitomeatal plane was not included in the assessment, pos-
sibly being viewed as a limitation of the study, but there were several
reasons for this exclusion: Its use has gradually decreased with
advancements of multidetector CT scanner technology, offering un-
precedented multiplanar reformatting capabilities yet restricting gan-
try tilt options. Also, this plane cannot be precisely defined on cross-
sectional MR images, reducing its reproducibility onMR imaging.
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Our study cohort represented a highly selective sample of the
elderly population comprising subjects with iNPH or HCs only.
However, systematic comparison of angulation-related bio-
marker variability, which was the main objective of this study,
should not be significantly influenced by this study design.

CONCLUSIONS
Seven of 12 iNPH biomarkers studied, including the frequently
used EI and CA, show statistically significant deviations when
measured on sections whose angulation differs from the original
section definition. Strict adherence to the originally prescribed
methodology of iNPH biomarker assessment (such as measuring
the CA strictly on the coronal section oriented perpendicular to
the bicommissural line) is considered essential to avoid incorrect
diagnostic results. Volume acquisition of a 3D image dataset
should be considered the standard of care in assessing patients
for iNPH (as well as other dementias) on both CT and MR imag-
ing because it provides the opportunity for reformatting correctly
angulated section planes, thus complying with the proper mea-
surement technique for each particular biomarker.

More radiologic as well as research attention should be paid to
those biomarkers, which are the least sensitive to angulation-
related differences such as DESH, ZEI, or CMW; in addition, these
biomarkers have also shown high discriminatory power between
iNPH and HCs in a recently published study.21 If further research
proves that these biomarkers show high diagnostic accuracy for
iNPH as well as insensitivity to angulation-related bias, it would
yield benefits for daily radiologic practice and potentially aid in
designing the future versions of iNPH diagnostic guidelines.

Different institutions worldwide use various definitions of
transverse and coronal brain imaging sections. Comparing CT or
MR imaging studies from different sources using different proto-
cols is not only arduous and less precise but may also lead to bi-
ased results when sections with improper angulation are used for
assessment of specific biomarkers. Viewed from a broader per-
spective, a systematic effort to standardize and unify cross-sec-
tional imaging plane definitions would bring substantial benefits
extending far beyond the radiologic community.
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Acceleration of Brain TOF-MRA with Compressed Sensitivity
Encoding: A Multicenter Clinical Study

J. Ding, Y. Duan, Z. Zhuo, Y. Yuan, G. Zhang, Q. Song, B. Gao, B. Zhang, M. Wang, L. Yang, Y. Hou,
J. Yuan, C. Feng, J. Wang, L. Lin, and Y. Liu

ABSTRACT

BACKGROUND AND PURPOSE: The clinical practice of three-dimensional TOF-MRA, despite its capability in brain artery assessment, has
been hampered by the relatively long scan time, while recent developments in fast imaging techniques with random undersampling has
shed light on an improved balance between image quality and imaging speed. Our aim was to evaluate the effectiveness of TOF-MRA
accelerated by compressed sensitivity encoding and to identify the optimal acceleration factors for routine clinical use.

MATERIALS AND METHODS: One hundred subjects, enrolled at 5 centers, underwent 8 brain TOF-MRA sequences: 5 sequences using
compressed sensitivity encoding with acceleration factors of 2, 4, 6, 8, and 10 (CS2, CS4, CS6, CS8, and CS10), 2 using sensitivity encoding
with factors of 2 and 4 (SF2 and SF4), and 1 without acceleration as a reference sequence (RS). Five large arteries, 6 medium arteries, and
6 small arteries were evaluated quantitatively (reconstructed signal intensity, structural similarity, contrast ratio) and qualitatively (scores
on arteries, artifacts, overall image quality, and diagnostic confidence for aneurysm and stenosis). Comparisons were performed among
the 8 sequences.

RESULTS: The quantitative measurements showed that the reconstructed signal intensities of the assessed arteries and the struc-
tural similarity consistently decreased as the compressed sensitivity encoding acceleration factor increased, and no significant dif-
ference was found for the contrast ratios in pair-wise comparisons among SF2, CS2, and CS4. Qualitative evaluations showed no
significant difference in pair-wise comparisons among RS, SF2, and CS2 (P. .05). The visualization of all the assessed arteries was
acceptable for CS2 and CS4, while 2 small arteries in images of CS6 were not reliably displayed, and the visualization of large
arteries was acceptable in images of CS8 and CS10.

CONCLUSIONS: CS4 is recommended for routine brain TOF-MRA with balanced image quality and acquisition time; CS6, for exami-
nations when small arteries are not evaluated; and CS10, for fast visualization of large arteries.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; BA ¼ basilar artery; CR ¼ contrast ratio; CS ¼ compressed sensing; L ¼ left; R ¼ right; RS ¼ reference
sequence without SENSE or CS-SENSE acceleration; RSI ¼ reconstructed signal intensity; SENSE ¼ sensitivity encoding; SF ¼ SENSE technique with acceleration
factors; SSIM ¼ structural similarity index; VA ¼ vertebral artery; PCA ¼ posterior cerebral artery

TOF-MRA is a noninvasive routine clinical method that does
not require intravenous contrast agents or exposure to radia-

tion for brain artery assessment.1-3 Previous studies have

demonstrated its high diagnostic efficacy in detecting cerebrovas-
cular diseases, which is comparable with that of DSA, and TOF-
MRA has been used to replace DSA in the diagnosis of cerebro-
vascular diseases for a range of clinical practices.2-5 However, the
relatively long scan time of conventional TOF-MRA can poten-
tially result in an uncomfortable experience for patients and
increased motion artifacts in images.6-8 Parallel imaging techni-
ques such as sensitivity encoding (SENSE) and generalized
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autocalibrating partially parallel acquisition have been imple-
mented in clinical practice in the past 2 decades for MR imaging
acceleration.9,10 However, the acceleration capability of parallel
imaging is limited by the number of receive coils, and the acceler-
ation factor rarely goes beyond 4 in clinical setups due to poten-
tial imaging artifacts and signal-to-noise ratio concerns.10,11

The compressed sensing (CS) technique by pseudorandom k-
space undersampling has shown its potential in fast MR imaging
with a relatively high acceleration factor and suppressed imaging
artifacts.6,12-15 Previous studies have shown that CS-accelerated
TOF-MRA outperforms traditional parallel imaging through
quantitative image evaluation, and the CS-accelerated sequence
has been applied for evaluating cerebral artery malformations,
aneurysms, and stenoses.6,16-18 In previous studies of CS TOF-
MRA, most cerebral aneurysms were recognized using a CS fac-
tor of 5 or 8 with 10 iterations.6 The diagnostic quality of several
distal arterial branches could be maintained on images with a CS
factor of up to 612 and improved visualization of small collaterals
in equivalent time (factor of 3); or equivalent results with a
shorter scan time (factor of 5) could be achieved by CS in com-
parison with parallel imaging.18 However, most of these studies
were performed at a single center or with a small number of sub-
jects, and there has been no consensus on the optimal CS acceler-
ation factor for 3D TOF-MRA. Therefore, a more comprehensive
study is required to verify the effectiveness of CS on TOF-MRA
and to identify the optimal CS acceleration factors for routine
clinical use, preferably in a multicenter study with more subjects.

In this work, we aimed to evaluate the effectiveness of CS-
accelerated TOF-MRA and identify the optimal CS acceleration
factors for clinical use in a cohort of 100 subjects from 5 centers
by systematically evaluating the image quality and diagnostic effi-
cacy of CS-accelerated TOF-MRA with 5 different acceleration
factors ranging from 2 to 10. These findings were compared with
results obtained by conventional SENSE with 2 acceleration fac-
tors and a nonaccelerated sequence.

MATERIALS AND METHODS
Ethics
This multicenter study was approved by the relevant institu-
tional review boards. Informed consent was obtained from all
participants.

Study Population
Between March 2019 and January 2020, we prospectively and con-
secutively enrolled participants at 5 different hospitals (located
in different cities in China): center 1: Beijing Tiantan Hospital,
Capital Medical University, in Beijing, 26 cases; center 2: Beijing
Royal Integrative Medicine Hospital, in Beijing, 30 cases; center 3:
The Affiliated Drum Tower Hospital of Nanjing University
Medical School, in Nanjing, 23 cases; center 4: the First Affiliated
Hospital of Dalian Medical University, in Dalian, 15 cases; and
center 5: Shengjing Hospital of China Medical University, in
Shenyang, 14 cases. The inclusion criteria were as follows: 1) older
than 18 years of age, and 2) healthy volunteers or participants sus-
pected or confirmed of having cerebrovascular diseases. The exclu-
sion criteria are included in Fig 1.

MR Imaging Protocols
Each participant was scanned head-first in the supine position at
3T (Ingenia CX; Philips Healthcare) at 1 of the 5 centers where
the MR imaging systems were located, with a 32-channel head
coil using compressed SENSE as the acceleration technique19,20

(a combination of CS and SENSE, hereafter referred to as CS-
SENSE) with the reconstruction algorithm shown in Equation 1,
which essentially followed the technique described by Lustig and
Pauley:21

p ¼ min ð
X]coils

i¼1
k md;i � ESd;ip k22 þl 1 k R�1n2p k22 þ l 2

k Wpk1Þ

where p is the image to be reconstructed; md,i is the measured
value for a given coil element after noise decorrelation; E is the
undersampled Fourier operator defined by the subsampling pat-
tern; Sd,i is the coil sensitivity for a given coil element after noise
decorrelation (obtained with the SENSE reference scan); l 1 is the
regularization factor for balancing between data consistency and
prior knowledge of image content; R is coarse resolution data
from the integrated body coil obtained with the SENSE reference
scan (used to constrain the solution during the regularization
process); l 2 is the regularization factor to balance the sparsity
constrain and data consistency in the iterative solution; and W is
the sparsity transform into the wavelet domain.

Each participant underwent 8 customized 3D TOF-MRA pro-

tocols (predesigned and optimized at Beijing Tiantan Hospital

and then replicated on the MR imaging systems of other hospi-

tals) in a random order. First, a routine brain MR imaging,

including transverse T2-weighted TSE, sagittal 3D T1 turbo-field

echo (known as MPRAGE), sagittal 3D-FLAIR, DWI, and SWI,

was performed for all participants with suspected or confirmed

cerebrovascular diseases, and after a period of 5–10minutes, the

8 TOF-MRA sequences were additionally scanned. For healthy

volunteers, routine brain MR imaging was optional, but the 8

TOF-MRA images were required. Among the 8 protocols, 5 used

FIG 1. Flow chart for participant inclusion.
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CS-SENSE with acceleration factors of 2, 4, 6, 8, and 10 (denoted as

CS2, CS4, CS6, CS8, and CS10, respectively); 2 used the conven-

tional SENSE technique with acceleration factors of 2 and 4

(denoted as SF2 and SF4, respectively); and 1 was a reference proto-

col without SENSE or CS-SENSE acceleration (denoted as RS). A

3D FOV was used to cover most cerebral arteries and the perical-

losal artery branches, including the intracranial segment of the

bilateral ICAs, the anterior cerebral artery (ACA, A1–A3 segments),

the MCA (M1–M4 segments), the distal bilateral vertebral arteries

(VAs, at least half of the V4 segment), the basilar artery (BA), and

the posterior cerebral artery (PCA, P1–P3 segments). A saturation

band was placed above the FOV to suppress the signals from veins.

The parameters for the 8 MRA protocols are listed in the Online

Supplemental Data. The reconstruction was performed in real-time

during the scan and did not affect the workflow of the hospital.

Image Evaluation
Images were transferred to the IntelliSpace Portal, Version 7.0
(Philips Healthcare) workstation and processed before evalua-
tions. First, all images were checked visually to exclude data with
insufficient quality due to unacceptable motion artifacts. Second,
image realignment was performed using SPM 12 (www.fil.ion.
ucl.ac.uk/spm/) for images acquired by the 8 sequences on the
same subject. Third, the patient and sequence information was
removed from all images. Finally, quantitative and qualitative
assessments were performed.

Quantitative image evaluations were performed on Matlab
R2016b (MathWorks). Because the iterative reconstruction of CS-
SENSE can result in artificial reduction of noise in MR images, it
would be inaccurate to use classic measurement approaches for cal-
culating the signal-to-noise ratio and/or contrast-to-noise ratio.
Instead, the reconstructed signal intensities (RSIs) of 11 cerebral
arteries, WM, and CSF were extracted from the source image–based
ROIs drawn by a neuroradiologist (Y.D., with .10years of experi-
ence). For the signal intensity measurements of the arteries, WM,
and CSF for each subject, ROIs were placed on the same slices of the
8 TOF-MRA source images. ROIs of the ACA, MCA, or PCA (such
as the A1, M1, and P1 segments) were drawn in the proximal seg-
ment, while ROIs of the ICA and VA (such as C7 and V4) were
drawn in the distal segment. In the case of stenosis, slight anatomic
variation, or occlusion, the proximal or distal segment with maximal
display in the same section of the 8 TOF-MRA source images was
selected for ROI measurements. The signal of the corpus callosum
was used to represent the WM signal.22 The CSF signal was mainly
acquired from the lateral ventricle. The contrast ratios (CRs) between
assessed arteries and WM (CRartery/wm) and between assessed arteries
and CSF (CRartery/csf) were calculated in Equation 2 as

23

CRtissue1=tissue2¼
jmtissue1 �mtissue2jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s tissue

2
1 þ s tissue

2
2

p

wheremtissue1 andmtissue2 are the ROI-based mean signal intensities
of 2 specific tissues, with s tissue1 and s tissue2 as the corresponding
variances. The assessed cerebral arteries included the left and right
ICAs (LICA, RICA), ACAs (LACA, RACA), MCAs (LMCA,
RMCA), VAs (LVA, RVA), PCAs (LPCA and RPCA), and the BA.
In addition, the structural similarity index (SSIM)24 was calculated

to measure the image similarity between each of the 7 accelerated
scans and the RS scan.20

The whole MIP radial axis in the foot-head direction (radial
angle ¼ 12°, fifteen projections in total, no preprocessing) was
used for visual depiction of the cerebral arteries. Qualitative
image evaluation was performed independently by 2 neuroradiol-
ogists (J.Y. and C.F., with .8 years of experience who were
blinded to the patient information and imaging parameters). The
image quality; visualization of large, medium, and small arteries;
and diagnostic confidence of arterial pathologies for all 8 proto-
cols were assessed according to the scoring system listed in the
Online Supplemental Data.15 Before the evaluation, the 2 neuro-
radiologists completed a training session with 5 patients on the
evaluation of the imaging findings.14 The mean scores of the 2
readers were used for subsequent statistical analyses.

Nonvisible distal arteries or branches due to severe stenosis or
occlusion were excluded from further analyses, but the normal
arteries in the same patient were still included. The criteria were
as follows: protocols with mean scores for large and medium
arteries of$3, small arteries of$2, artifacts of $2, overall image
quality of $3, and diagnostic confidence of $2 were considered
acceptable for clinical setup.

Statistical Analysis
Statistical analyses were performed using Matlab R2016b
(MathWorks). Repeated measures ANOVA tests were performed
for the RSIs, CRs, and SSIM among the 8 sequences, while differen-
ces between each pair of protocols were evaluated by multiple com-
parisons with P values corrected by the Bonferroni correction. The
interobserver reliability on qualitative evaluation was assessed
through the Cohen k test (excellent agreement if k . 0.9, good
agreement if k . 0.6). Qualitative scores from all sequences were
tested using the Friedman test, and multiple comparisons between
each pair of the 8 sequences were performed with P values cor-
rected by the Bonferroni correction. For all tests, P, .05 was con-
sidered statistically significant.

RESULTS
Participant Cohort
A total of 108 participants from the 5 centers were initially
recruited. Data from 8 participants were excluded due to motion
artifacts. Finally, 100 participants (46 men and 54 women; mean
age, 52.9 [SD, 16.5 ] years; age range, 23–88 years) were enrolled
(Fig 1). Fifty-nine participants had no artery pathologies and
included 50 healthy volunteers and 9 participants from the sus-
pected group. Forty-one participants showed artery pathologies,
including arterial stenosis only (n ¼ 29), arterial aneurysm only
(n ¼ 8), or coexisting arterial stenosis and an aneurysm (n ¼ 4).
The locations of the arterial stenoses and aneurysms are listed in
the Online Supplemental Data.

Quantitative Measurements
RSIs and SSIM. For all assessed arteries, WM, and CSF, significant
differences were observed for RSIs among the 8 protocols
(P, .05), as well as the SSIM among the 7 accelerated protocols
(P, .05). For each artery, WM, or CSF, as the SENSE or CS-
SENSE acceleration factor increased, the mean reconstructed signal
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intensity gradually decreased, and significant differences were
found between any 2 of the 8 protocols (P, .05, Fig 2) except
between SF4 and CS6. The SSIM also decreased as the SENSE or
CS-SENSE acceleration factor increased, and no significant differ-
ence was found between the SF2 and CS2 scans (P. .05, Fig 2).

Contrast Ratio. The mean CRartery/wm and CRartery/csf values
decreased slightly and gradually for most arteries when the CS-
SENSE acceleration factor increased (Online Supplemental Data).
Differences were found among the 8 MRA sequences for the CRs
using repeated measures ANOVA. Comparisons between any 2 of
the 8 sequences are listed in the Online Supplemental Data. No sig-
nificant difference was found for the CRs between any pairs of SF2,
CS2, and CS4.

Qualitative Assessments
Good or excellent agreement was reached between the 2 readers
for scoring artery visualization (k $ 0.812), artifacts (k $ 0.922),

overall image quality (k $ 0.901), and diagnostic confidence (k
$ 0.894).

Visualization of the Assessed Arteries. Significant differences
were found for the scores of all arteries among the 8 protocols
(P, .05, Online Supplemental Data). No significant difference
was found in pair-wise comparison between RS, SF2, and CS2 for
all arteries (P. .05, Online Supplemental Data). Images of RS,
SF2, CS2, and CS4 were acceptable for the assessment of all
arteries. Visualization of 2 small arteries (left anterior choroidal
artery [LAChA] and right anterior choroidal artery [RAChA])
became less reliable (mean score, 2, Online Supplemental Data)
in CS6 images. Reliable visualization of large arteries was still
maintained on images of CS8 and CS10 (mean scores. 3) but
not for some medium-sized and all the small-sized arteries.

Artifacts and Overall Image Quality. A typical artifact generated
by SENSE was observed in SF4, and speckled noise was found in

FIG 2. Measured RSIs for 11 arteries (LICA, RICA, LACA, RACA, LMCA, RMCA, LPCA, RPCA, LVA, RVA, and BA), WM, and CSF by the 8 sequences;
and the SSIM values for the 7 accelerated scans with reference to the RS scan (circles indicate individual measurements; black lines,mean values;
dotted black lines, median values; and green boxes, SD). Pairs without significant differences (P. .05) are connected with double arrow lines
because the P values in other pairs were all .000.
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the center region of images with SF4 (Fig 3D, -E). Curved striped
pattern artifacts were obvious for CS8 and CS10 (Fig 3G, -H). For
scores of artifacts and overall image quality, no significant differen-
ces were found in pair-wise comparisons among RS, SF2, and CS2
(Online Supplemental Data), and the mean scores decreased grad-
ually as the SENSE or CS-SENSE acceleration factor increased
(Fig 3).

Diagnostic Confidence for Arterial Aneurysm and Stenosis. No
significant difference in the diagnostic confidence was found in
the pair-wise comparisons among RS, SF2, and CS2 for either ar-
terial stenosis or an aneurysm (P. .05, Fig 4A, -B). All arterial
aneurysms (with diameters ranging from approximately 3 to
8mm and positions listed in Online Supplemental Data) and
most cases of arterial stenosis were well-diagnosed with RS, SF2,
and CS2 (nearly all scores were equal to 3 and were considered
acceptable), diagnosed with relative certainty with CS4 and CS6
(most scores were equal to 2 and the others were equal to 3,
acceptable), and unclearly diagnosed with SF4, CS8, and CS10
(most the scores were,2). Notably, the stenoses in the large
arteries (listed in the Online Supplemental Data) could be suc-
cessfully diagnosed on images of all 8 sequences. The zoomed
MIP images obtained by the 8 sequences for 1 patient with mild
stenosis in the BA (Fig 4C, -J) and for another patient with a tiny
arterial aneurysm of the right ICA (Fig 4K, -R) are shown.

DISCUSSION
In this study, the CS-SENSE technique with 5 different accelera-
tion factors was evaluated for brain 3D TOF-MRA in a cohort of
100 patients with images collected from multiple centers. A refer-
ence sequence without acceleration and 2 sequences using the
conventional SENSE technique were included for comparison.
CS-SENSE with an acceleration factor of 4 could provide bal-
anced image quality and acquisition times.

Obviously reduced image information was found from the
quantitative measurements (tendency of RSIs or SSIM) when the
CS-SENSE acceleration factors gradually increased from 2 to 10.
The possible reason was that sparser data sampling was achieved
for scans with higher acceleration factors.13 Although the mean
CRartery/wm and CRartery/csf values slowly decreased as the CS-
SENSE factor increased, no significant difference was found
between CRs for any pairs of SF2, CS2, and CS4, which indicated
that imaging contrasts (between assessed arteries and WM/CSF)
of CS4 were comparable with those of CS2 and SF2, despite the
increased acceleration factor.

CS2 could generate images with almost equally acceptable
quality compared with RS but with a reduction of 47.95% in scan
time, considering both the comparisons of the qualitative and
quantitative assessments. As the CS-SENSE acceleration factor
increased from 2 to 4 though there were obvious decreases in
some quantitative and qualitative assessments, images of both
CS2 and CS4 achieved acceptable image quality through qualita-
tive evaluations, including the visualization of all arteries, qualita-
tive scores of artifacts and overall image quality, and diagnostic
confidence of stenosis or aneurysm, according to the criteria in
this study. In this sense, CS4 yielded image quality lower than
that of CS2, which was a natural outcome of exaggerated under-
sampling, but CS4 images were still acceptable for diagnosis from
all the perspectives under evaluation in our study.

Given the reduced scan time (reduced by 48.68%) compared

with CS2, CS4 could be a practical setup in routine clinical scan-

ning. As the CS-SENSE acceleration factor increased from 4 to

6, visualization of the large and medium arteries was still accepta-

ble, agreeing with the previous study by Yamamoto et al.12

However, visualization of 2 small arteries (LAChA and RAChA)

became unacceptable according to the criteria in this study, which

might render CS6 unpromising for examinations of some small ar-

terial disorders, such as the evaluation of small intracranial

FIG 3. Subject count of scores for the 8 protocols about the artifacts (A) and overall image quality (B) and transverse images of different proto-
cols from 1 healthy subject (C–H). Speckled noise is found in the center region of SF4 image (red circle, D) compared with SF2 (C), and the SENSE
artifact is observed in SF4 (red arrow, E, different section from D). Curved striped pattern artifacts are obvious for CS8 (G) and CS10 (H) (red
arrows), but negligible for CS6 (F).
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FIG 4. Patient count of scores for the 8 protocols of the arterial stenosis (A) and aneurysms (B). Groups with significant differences (P, .05) are
connected by double arrow lines. Zoomed MIP images obtained by the 8 sequences for 1 patient with mild stenosis (anterior view). The BA has
a smooth boundary and uniform signal distribution in the region of the stenosis (red arrow) in images of RS (C), SF2 (D), and CS2 (F); it is visually
acceptable in images of CS4 (G) and CS6 (H), but with rough boundaries and granulated signal distributions in images of SF4 (E), CS8 (I), and CS10
(J). Zoomed MIP images obtained by the 8 sequences for a patient with a tiny arterial aneurysm in the eye segment of right ICA (inferior view).
The arterial aneurysm has an explicit boundary (red arrow) and can be well-diagnosed in RS (K), SF2 (L), CS2 (N), CS4 (O), and CS6 (P) (mean score
¼ 3) and can be diagnosed with relative certainty in CS8 (Q) and SF4 (M) (mean score¼ 2); but the boundary becomes rough and unclear in CS10
(R). Additionally, 3 distal arterial branches were marked by yellow arrows in each image (K–R). These arterial branches are clear and continuous in
RS (K), SF2 (L), CS2 (N), CS4 (O), and CS6 (P), but become discontinuous or even invisible in SF4 (M), CS8 (Q), and CS10 (R).
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vasculature and arteriovenous malformations in challenging
regions of the skull base.

As the acceleration factor increased to 8 or 10, visualization of
small and medium arteries became unacceptable and the diagnostic
confidence of arterial stenosis and aneurysms also became less
convincing (the small size of aneurysms in this study and exces-
sive sparsity of CS-SENSE might be possible reasons for the mis-
diagnosis of arterial aneurysms in large arteries). Moreover,
curved striped pattern artifacts became obvious, the boundaries
of the arteries became rougher, and some small arteries became
discontinuous or missing in images. All these factors increase
the potential risk of misdiagnosis or unclear diagnosis of possi-
ble pathologies. Nevertheless, reliable visualization for large
arteries and a high diagnostic rate for all 5 stenoses in large
arteries could be achieved by CS10. Considering the unprece-
dented short scan time (48 seconds), CS10 might be a fast
approach for visualization or stenosis screening for large arteries
(eg, ICA occlusion for emergency intravascular intervention).

Although conventional SENSE-accelerated TOF-MRA (such
as SF2) is clinically effective and widely used for the noninvasive
evaluation of cerebrovascular pathology, the long scan duration
and vulnerability to motion artifacts can still be problematic for
its clinical applications.25,26 From both qualitative assessments
and quantitative measurements, no significant difference was
found between CS2 and SF2. The RSIs of assessed arteries, WM,
and CSF in images in CS4 were obviously lower than those in SF2
due to the sparse sampling for CS-SENSE; however, the CRs were
basically equivalent. Furthermore, considering the acceptable vis-
ualization of assessed arteries, overall image quality, relatively cer-
tain diagnostic confidence of arterial stenosis and aneurysm, and
reduced scan time (reduced by 46.33% compared with SF2), CS4
could be considered a better choice than SF2 in routine clinical
settings. Additionally, the overall performance of CS4 was much
better than that of SF4. Even for CS6, the RSIs for all assessed
arteries, the mean scores for most arteries (14/17, 82%) and the
mean scores of artifacts (2.51 versus 1.97), and the overall image
quality (3.45 versus 2.93) were still higher than those with SF4.
Moreover, the diagnostic confidence for arterial aneurysms and
stenosis with CS6 was higher than that with SF4. These observa-
tions suggest the use of higher acceleration factors with CS-
SENSE in TOF-MRA clinical setups than with conventional
SENSE, which was consistent with previous studies.8,12

Speckled noise and SENSE artifacts were commonly observed
in the central part of TOF-MRA images with SF4, which was also
mentioned in previous studies,8 while these SENSE ghost artifacts
were rarely seen on the CS-SENSE images. However, in this
study, curved striped pattern artifacts were observed when the
CS-SENSE acceleration factor was .6 (obvious in CS8 and
CS10), especially around the skull boundaries. The possible origi-
nation of these curved striped pattern artifacts was thought to be
related to the phase-encoding direction and sparse sampling, pos-
sibly derived from the outer edge of the skull.18

The current study has several limitations. First, the final diag-
nosis of the arterial pathologies was confirmed by comprehensive
consideration of the MRA images, the routine MR images (T1, T2,
FLAIR, DWI, and SWI), and any other available clinical data. DSA
was not considered essential in this study due to its invasive

procedure. Furthermore, several studies have verified a good corre-
lation between MRA and DSA.4,5,27 Second, only 2 cerebrovascular
pathologies (arterial stenosis and aneurysm) were assessed in this
study. The performance of MRA with different CS-SENSE acceler-
ation factors for other possible vessel pathologies (eg, vascular mal-
formation) still merits further investigation. Additionally, the
influence of CS-SENSE on the diameters of aneurysms or rates of
stenosis was not included in the study, which would also be consid-
ered in future studies. Third, no comparison was performed
among different centers in this study. Fourth, the number of itera-
tions in the CS reconstruction that might have influenced the
image quality6 was not included. Fifth, only 1 neuroradiologist was
chosen for ROI drawing. Although we believe that the neuroradiol-
ogist with .10 years of experience was professional in drawing
ROIs, $2 readers would be better. Sixth, spiral TOF-MRA, which
potentially delivers high-quality intracranial vessel imaging at a
short scan time, was not included for comparison in the study 28,29

and will be studied in future work.

CONCLUSIONS
The CS-SENSE technique with an acceleration factor of 4 is gen-
erally acceptable for brain 3D TOF-MRA in clinical setups at 3T
with balanced image quality and acquisition times (117 seconds),
while CS6 (79 seconds) can be used for examinations in which
small arteries are not evaluated and CS10 (48 seconds) may be
suitable for fast visualization of large arteries.
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ORIGINAL RESEARCH
ADULT BRAIN

Relationship between Shear Stiffness Measured by MR
Elastography and Perfusion Metrics Measured by Perfusion

CT of Meningiomas
T. Takamura, U. Motosugi, M. Ogiwara, Y. Sasaki, K.J. Glaser, R.L. Ehman, H. Kinouchi, and H. Onishi

ABSTRACT

BACKGROUND AND PURPOSE: When managing meningiomas, intraoperative tumor consistency and histologic subtype are indis-
pensable factors influencing operative strategy. The purposes of this study were the following: 1) to investigate the correlation
between stiffness assessed with MR elastography and perfusion metrics from perfusion CT, 2) to evaluate whether MR elastography
and perfusion CT could predict intraoperative tumor consistency, and 3) to explore the predictive value of stiffness and perfusion
metrics in distinguishing among histologic subtypes of meningioma.

MATERIALS AND METHODS: Mean tumor stiffness and relative perfusion metrics (blood flow, blood volume, and MTT) were calcu-
lated (relative to normal brain tissue) for 14 patients with meningiomas who underwent MR elastography and perfusion CT before surgery
(cohort 1). Intraoperative tumor consistency was graded by a neurosurgeon in 18 patients (cohort 2, comprising the 14 patients from
cohort 1 plus 4 additional patients). The correlation between tumor stiffness and perfusion metrics was evaluated in cohort 1, as was the
ability of perfusion metrics to predict intraoperative tumor consistency and discriminate histologic subtypes. Cohort 2 was analyzed for
the ability of stiffness to determine intraoperative tumor consistency and histologic subtypes.

RESULTS: The relative MTT was inversely correlated with stiffness (P¼ .006). Tumor stiffness was positively correlated with intraopera-
tive tumor consistency (P¼ .01), while perfusion metrics were not. Relative MTT significantly discriminated transitional meningioma from
meningothelial meningioma (P¼ .04), while stiffness did not significantly differentiate any histologic subtypes.

CONCLUSIONS: In meningioma, tumor stiffness may be useful to predict intraoperative tumor consistency, while relative MTT may
potentially correlate with tumor stiffness and differentiate transitional meningioma from meningothelial meningioma.

ABBREVIATIONS: BF ¼ blood flow; BV ¼ blood volume; CUSA ¼ Clarity Ultrasonic Surgical Aspirator System; MRE ¼ MR elastography; PCT ¼ perfusion
CT; rBF ¼ relative BF; rBV ¼ relative BV; rMTT ¼ relative MTT

Meningioma is the most common primary intracranial tumor

with an incidence of approximately 8 cases per 10,000 persons

per year.1 Radiosurgery, chemotherapy, or arterial embolization play

supplementary roles, though surgical resection is the primary treat-

ment for meningiomas. Tumor consistency is recognized as a major

indicator of complete resection for meningiomas.2 To date, various

imaging modalities including T2-weighted images, diffusion MR

imaging measurements, and magnetization transfer imaging have

been investigated to predict meningioma consistency.3 However,

there have been conflicting results, and no widely accepted method

has been established.
MR elastography (MRE) is a dynamic MR imaging–based

technique used for the noninvasive measurement of the mechani-
cal properties of soft tissue in vivo.4 Recently, the mechanical
properties of the brain have been studied in normal aging,5-9

Alzheimer disease,6,10,11 Parkinson disease,12 frontotemporal de-
mentia,6 normal pressure hydrocephalus,6 and brain tumors,13

including menigniomas.14-17 More recently, slip interface imag-
ing using specialized processing of MRE data was shown to pro-
vide a dynamic measure of adherence between the tumor and the
adjacent brain tissue.18

The global shear modulus of soft biologic tissue can be influ-
enced by the scale of perfusion,19 which relates to the topology
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and geometry of microvessels,20 indicating a potential effect of
perfusion on the macroscopic viscoelastic response of brain tis-
sue. Previous MRE studies have indicated a close correlation
between tissue perfusion and mechanical properties in the
brain21,22 and abdominal organs.23 Moreover, in investigations of
the pathologic determinants underpinning MRE data,24,25 micro-
vascular density, which is related to perfusion metrics,21 has been
shown to contribute to the stiffness of soft brain tumor models in
mice. Nevertheless, the perfusion conditions and mechanical
properties of meningiomas have not been concurrently analyzed.
Meningioma consistency and histologic subtype are indispensa-
ble factors influencing operative strategy and patient counseling.
Recently, MRE has been increasingly recognized as a useful indi-
cator of meningioma consistency,14-17 while perfusion metrics
provide physiologic and functional information about the tumor
microenvironment. Because stiffness and perfusion status are
intricately related, MRE and perfusion metrics may serve to pre-
operatively characterize the viscoelastic properties of meningio-
mas and further develop clinically applicable predictors for
intraoperative tumor consistency. Relatively few studies have
reported the relationship between stiffness 16 or perfusion metrics
26-28 and histologic subtype, and no definite association has been
established. Investigating the relationship of stiffness and perfu-
sion metrics to intraoperative meningioma consistency and histo-
logic subtypes may contribute to understanding and objective
comparison of these techniques and provide valuable information
affecting risk assessment, patient management, and workflow
optimization.

The purposes of this study were the following: 1) to investigate
the correlation between stiffness and perfusion metrics, 2) to eval-
uate whether preoperative MRE and perfusion metrics could pre-
dict intraoperative tumor consistency, and 3) to explore the
predictive value of stiffness and perfusion metrics in distinguish-
ing among histologic subtypes of meningiomas.

MATERIALS AND METHODS
Subjects
This retrospective study was approved by institutional review
board of University of Yamanashi Hospital. Between May 2017
and September 2019, twenty-seven meningiomas of 27 patients
who underwent MRE and received pathologic confirmation of
meningioma with subsequent radical resection were included in
this study. For the correlation analysis between stiffness measured
by MRE and perfusion metrics measured by perfusion CT (PCT),
between perfusion metrics and intraoperative tumor consistency,
as well as group analysis of pathologic subtype for perfusion met-
rics, patients were excluded under the following circumstances:
1) Preoperative endovascular embolization for tumors was per-
formed, 2) tumors were clinically confirmed as locally recurring,
3) tumors were resected en bloc without the use of air aspiration
or the Clarity Ultrasonic Surgical Aspirator System (CUSA;
Integra LifeSciences), 4) there was no available PCT examination
within 12weeks of the MRE examination, or 5) PCT data were
not successfully analyzed by the Perfusion Mismatch Analyzer
software (PMA; ASIST Group). Of the 27 patients, we excluded
13 patients: Seven underwent endovascular embolization, 1 was a
local recurrence case, 3 lacked an available PCT examination, and

2 were excluded because their PCT data were not successfully an-
alyzed by the PMA software. Additionally, 1 of the 3 patients
lacking an available PCT examination had undergone en bloc
resection. The reason for the PCT data miscalculation by the
PMA software in 1 case was the irregular arterial attenuation
curve due to the presence of metal-related artifacts from previ-
ously implanted clips for a cerebral aneurysm independent of the
meningioma. The reason for the other case was unclear.

Of these 13 excluded patients, 4 patients (2 lacked an available
PCT and 2 whose PCT data were not successfully analyzed) who
did not fulfill the following exclusion criteria (ie, 1) preoperative
endovascular embolization for tumors was performed, 2) the
tumors were clinically confirmed as locally recurring and, 3) the
tumors were resected en bloc without the use of air aspiration or
the CUSA) were additionally included in the correlation analysis
between stiffness and intraoperative tumor consistency as well as
the group analysis of pathologic subtype for stiffness because they
were considered to have no intervention during the period
between the MRE examination and the operation. Finally, 14
patients were included for the correlation analysis between stiff-
ness and perfusion metrics, between perfusion metrics and
intraoperative tumor consistency, and the group analysis of
pathologic subtype for perfusion metrics (cohort 1), while 18
patients were included for the correlation analysis between
stiffness and intraoperative tumor consistency and the group
analysis of pathologic subtype for stiffness (cohort 2).

Surgical Assessment of Tumor Consistency
Intraoperative tumor consistency was defined on the basis of the
CUSA amplitude applied for tumor removal. The CUSA ampli-
tude setting was determined in 10 steps and ranged from 10% to
100%. These values were consistently chosen by 1 operating neu-
rosurgeon (M.O.) for all cases. The intraoperative tumor consis-
tency score was defined as a value of 1/10 of the CUSA amplitude
(eg, a CUSA amplitude of 50% was defined as score 5). If the tu-
mor was removed solely by using air aspiration without the use
of CUSA, the intraoperative tumor consistency score was defined
as score 0. If .1 CUSA setting was used for tumor removal, the
mean value of the intraoperative tumor consistency scores was
applied.

PCT Technique
The PCT examination was performed using a 320-section multi-
detector row CT scanner (Aquilion ONE; Toshiba). For the per-
fusion scan, 70mL of nonionic iodinated contrast medium,
iopamidol (370mg I/mL, Imeron; Eisai) was injected at a rate of
5mL/s through the right antecubital vein. A total of 20 volumes
covering the whole brain was acquired; each volume comprised
320 images of 0.5mm-thick sections that covered a total of 16 cm
of the head in the superior-inferior direction. The first volume
was acquired with an acquisition delay of 5 seconds after the
injection of contrast media, allowing the acquisition of baseline
images without contrast enhancement, which were used as a
mask for obtaining bone subtraction. Next, 10 volumes of the
brain were acquired starting at 12 seconds after the injection of
contrast media at a sampling interval of 1 volume every 1 second.
Then, 5 volumes were acquired starting at 22 seconds after the
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injection at a sampling interval of 1 volume every 2 seconds.
Subsequently, 3 volumes were acquired starting at 35 seconds af-
ter the injection at a sampling interval of 1 volume every 3 sec-
onds. Finally, 1 volume was acquired at 47 seconds.

Block circulant singular value decomposition perfusion maps,
including tumor blood flow (BF), blood volume (BV), and MTT,
were calculated directly from the residue function using the PMA
software. Nonparenchymal vascular voxels were automatically
excluded by temporal intensity thresholding. Arterial voxels were
identified automatically by identifying the vascular voxels with
the earliest peak enhancement. The arterial and venous reference
voxels were selected automatically under supervision. All perfu-
sion maps were converted to 2-mm section thickness using near-
est-neighbor interpolation.

MRE Technique
MRE data acquisition was conducted with a spin-echo EPI MRE
sequence5,6,10,11,29,30 on a 3T MR imaging scanner (Discovery
750; GE Healthcare). Shear waves were introduced into the brain
with a soft pillowlike passive driver designed for brain MRE that
was placed under the subject’s head within a 32-channel phased
array coil. A pneumatic actuator (Resoundant)31 that was placed
outside the MR imaging examination room produced pneumatic
pressure waves and vibrated the brain at a mechanical frequency of
60Hz. 3D wavefield imaging was repeated to capture motion along
the positive and negative x, y, and z directions through 6 phase off-
sets to observe wave propagation in time. The imaging parameters
were as follows: axial slices, TR ¼ 3600 ms, TE ¼ 62 ms, no signal
averaging, FOV ¼ 24 � 24 cm2, acquisition matrix ¼ 128 � 128,
parallel imaging acceleration factor¼ 3, section thickness¼ 3 mm
with no section gap, and acquisition time ¼ about 5minutes.
Depending on the subject, 48–50 sections were acquired to cover
the entire brain.

Stiffness maps were automatically created on the MR imaging
scanner using a previously described pipeline.9 In brief, stiffness
maps were generated in 3 steps. In the first step, the temporal
harmonic of the curl of the displacement images was calculated.
In the second step, the results were smoothed with quartic
smoothing kernels of the form (1-x2)2 � (1-y2)2 � (1-z2), where
x, y, and z are linearly spaced from –1 to 1. In the third step, the
first-harmonic curl wave information was calculated using a
direct inversion of the Helmholtz wave equation. The complex
shear modulus values were then median-filtered using a 3� 3 �
3 median filter. Next, shear stiffness maps (elastograms), ie, the
magnitude of the complex shear modulus, were created on the
scanner, from which regional stiffness information could be
measured.

Image Processing
ROIs of the tumor were manually drawn on the magnitude
images for the MRE and on the delayed postcontrast images for
the PCT by a board-certified neuroradiologist with 10 years of ex-
perience, blinded to the surgical findings (T.T.). For MRE, the
ROI used for reporting tumor stiffness was eroded by 3 voxels
from every edge to remove edge artifacts; this procedure was pre-
viously reported as a method to minimize partial volume effects
and edge-related bias.31

For perfusion metrics, we normalized the absolute quantified
BF, BV, and MTT values using the brain mask created by man-
ually contouring the brain parenchyma excluding the CSF on the
delayed postcontrast images to increase the robustness of regional
physiologic measures by removing variations due to the arterial
input function32 and variations in cardiac output.33

Maps of BF, BV, and MTT (defined as relative BF [rBF], rela-
tive BV [rBV], and relative MTT [rMTT], respectively) were cal-
culated by dividing each voxel value by the mean value of the
brain mask. The tumor volume was computed from the tumor
ROI drawn onMRE magnitude images.

Statistical Analysis
Correlations between stiffness and the perfusion metrics rBF,
rBV, and rMTT; stiffness and the intraoperative tumor consis-
tency score; and the perfusion metrics rBF, rBV, and rMTT and
the intraoperative tumor consistency score were evaluated using
the Spearman rank correlation test.

On the basis of the results of correlation analyses, patients in
cohort 1 were also grouped according to the median value of stiff-
ness in our cohort into the “high-stiffness” group ($2.9 kPa) or
the “low-stiffness” group (,2.9 kPa). The receiver operating
characteristic curve was used to investigate the predictive ability
of perfusion metrics for tumor stiffness. Cutoff values of perfu-
sion metrics were determined by maximizing the Youden index
on the estimated curves. Tumor stiffness and perfusion metrics
among the histologic subtypes were analyzed using a nonpara-
metric analysis of variance (Kruskal-Wallis test) and the Steel-
Dwass test for post hoc comparisons. P, .05 was considered stat-
istically significant (2-tailed). All statistical analyses were per-
formed using commercial software (JMP, Version 13.0.0; SAS
Institute).

RESULTS
Patient demographics, tumor location, tumor volume, intraoper-
ative tumor consistency score, histologic subtype, and cohort are
summarized in the Online Supplemental Data. In 7 of 18 menin-
giomas in cohort 2, two different CUSA settings were used; there-
fore, the mean intraoperative tumor consistency score was
applied. The mean age of the 18 patients (14 women) was 62.8
(SD, 15.3 ) years, and the median intraoperative tumor consis-
tency score was 3 (range, 1–8). All cases required the use of
CUSA for tumor removal. MRE measured the mean stiffness as
3.12 (SD, 1.23) kPa, and the median mean stiffness was 2.89 kPa
for 18 meningiomas. The mean values of rBF, rBV, and rMTT for
cohort 1 were 3.37 (SD, 2.56), 3.95 (SD, 3.19), and 1.13 (SD,
0.17), respectively.

Correlations between perfusion metrics and stiffness are
shown in Fig 1. rMTT was inversely correlated with stiffness (r ¼
�0.69, P¼ .006) (Fig 1C). However, rBF and rBV were not signif-
icantly correlated with tumor stiffness (Fig 1A, -B).

A plot of mean tumor stiffness versus the intraoperative tu-
mor consistency score is shown in Fig 2. Stiffness was signifi-
cantly positively correlated with intraoperative tumor consistency
(r¼ 0.59, P¼ .01) (Fig 2). There was no correlation between all
perfusion metrics (rBF, rBV, and rMTT) and the intraoperative
tumor consistency score.
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Receiver operating characteristic analysis revealed that rMTT
was a good predictor of tumors in the high-stiffness group
(stiffness$2.9 kPa) (area under the receiver operating character-
istic curve ¼ 0.81, P¼ .02). By means of a cutoff value of,1.00,
the sensitivity and specificity of rMTT for predicting tumors with
high stiffness were 62.5% (5/8) and 100% (6/6), respectively.

Of the 18 meningiomas in cohort 2, nine meningothelial me-
ningiomas, 4 fibrous meningiomas, 4 transitional meningio-
mas, and 1 angiomatous meningioma were pathologically
confirmed, while 6 meningothelial meningiomas, 4 fibrous
meningiomas, and 4 transitional meningiomas were patho-
logically confirmed for 14 meningiomas in cohort 1. Results
from the Kruskal-Wallis test revealed significant differences
in stiffness (P¼ .04) (Fig 3A) and rMTT (P¼ .01) (Fig 3B)
among meningioma subtypes. However, there were no sig-
nificant differences in rBF and rBV among meningioma
subtypes. The intraoperative tumor consistency score also
showed no significant differences with respect to meningi-
oma subtypes for both cohort 1 and cohort 2. Post hoc anal-
ysis revealed that the rMTT of the transitional meningiomas
was significantly lower than that of the meningothelial me-
ningiomas (P¼ .04) (Fig 3B).

Three representative meningioma cases are shown in the
Online Supplemental Data. The stiffness maps (second row) and
rMTT maps (bottom row) demonstrate a trend whereby rMTT
decreased as stiffness increased. The rBF and rBV of a 42-year-
old woman with a transitional meningioma, with a stiffness of
5.34 kPa (right column), were lower than those of a 72-year-old
woman with a fibrous meningioma and stiffness of 2.65 kPa (left
column). However, the rBF and rBV of the transitional meningi-
oma of the 42-year-old woman (right column) were higher than
those of a fibrous meningioma of a 62-year-old man (middle col-
umn), indicating that rBF and rBV were not necessarily corre-
lated with the stiffness value.

DISCUSSION
In this study, we demonstrated that rMTT measured by PCT was
negatively correlated with tumor stiffness, but rBF and rBV were
not. We also found that the meningioma stiffness and the intrao-
perative tumor consistency score were positively correlated.

An increased pathologic grading of fibrosis has been demon-
strated to cause an increase in intraoperative tumor consistency in

meningiomas.34 Conversely, perfusion
conditions, including BF or BV, are also
important factors that influence stiffness.
For example, increased viscoelastic param-
eters are correlated with increased BF in
the brain21,22 and increased BV in the
liver.23 In addition, perfusion metrics,
including BV35 or BF,36 are positively cor-
related with microvascular density in me-
ningiomas. Collectively, perfusion metrics
including BF and BV and fibrosis may
both intrinsically increase meningioma
stiffness. Results from a previous animal
experiment that used sonographic elastog-
raphy indicated that vessel density and

FIG 2. Scatterplot along with the least squares fitted line of tumor
stiffness (kilopascal) measured using MRE and the intraoperative tu-
mor consistency score in 18 patients with meningiomas.

FIG 1. Scatterplot along with the least squares fitted line of tumor
stiffness (kilopascal) measured using MRE and perfusion metrics meas-
ured using PCT in 14 patients with meningiomas. Graphs show stiff-
ness versus rBF (A), rBV (B), and rMTT (C).

FIG 3. Boxplot of stiffness (kilopascal) (A) and rMTT (B) among histologic subtypes of meningi-
oma. The lower and upper hinges of the boxes represent the 25th and 75th percentiles, respec-
tively. The line within the box denotes the 50th percentile (median), and the whiskers indicate
the maximum and minimum values. The asterisk indicates P, .05 for post hoc comparisons
(Steel-Dwass test).
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stiffness were negatively correlated in a stiff tumor model with
increasing amounts of collagen; however, vessel density and stiffness
were positively correlated in a soft-tumor model with perfused cores
and less collagen.25 These results suggest that the degree of contribu-
tion of vascular density or fibrosis to tumor stiffness may vary
according to the balance of pathologic contents. The complex rela-
tionship between vascular and fibrosis content may explain the lack
of a positive correlation between BF and BV and stiffness in this
study.

A marked correlation between rMTT and stiffness was
observed in this study. Despite the widespread application in
stroke imaging, the concept of MTT has not been as fully studied
as BV in the context of oncologic imaging. MTT can be defined
as the average time taken for blood to transfer between arterial
inflow and venous outflow; therefore, increased MTT indicates a
slow flow rate and a delayed exit of contrast agent into the venous
system among tumors. MTT depends on the pathway taken by
the blood traveling from arteries to veins, which depends on local
tissue hemodynamics due to vascular network patterns. One pos-
sible explanation for the significant negative correlation between
stiffness and rMTT in our study is that the difference in contrast
agent excretion conditions due to the complexity of the intratu-
moral vascular pathway derived from architectural distortions
caused by fibrosis within the tumor may be related to stiffness
changes.

It is useful for neurosurgeons to know the stiffness of a me-
ningioma before the operation because strategies and equipment
are not the same for patients with stiff and soft tumors.
Consistent with our results, previous studies have reported that
MRE-measured meningioma stiffness is positively correlated
with the tumor consistency assessed by a similar 5-point scale
determined by surgeons.14-16 In our criteria, we applied the mean
value of the CUSA setting for tumors with 2 distinct consistency
components (7 cases) whose value was considered to be derived
from both components of the tumor. However, because the tu-
mor margins were removed to create the final ROI, peripheral
regions, such as the site of attachment of the meningioma to the
dura, were not included in the stiffness measurements. Thus, the
reported stiffness was likely biased toward the central areas.
Therefore, the reported stiffness of internally heterogeneous
tumors may have been underestimated or overestimated when
the stiffer components were peripherally or centrally biased,
respectively. The CUSA setting is probably not always a proper
indicator of the tumor consistency. Nevertheless, our grading sys-
tem highlights the possibility of estimating the CUSA settings
required for tumor removal, which may be useful for the preoper-
ative planning of meningiomas.

In this study, rMTT showed no significant correlation with
intraoperative tumor consistency. A plausible explanation for the
discrepancy in diagnostic ability between stiffness and rMTT
might be the potentially superior diagnostic ability of MRE for
intraoperative tumor consistency, in addition to reproducibility
differences among the techniques. The within-subject coefficient
of variation for brain shear stiffness of normal brain tissue was
reportedly 1.8%–3.5% at the same mechanical frequency (60Hz)
as in our study;37 however, MTT measured by PCT for normal
brain tissue was reported as 8.8%.38 Therefore, the potentially

higher variability expected in the reported rMTT value might
lead to a lower correlation with intraoperative tumor consistency,
especially with our small sample size and our scoring system,
which was highly subdivided into the 11-point scale. This scoring
system may have been sensitive to intraoperator variability in
CUSA setting determination.

Although stiffness was highly correlated with rMTT, stiffness
of the transitional meningioma and meningothelial meningioma
was not significantly different, contrary to rMTT. One possible
explanation for this discrepancy might be related to our postpro-
cessing method for MRE. Because we eroded the tumor margins
to create the final ROI for MRE, the reported stiffness would be
biased toward the central tumor area and might not be
adequately reflecting the mechanical properties of the whole tu-
mor. In the case with considerably higher stiffness (5.17 kPa)
than other cases of meningothelial meningiomas (Fig 3A), the
18th case in the Online Supplemental Data, the CUSA setting at
the central area was 90%, while it was 20% in the periphery. This
finding suggests that the reported stiffness was overestimated rel-
ative to the entire tumor. Another factor might be the limited sta-
tistical power due to the small sample size included in each
histologic subtype and the relatively large number of subgroups.
However, Sakai et a16 suggested that MRE may be able to distin-
guish relatively firm meningiomas, such as fibrous and transi-
tional meningiomas, from relatively soft meningiomas, such as
meningothelial meningiomas; however, statistical analyses were
not performed in that study. Moreover, although there was only
1 case, the stiffness of an angiomatous meningioma, typically a
soft tumor,39 was the lowest in all cases in our study (Fig 3A).
These findings may suggest the potential relationship between
stiffness and histologic subtype in meningioma. Further research
with a larger sample size and a more devised postprocessing
method reducing edge-related artifacts31 is required to elucidate
whether MRE has a potential ability to predict pathologic menin-
gioma subtypes.

To characterize the relationship between perfusion metrics
and subtypes, Zhang et al26 used dynamic susceptibility contrast
perfusion MR imaging and reported that the tumoral BV of
angiomatous meningiomas was significantly higher than that of
meningothelial, fibrous, or anaplastic meningiomas. Additionally,
Kimura et al28 used spin-labeling perfusion MR imaging and
reported that the BF was significantly increased in angiomatous
meningiomas compared with that in fibrous and meningothelial
meningiomas. Nevertheless, these reports focused on the differen-
tiation between angiomatous meningioma, which is typically a soft
and vascular-rich tumor,39 and other subtypes that are not as vas-
cular. However, as discussed above, the relationship between fibro-
sis and vascular density may confound each other in a complex
manner; therefore, we cannot apply their results to our comparison
between consistency and perfusion metrics.

This study had several limitations. First, the number of sub-
jects was small, particularly the number of subjects with high
intraoperative tumor consistency. Therefore, the current results
might be too susceptible to outlier data to be clinically meaning-
ful. Future prospective studies with larger sample sizes and more
uniformly distributed data are necessary to confirm our prelimi-
nary results. Second, although we used an intraoperative tumor
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consistency score based on the CUSA setting that was applied for
tumor removal in an effort to establish a quantitative method, the
use of this analysis with the erosion of edge pixels from the ROIs
to manage edge artifacts may have resulted in a disagreement
between intraoperative assessment and imaging parameters based
on the location of stiffer/softer components in internally hetero-
geneous tumors. Therefore, applying a method that accounts for
spatial variability in the stiffness or perfusion metrics and allows
a more detailed comparison based on each distinct component of
the tumor is preferable. Third, our study lacked an examination
of the histopathologic components corresponding to tumor stiff-
ness and perfusion metrics. An investigation of the histopatho-
logic determinants underpinning stiffness or perfusion metrics,
including collagenous content, cellular architecture (including
cellular arrangement, size, or density), and vascular density/net-
work conditions is required in future work.

CONCLUSIONS
This study demonstrated the relationship between stiffness and
perfusion metrics, the correlation between stiffness and intrao-
perative tumor consistency, and the differences in perfusion met-
rics among common histologic subtypes of meningiomas. The
results show that tumor stiffness may be useful to predict intrao-
perative tumor consistency, rMTTmay correlate with tumor stiff-
ness, and rMTT may be potentially useful to differentiate
histologic subtypes in meningioma.
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ORIGINAL RESEARCH
ADULT BRAIN

Unraveling Deep Gray Matter Atrophy and Iron and Myelin
Changes in Multiple Sclerosis

G. Pontillo, M. Petracca, S. Monti, M. Quarantelli, C. Criscuolo, R. Lanzillo, E. Tedeschi, A. Elefante,
V. Brescia Morra, A. Brunetti, S. Cocozza, and G. Palma

ABSTRACT

BACKGROUND AND PURPOSE: Modifications of magnetic susceptibility have been consistently demonstrated in the subcortical
gray matter of MS patients, but some uncertainties remain concerning the underlying neurobiological processes and their clinical
relevance. We applied quantitative susceptibility mapping and longitudinal relaxation rate relaxometry to clarify the relative contri-
bution of atrophy and iron and myelin changes to deep gray matter damage and disability in MS.

MATERIALS AND METHODS: Quantitative susceptibility mapping and longitudinal relaxation rate maps were computed for 91
patients and 55 healthy controls from MR images acquired at 3T. Applying an external model, we estimated iron and myelin con-
centration maps for all subjects. Subsequently, changes of deep gray matter iron and myelin concentration (atrophy-dependent)
and content (atrophy-independent) were investigated globally (bulk analysis) and regionally (voxel-based and atlas-based thalamic
subnuclei analyses). The clinical impact of the observed MRI modifications was evaluated via regression models.

RESULTS: We identified reduced thalamic (P, .001) and increased pallidal (P, .001) mean iron concentrations in patients with MS
versus controls. Global myelin and iron content in the basal ganglia did not differ between the two groups, while actual iron deple-
tion was present in the thalamus (P, .001). Regionally, patients showed increased iron concentration in the basal ganglia (P# .001)
and reduced iron and myelin content in thalamic posterior-medial regions (P# .004), particularly in the pulvinar (P# .001). Disability
was predicted by thalamic volume (B ¼ –0.341, P¼ .02), iron concentration (B ¼ -0.379, P¼ .005) and content (B ¼ –0.406,
P¼ .009), as well as pulvinar iron (B ¼ –0.415, P¼ .003) and myelin (B ¼ �0.415, P¼ .02) content, independent of atrophy.

CONCLUSIONS:Quantitative MRI suggests an atrophy-related iron increase within the basal ganglia of patients with MS, along with
an atrophy-independent reduction of thalamic iron and myelin correlating with disability. Absolute depletions of thalamic iron and
myelin may represent sensitive markers of subcortical GM damage, which add to the clinical impact of thalamic atrophy in MS.

ABBREVIATIONS: DD ¼ disease duration; DGM ¼ deep gray matter; EDSS ¼ Expanded Disability Status Scale; HC ¼ healthy controls; MNI ¼ Montreal
Neurological Institute; QSM ¼ quantitative susceptibility mapping; R1 ¼ longitudinal relaxation rate; T2-LL ¼ T2 lesion load

Along with atrophy,1 several pathologic variations have been
demonstrated in the deep gray matter (DGM) of MS patients

by means of advanced MRI techniques.2 Among these, recent

quantitative susceptibility mapping (QSM) studies explored mag-
netic susceptibility alterations of subcortical GM,3-5 because such
changes might reflect iron accumulation and depletion, which play
an important role in MS pathophysiology6 and seem to relate to
motor and cognitive disability.4,5

Nonetheless, when drawing inferences on the relevance of
DGM iron modifications in MS as measured by QSM, some con-
siderations are needed. Indeed, brain magnetic susceptibility is also
influenced by other molecules (primarily myelin, quantitatively
assessable through the estimation of the longitudinal relaxation
rate [R1]7,8) whose spatial distribution remarkably overlaps with
iron patterns.9,10 Furthermore, susceptibility changes can differ
across distinct subregions of DGM nuclei, which show intrinsic
structural heterogeneity.11 Finally, the observed modifications may
partially reflect atrophy-related epiphenomena rather than actual
increases of iron load.12
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Here we performed a multimodal (QSM and R1 relaxometry)
investigation of DGM, computing in vivo iron- andmyelin-specific
maps to disentangle the contribution of atrophy and iron and mye-
lin (concentration and content) abnormalities to subcortical GM
damage in patients with MS at both global (bulk analysis) and re-
gional (voxel-based and thalamic subnuclei ROI analyses) levels,
simultaneously exploring their relationship with clinical disability.

We hypothesized that: 1) modifications of DGM iron and mye-
lin in MS would be partially accounted for by the presence of atro-
phy; 2) subregional analyses would show a heterogeneous spatial
distribution of iron and myelin changes; 3) these alterations would
predict clinical disability independent of atrophy.

MATERIALS AND METHODS
Subjects
In this prospective cross-sectional study, from December 2013 to
April 2015, we enrolled patients with MS diagnosed according to
the 2010 McDonald criteria,13 along with age- and sex-comparable
healthy controls (HC). Exclusion criteria were as follows: age below
18 or above 65 years; other pre-existing major systemic, psychiat-
ric, or neurologic disorders; the presence of relapse and/or steroid
treatment in the 30days preceding MRI. Patients’ clinical disability
was quantified using the Expanded Disability Status Scale (EDSS)
score,14 while disease course was classified according to Lublin.15

Standard Protocol Approvals, Registrations, and Patient
Consents
The study was conducted in compliance with the ethical stand-
ards, approved by the University of Naples “Federico II” Ethics
Committee, and written informed consent was obtained from
all subjects according to the Declaration of Helsinki.

MRI Data Acquisition and Map Generation
All MRI examinations were performed on the same 3T scan-
ner (Magnetom Trio; Siemens) and included a 3D T1-weigh-
ted sequence for volumetric analyses, a 3D T2-weighted FLAIR
sequence for quantifying demyelinating lesion load (T2-LL), and two
double-echo spoiled gradient-echo sequences for computing QSM
and the R1 map. Details about sequence parameters are available in
Online Supplemental Data, while a complete description of QSM
and R1map extraction procedures is available in previous works.16,17

Iron and myelin concentration maps were derived from QSM and
the R1 map by inverting an external affine model estimated in a pre-
vious ex vivoMRI–pathology correlation study at 7T:9

QSM ppmð Þ¼1:43� 10�4�Fe
mg

kg DW½ �
� �

�6:85� 10�2�

My MVF DW½ �ð Þ�2:5�10�2

R1 s�1ð Þ¼2:23�10�4�Fe
mg

kg DW½ �
� �

þ 1:07�My MVF DW½ �ð Þ

�1:13;

where MVF indicates the myelin volume fraction, and DW, dry
weight.

The 3T R1 map was converted into an expected map at 7T
according to Rooney et al,18 while susceptibility values were

considered independent from field strength. To provide a com-
mon and biologically plausible range of values, we referenced
iron and myelin concentration maps to mean ventricular CSF
(automatically segmented on T1-weighted scans and assumed to
correspond to zero concentrations) values averaged across all
subjects.

Bulk, Voxel-Based, and Thalamic Subnuclei ROI Analyses
A detailed description of all MRI processing steps is available in
the Online Supplemental Data, with a flow chart summarizing
the pipeline depicted in the Online Supplemental Data.

Briefly, for the bulk analysis, demyelinating lesions were seg-
mented on FLAIR images, and lesion masks were used to fill T1-
weighted images. Then, basal ganglia structures (caudate nucleus,
putamen, and globus pallidus) and the thalamus were segmented
on filled T1-weighted anatomic scans using the FMRIB Integrated
Registration and Segmentation Tool (FIRST; http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FIRST),19 with segmentation masks used to obtain
volume and mean iron and myelin concentrations for each DGM
structure. In addition, to obtain a measure intrinsically adjusted for
the presence of atrophy, we computed iron mass and myelin mass
as measures of total iron and myelin content, respectively, as
described by Hernandez-Torres et al.12 Furthermore, as an ancillary
analysis, the portion of MRI contrast attributable to iron or myelin
was computed separately for each DGM structure based on the
models in Stuber et al9 and the estimated iron and myelin values.

For the voxel-based analysis, we adapted a previously described
pipeline.20 Briefly, QSM and R1 maps of all subjects were used to
build study-specific multicontrast templates using ANTs (Version
2.3.1; http://stnava.github.io/ANTs).21 The study-specific QSM
template was then coregistered to the reference QSM atlas in the
Montreal Neurological Institute (MNI) space,22 and the resulting
transformations were used to bring each subject’s iron and myelin
maps into the standard space. To take into account the effect of re-
gional atrophy at the voxel level, we also computed modulated
iron and myelin maps by scaling with the amount of volume
changes due to spatial registration. Both modulated (reflecting
local iron/myelin content) and unmodulated (reflecting local iron/
myelin concentration) spatially normalized maps were smoothed
with a 1-mm full width at half maximum isotropic Gaussian kernel
before entering the statistical analysis.23

Finally, parallel to the voxelwise examination, subregional iron
and myelin changes were also investigated with an ROI-based
approach: thalamic subnuclei ROIs derived from the QSM atlas (ie,
anterior, lateral, medial, midline nuclear groups; pulvinar; and inter-
nal medullary lamina)22 were warped in each subject’s native space
to extract volume and iron and myelin values for each subregion.

Statistical Analysis
Unless otherwise specified, statistical analyses were performed
using the Statistical Package for the Social Sciences (SPSS, Version
25.0; IBM) with a significance level of a ¼ .05, and the Benjamini-
Hochberg procedure was adopted for controlling the false discov-
ery rate. Before running parametric analyses, we preliminarily veri-
fied linear model assumptions.

Between-group differences in terms of age and sex were eval-
uated using the Student t and Fisher exact tests, respectively. For

1224 Pontillo Jul 2021 www.ajnr.org

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST
http://stnava.github.io/ANTs


the bulk analysis, modifications of each DGM structure volume,
mean iron/myelin concentrations, and total iron/myelin content
were assessed with age- and sex-corrected ANCOVA. A similar
approach was replicated for the thalamic subnuclei ROI analysis.

For the voxel-based analysis, the FSL Randomise tool (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide) was used to
conduct between-group comparisons restricted to DGM: maps
were fed into voxelwise cross-subject nonparametric analyses
based on permutations, including age and sex as nuisance covari-
ates, and controlling the family-wise error rate at the cluster level
using the threshold-free cluster enhancement approach,23 with
an extent threshold of k ¼ 100 voxels (0.1mL) to avoid possible
false-positive results due to minor registration errors.

When regional differences emerged, the corresponding first
eigenvariate was extracted from the cluster and corrected for the
effect of age and sex measured in HC. The relationship between
the obtained z scores and EDSS, disease duration (DD), and dis-
ease course was assessed via correlation analyses. Similarly,
adjusted z scores of other MRI features that were significantly
altered at the between-group analyses were entered in prelimi-
nary correlation analyses.

Finally, the value as clinical disability predictors of MRI varia-
bles correlating with EDSS was tested with hierarchic linear regres-
sion analyses using bootstrap with 5000 resamples, including age-
and sex-adjusted whole-brain normalized volume and T2-LL in
the first block and adjusted z scores of individual MRI features in

the second block. To test the ability of
iron and myelin changes to predict
disability independent of atrophy, we
repeated the same regression analyses
after including the volume of the corre-
sponding DGM structure in the first
block.

RESULTS
Subjects
Ninety-one patients with MS (71 with
relapsing-remitting, with 20 progres-
sive forms; 38.3 [SD, 11.1] years of age;
male/female ratio¼ 37/54) were en-
rolled, along with 55 HC (41.6 [SD,
13.9] years of age; male/female ratio ¼

Table 1: Demographic, clinical, and conventional MRI characteristics of the studied
populationa

MS (n= 91) HC (n= 55) P Value (MS vs HC)
Age (yr) 38.3 (SD, 11.1) 41.6 (SD, 13.9) .14
Female sexb 54 (59.3) 27 (49.1) .23
Use of DMTb 83 (91.2) – –

Progressive courseb 20 (22.0) – –

DD (yr) 11.2 (SD, 7.0) – –

EDSSc 3.5 (2.5–4.5) – –

T2-LL (mL) 11.4 (SD, 13.3) – –

Normalized brain volume (mL) 1485.8 (SD, 88.6) 1552.9 (SD, 76.4) ,.001
Normalized GM volume (mL) 755.6 (SD, 62.8) 794.7 (SD, 57.5) ,.001
Normalized WM volume (mL) 730.2 (SD, 36.5) 758.2 (SD, 31.7) ,.001

Note:—– indicates not applicable; DMT, disease-modifying treatment.
a Unless otherwise indicated, data are expressed as means (SD). Between-group differences regarding MRI measures
are adjusted for age and sex.
b Data are the number of subjects, with percentages in parentheses.
c Data are medians, with interquartile range in parentheses.

Table 2: Results of the ANCOVA analyses for the between-group comparisons regarding DGM structuresa

MS (n= 91) HC (n= 55) Cohen’s D F P Value
Normalized volume (mL)
Thalamus 19.2 (SD, 2.8) 21.7 (SD, 1.9) 1.14 45.75 ,.001
Caudate 8.7 (SD, 1.5) 9.7 (SD, 1.3) 0.88 27.10 ,.001
Putamen 12.6 (SD, 1.9) 13.8 (SD, 1.6) 0.82 23.83 ,.001
Globus pallidus 4.5 (SD, 0.6) 4.9 (SD, 0.4) 0.76 20.55 ,.001
Iron concentration (mg/kg[DW])
Thalamus 5 (SD, 59) 38 (SD, 51) 0.62 13.64 ,.001
Caudate 310 (SD, 103) 271 (SD, 76) 0.40 5.55 .02b

Putamen 276 (SD, 112) 243 (SD, 94) 0.51 8.94 .03b

Globus pallidus 786 (SD, 135) 697 (SD, 128) 0.68 16.51 ,.001
Myelin concentration (MVF[DW])
Thalamus 0.24 (SD, 0.06) 0.22 (SD, 0.08) 0.19 1.25 .27
Caudate 0.19 (SD, 0.06) 0.20 (SD, 0.08) 0.06 0.10 .76
Putamen 0.23 (SD, 0.06) 0.22 (SD, 0.08) 0.09 0.29 .59
Globus pallidus 0.21 (SD, 0.06) 0.20 (SD, 0.08) 0.11 0.49 .48
Iron content (mg)
Thalamus 0.2 (SD, 1.1) 0.8 (SD, 1.1) 0.63 13.93 ,.001
Caudate 2.7 (SD, 1.0) 2.6 (SD, 0.8) 0.03 0.04 .84
Putamen 3.4 (SD, 1.4) 3.3 (SD, 1.2) 0.25 2.13 .15
Globus pallidus 3.5 (SD, 6.8) 3.4 (SD, 6.9) 0.14 0.75 .39
Myelin content (mL)
Thalamus 4.6 (SD, 1.4) 4.8 (SD, 1.7) 0.21 1.51 .22
Caudate 1.7 (SD, 0.8) 1.9 (SD, 0.7) 0.29 2.94 .09
Putamen 2.9 (SD, 1.0) 3.1 (SD, 1.0) 0.19 1.32 .25
Globus pallidus 0.9 (SD, 0.3) 1.0 (SD, 0.4) 0.09 0.34 .56

Note:—degrees of freedom (df) , 141.
a Descriptive statistics (mean [SD]) for DGM-related MRI features are reported, along with the effect sizes (Cohen’s D), test statistics (F), and exact probability (P value)
values regarding between-group (MS versus HC) comparisons.
b Not significant after false discovery rate correction.
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28/27). The mean DD for the whole cohort of patients was
11.2 (SD, 7.0) years, while the median EDSS score was 3.5 (inter-
quartile range ¼ 2.5–4.5). Eighty-three patients (91.2%) were
under immunomodulatory treatment with either interferon-b -1a
(23.1%), interferon-b -1b (11.0%), glatiramer acetate (3.3%), fin-
golimod (20.9%), teriflunomide (1.1%), or natalizumab (31.9%).
Patients showed a mean T2-LL of 11.4 (SD, 13.3) mL and lower

normalized GM, WM, and whole-
brain volumes (all Ps, .001) com-
pared with HC.

Demographic and clinical variables
along with MRI–derived brain vol-
umes of all subjects included in the
study are reported in Table 1.

Between-Group Comparisons
Regarding DGM Structures
Patients showed significantly lower
volumes of all DGM structures (all
Ps, .001). In comparison with HC,
the mean iron concentration was
reduced in the thalamus (P, .001)
and increased in the globus pallidus
(P, .001), caudate nucleus (P¼
.02, not significant after false discov-
ery rate correction) and putamen
(P¼ .03, not significant after false dis-
covery rate correction). When we
looked at the total iron content, no
significant difference emerged for any
of the basal ganglia structures, while
an actual iron depletion was found in
the thalamus (P, .001). Regarding
myelin, no significant between-group
differences emerged in terms of mean
concentration, while the global mye-
lin content of all DGM structures was
lower in patients compared with HC,
even if this difference did not reach
statistical significance.

Detailed results of the between-
group bulk analysis are reported in
Table 2.

As for the ancillary analysis, QSM
was mainly influenced by iron concen-
tration in the basal ganglia (contrast
portion$ 91%), with a slightly lower
iron dependence in the thalamus (88%
of the contrast attributable to iron, 12%
to myelin). R1 contrast was highly
influenced by iron concentration in
the globus pallidus (contrast portion ¼
92%), with progressively increasing
myelin dependence in the putamen,
caudate nucleus, and thalamus (58% of
the contrast caused by myelin, 42% by
iron) (Online Supplemental Data).

At the voxel-based analyses (Online Supplemental Data), clus-
ters of increased iron concentration encompassing the bilateral
basal ganglia emerged in patients compared with HC (P# .001),
with only small clusters of increased local iron content in the
body of the caudate nucleus bilaterally (P# .005) (Fig 1).
Conversely, clusters of reduced iron concentration and local con-
tent emerged in the posterior and medial regions of the thalami

FIG 1. Image shows voxelwise analyses of iron maps. Clusters of significant between-group differen-
ces regarding unmodulated (top panel) and modulated (lower panel) iron maps for both the MS.HC
(red-yellow, according to 1 - P value) and MS,HC (blue-light blue, according to 1 - P value) contrasts
are presented, superimposed on the QSM template in the MNI space. Reprinted by permission from
Springer Nature Customer Service Center GmbH: Springer Nature, Neuroradiology, European Society
of Neuroradiology 2020, Copyright 2020, Springer-Verlag GmbH Germany, part of Springer Nature.
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(P# .004) in patients compared with HC, along with a similar
pattern of reduced local myelin content (P# .004) (Figs 1 and 2).

In accordance with the results of the voxel-based investiga-
tion, the thalamic subnuclei ROI analysis of patients with MS
compared with HC showed, along with significant atrophy of
almost all subregions, reduced iron concentration and content in
the pulvinar, midline, and medial nuclear groups and reduced
myelin content in the pulvinar (Fig 3 and Online Supplemental
Data).

Relationship between DGM-Related MRI Features and
Clinical Data
Results of the preliminary correlation analyses exploring the rela-
tionship between MRI variables and clinical data are reported in the
Online Supplemental Data. Briefly, significant associations emerged
between DGM volume and iron and myelin levels and disease dura-
tion and course (with higher DD and progressive course: increasing
DGM atrophy and basal ganglia iron concentration and reduced
iron concentration and iron and myelin content in the thalamus).
When we explored the relationship between MRI metrics and the
EDSS score, thalamic volume (B ¼ �0.341, P¼ .02) and iron con-
centration (B ¼ �0.379, P¼ .005) and content (B ¼ �0.406,
P¼ .009) significantly predicted clinical disability, with a specific
role for reduced volume (B ¼ �0.310, P¼ .03) and iron (B ¼
�0.415, P¼ .003) and myelin (B ¼ �0.415, P¼ .02) content in the
pulvinar (Online Supplemental Data). When we included the vol-
ume of the corresponding DGM structure in the model, reduced

iron and myelin levels in posterome-
dial subregions of the thalamus still
provided additional value in the pre-
diction of clinical disability (Online
Supplemental Data).

DISCUSSION
In this study, the analysis of iron- and
myelin-specific maps identified higher
iron levels in the basal ganglia of
patients with MS compared with HC,
most likely reflecting atrophy-related
condensation rather than iron accu-
mulation, along with actual iron
depletion and demyelination in sub-
nuclei of the thalamus. Atrophy and
reduction of thalamic iron and myelin
content (particularly in the pulvinar)
were all independently associated with
higher clinical disability in patients
with MS.

Direct (i.e. histopathology) and

indirect (i.e. iron-sensitive MRI tech-

niques)24 evidence of increased iron

levels in the basal ganglia has been
extensively documented in both

healthy aging22,25 and CNS disease

including MS,4,26 supposedly reflect-

ing neurodegeneration.6 Increased

iron concentration may generally be caused by an actual deposi-

tion of iron or by the removal of non-iron-containing tissue

components, resulting in iron condensation. In our data, the

observed discrepancy between the increased mean iron con-
centration in the basal ganglia of patients compared with HC

and the similarity of iron content values among groups, along

with the significant DGM volume loss observed in patients

with MS, suggest an atrophy-related epiphenomenon rather

than absolute iron accumulation, as already hypothesized.12

Nevertheless, higher iron levels could nurture a vicious circle

contributing to neurodegeneration (and atrophy) through

iron-related toxicity mechanisms.6

Conversely, we found reduced thalamic iron concentration, cor-
responding to an actual iron-depletion phenomenon. Discordant
evidence exists regarding thalamic iron dynamics in MS, with
reports of both increased3 and decreased11 levels. This inconsistency
may relate to methodologic differences in addition to the unusual
aging trajectory of thalamic iron concentration in HC, with an ini-
tial rise (peaking around 30 years) followed by a slow decrease
at later ages.22,25 Indeed, recent QSM studies consistently dem-
onstrated reduced thalamic iron in adult patients with MS com-
pared with HC.2,4,11 Actually, the thalamus has a peculiar
morphofunctional architecture, with more abundant WM fibers
and iron-rich oligodendrocytes compared with the basal ganglia
so that its changes in MS may rather resemble those of normal-
appearing WM:27 chronic microglial activation may induce tha-
lamic oligodendroglial damage and death, with subsequent iron

FIG 2. Image shows voxelwise analyses of myelin maps. Clusters of significant between-group
difference regarding modulated myelin maps for the MS,HC (blue-light blue, according to 1 - P
value) contrast are presented, superimposed on the QSM template in the MNI space. No signifi-
cant differences emerged for the MS.HC contrast or for unmodulated myelin maps. Reprinted
by permission from Springer Nature Customer Service Center GmbH: Springer Nature,
Neuroradiology, European Society of Neuroradiology 2020, Copyright 2020, Springer-Verlag
GmbH Germany, part of Springer Nature.
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FIG 3. Between-group comparisons of MRI features regarding thalamic subnuclei. Boxplots at the y-axis show z scores (adjusted for the effect
of age and sex in HC) of iron concentration and content (upper panel), myelin concentration and content (middle panel), and normalized vol-
ume (lower panel) of the corresponding thalamic subregions shown at the x-axis for both the MS and HC groups. Red asterisks mark significant
between-group differences.
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depletion, reducing axonal protection and neuronal repair and
eventually leading to neurodegeneration.6,11 Furthermore, its
rich connectivity profile might make the thalamus particularly
prone to secondary neurodegeneration effects from remote
injury in other brain areas via deafferentation mechanisms,
along with a neuroinflammatory microglial response spreading
through corticothalamic tracts.11

When looking at myelin, between-group differences in terms
of both mean concentration and global content were not statisti-
cally significant, in apparent contrast to the known occurrence of
the demyelination phenomena in the DGM of patients with
MS.26 Indeed, the simultaneous presence of volume shrinkage
and demyelination in subcortical GM structures may leave mye-
lin concentrations unaffected (or even paradoxically increased),
while the relatively low (compared with iron) myelin content of
DGM structures, along with its heterogeneous spatial distribu-
tion, may reduce the statistical power of the bulk analysis, as also
suggested by the results of the subregional investigations.

Results of the ancillary analysis confirm that QSM contrast
highly depends on iron levels in subcortical GM.3 Nevertheless,
its combination with another quantitative MRI contrast (i.e.
R1) may allow more specific mapping of tissue iron, especially
in regions with higher myelin concentration (e.g. the thala-
mus). Furthermore, we showed how R1 contrast is strongly
influenced by the high iron levels observed in DGM,18 so it
may not be a valid myelin marker in subcortical GM as it is in
WM7 or cortical GM.8 Thus, the combination of multiple
quantitative MRI contrasts may ensure more specific charac-
terization of the demyelination phenomena occurring in the
DGM of patients with MS.26

Voxel-based and atlas-based ROI analyses indicated iron and
myelin depletion in the posterior and medial subnuclei of the
thalamus, with prominent involvement of the pulvinar, further
advocating a central role for remote injury in driving thalamic
damage. Indeed, the pulvinar is the largest of thalamic association
areas, participating in a dense cortico-pulvinar-cortical circuitry
subtending different brain functions,28 including the processing
of visual information along visual pathways, which are known to
be commonly involved in MS.29

When we explored the relationship with clinical data, along
with atrophy, iron (increased concentration in the basal ganglia
and reduced concentration and content in the thalamus) and mye-
lin (reduced content in specific thalamic subregions) modifications
were also associated with DD and a progressive course, supporting
their role as disease-related neurodegeneration markers.

Furthermore, reductions of thalamic volume, iron and myelin
content individually contributed to the prediction of the EDSS
score in addition to conventional MRI markers of disease (i.e.
whole-brain volume and T2-LL), once again confirming the clini-
cal relevance of thalamic damage in the MS brain.2,4 Most inter-
esting, when we included thalamic volume in the predictive
models, measures of both global and subregional thalamic iron
and myelin decrease still provided significant extra value in
explaining disability. Hence, thalamic iron and myelin depletion
might reflect partially atrophy-independent pathologic processes,
possibly expressing changes in oligodendroglial and microglial
compartments that precede and/or concur with volume loss, thus

potentially representing sensitive and clinically relevant markers
of subclinical inflammation.

Some limitations of this study should be acknowledged, partly
related to iron/myelin estimation methods. First, the traditional
myelin-iron model of MRI contrast may not be an accurate
approximation of reality, particularly in the presence of other
paramagnetic (e.g. gadolinium-based contrast agents30,31) or dia-
magnetic (e.g. calcium32) tissue components,10 which are known
to potentially accumulate in DGM structures. Furthermore, neu-
robiologic inferences might be hindered by additional confound-
ing factors related to the adoption of external parameters,
including issues of parameter conversion across field strenghts18

and intrinsic limitations of ex vivo/in vivo results matching (e.g.
fixation- and temperature-dependence of MRI signal). However,
while our approach to iron and myelin estimation cannot be con-
sidered purely quantitative in nature, the obtained values fall in
plausible ranges according to reference studies,25,27 supporting
the validity of the proposed method for the pseudoquantitative
evaluation of iron and myelin in clinical settings. Also, even if we
were aware of the effect of iron concentration on T1 contrast and
related automatic segmentations,18 we preferred adopting a ro-
bust and widely used method based solely on T1-weighted
scans,19 thus keeping the volumetric quantification of DGM
structures independent from the estimation of iron and mye-
lin levels. Finally, longitudinal studies including extensive
clinical and neuropsychological evaluations are encouraged to
disentangle the causal relationship between iron and myelin
modifications and atrophy in subcortical GM and to explore
the potential of these metrics to outperform other established
MRI measures of neurodegeneration (i.e. global/regional
brain atrophy) as markers of disease progression and disabil-
ity predictors.

CONCLUSIONS
Our study sheds further light on iron and myelin modifications

in the DGM of patients with MS, demonstrating an atrophy-

related iron increase within the basal ganglia and a reduction of

iron and myelin content within thalamic subnuclei, which corre-

lates with clinical disability and may prove useful as a sensitive

and partially atrophy-independent marker of subcortical GM

damage.
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ORIGINAL RESEARCH
ADULT BRAIN

MRI-Visible Perivascular Spaces in the Centrum Semiovale
Are Associated with Brain Amyloid Deposition in Patients

with Alzheimer Disease–Related Cognitive Impairment
H.J. Kim, H. Cho, M. Park, J.W. Kim, S.J. Ahn, C.H. Lyoo, S.H. Suh, and Y.H. Ryu

ABSTRACT

BACKGROUND AND PURPOSE: The association of perivascular spaces in the centrum semiovale with amyloid accumulation among
patients with Alzheimer disease–related cognitive impairment is unknown. We evaluated this association in patients with Alzheimer
disease–related cognitive impairment and b -amyloid deposition, assessed with [18F] florbetaben PET/CT.

MATERIALS AND METHODS:MR imaging and [18F] florbetaben PET/CT images of 144 patients with Alzheimer disease–related cogni-
tive impairment were retrospectively evaluated. MR imaging–visible perivascular spaces were rated on a 4-point visual scale: a score
of $3 or ,3 indicated a high or low degree of MR imaging–visible perivascular spaces, respectively. Amyloid deposition was eval-
uated using the brain b -amyloid plaque load scoring system.

RESULTS: Compared with patients negative for b -amyloid, those positive for it were older and more likely to have lower cognitive
function, a diagnosis of Alzheimer disease, white matter hyperintensity, the Apolipoprotein E «4 allele, and a high degree of MR
imaging–visible perivascular spaces in the centrum semiovale. Multivariable analysis, adjusted for age and Apolipoprotein E status,
revealed that a high degree of MR imaging–visible perivascular spaces in the centrum semiovale was independently associated with
b -amyloid positivity (odds ratio, 2.307; 95% CI, 1.036–5.136; P¼ .041).

CONCLUSIONS: A high degree of MR imaging–visible perivascular spaces in the centrum semiovale independently predicted
b -amyloid positivity in patients with Alzheimer disease–related cognitive impairment. Thus, MR imaging–visible perivascular spaces
in the centrum semiovale are associated with amyloid pathology of the brain and could be an indirect imaging marker of amyloid
burden in patients with Alzheimer disease–related cognitive impairment.

ABBREVIATIONS: AD ¼ Alzheimer disease; ADCI ¼ AD-related cognitive impairment; APOE ¼ Apolipoprotein E; BAPL ¼ b -amyloid plaque load; [18F] FBB
¼ [18F] florbetaben; MMSE ¼ Mini-Mental State Examination; PVS ¼ perivascular spaces; PVS-CS ¼ perivascular spaces in the centrum semiovale; SUVr ¼ stand-
ardized uptake value ratios; WMH ¼ white matter hyperintensity

Accumulating evidence suggests that MR imaging–visible
perivascular spaces (PVS) are not innocent lesions but may

be a neuroimaging marker of cerebral small-vessel disease.1-3 The

perivascular space is a potential space filled with interstitial fluid

surrounding penetrating vessels. It is involved in the drainage of

interstitial fluid and solutes from the brain.4 Therefore, several clin-

ical conditions that reduce the clearance of solutes from the brain
interstitial fluid such as aging, hypertension, and inflammation can

result in MR imaging–visible PVS.5 MR imaging–visible PVS are

also associated with various diseases, such as traumatic brain

injury, Parkinson disease, and dementia.6-9 The location of MR

imaging–visible PVS is an important factor to consider when pre-
dicting disease status because MR imaging–visible PVS in the basal

ganglia may be associated with markers of arteriolosclerosis,

whereas MR imaging–visible PVS in the centrum semiovale (PVS-

CS) are linked to diseases involving amyloid pathology, such as
Alzheimer disease (AD) and cerebral amyloid angiopathy.10,11

Many different studies on cerebral amyloid angiopathy have
demonstrated a strong relationship between MR imaging–visible
PVS-CS and cerebral amyloid angiopathy.12-15 Some studies have
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suggested that the dilation of PVS and failure in the drainage of
interstitial fluid may result from deposition of b -amyloid in the
cortical and leptomeningeal arteries.16 Furthermore, evidence
indicates that MR imaging–visible PVS-CS are associated with in
vivo b -amyloid deposition in the brain, based on amyloid PET
scanning,14,17 which enables the visualization of brain amyloid
deposition and measures the distribution and density of b -amy-
loid plaques.18

Failure in the perivascular clearance of b -amyloid may also be
involved in the accumulation of b -amyloid in AD.19 In patients
with AD, MR imaging–visible PVS-CS may reflect impaired peri-
vascular clearance of b -amyloid, and several studies have indicated
a link between MR imaging–visible PVS and AD.7,20 However,
unlike evidence for the association between MR imaging–visible
PVS-CS and cerebral amyloid angiopathy, scant evidence exists
regarding the association between b -amyloid deposition and MR
imaging–visible PVS in the population with dementia.

Several compounds labeled with radioisotopes have been
developed to image amyloid deposition. In patients with cogni-
tive impairment, PET scans using these tracers are widely used
for diagnosis and follow-up.21 Among the radiopharmaceuticals,
[18F] florbetaben ([18F] FBB) is widely used for PET imaging to
evaluate AD and other causes of dementia. [18F] FBB has a proper
half-life and also allows high-resolution image acquisition, diag-
nostic capability, and quantification.22 For these reasons, [18F]
FBB is suitable for evaluating amyloid accumulation and its asso-
ciation with enlarged PVS in patients with dementia.

We hypothesized that MR imaging–visible PVS-CS would be
associated with brain amyloid deposition in cognitively impaired
patients, as it is in patients with cerebral amyloid angiopathy. We
also evaluated the association using [18F] FBB, a PET radiotracer

that labels in vivo amyloid deposits, in
patients with cognitive impairment.

MATERIALS AND METHODS
Participants
The need for written informed consent
from patients was waived by the institu-
tional review board of Gangnam
Severance Hospital due to the retrospec-
tive nature of this study. Data were
reviewed from 153 consecutive patients
with cognitive impairment and clinical
indications of AD-related cognitive
impairment (ADCI). All patients under-
went an [18F] FBB PET/CT and brain
MR imaging within a 3-month interval
from June 2017 to July 2019. Of the 153
patients with ADCI, we excluded 3
patients with inadequate image acquisi-
tion, 2 with image artifacts, 2 with intra-
cranial hemorrhage, 1 with a large
territorial infarction, and 1 with an
old traumatic contusion. Therefore, 144
patients with ADCI were finally
included in the analysis; among them,
66 patients had probable AD and 78

had mild cognitive impairment. Figure 1 shows the patient-inclu-
sion flowchart. The criteria for probable AD, proposed by the
National Institutes of Neurological and Disorders and Stroke and by
the Alzheimer’s Disease and Related Disorders Association23, and
the Petersen criteria,24 were used for the clinical diagnosis of mild
cognitive impairment.

Clinical Evaluation
We assessed all available patient information, such as basic demo-
graphic characteristics, other medical conditions (including a his-
tory of vascular risk factors), global cognitive assessment scores
(eg, Clinical Dementia Rating Scale–Sum of Boxes score, Mini-
Mental State Examination [MMSE] score, and a standardized
neuropsychological battery called the Seoul Neuropsychological
Screening Battery25), and Apolipoprotein E (APOE) «4 genotyp-
ing.APOE genotyping was performed using the polymerase chain
reaction. Individuals with at least 1 «4 allele were classified as
APOE «4-positive.

MR Imaging Acquisition and Analysis
The MR imaging sequences were performed on a 3T scanner
(Discovery MR750; GE Healthcare) with a 16-channel head coil.
All patients underwent axial T2-weighted imaging, sagittal T1-
weighted imaging, sagittal 3D-FLAIR, and axial 3D susceptibility-
weighted angiography. Axial 2D T2-weighted images were
acquired using the FSE sequence (TR/TE, 5320/102ms; flip angle,
142°; section thickness, 4mm; gap, 1mm; FOV, 230mm; matrix,
352� 352). The actual TR/TE ranged from 5289/104ms to 6028/
97ms due to the autoTR setting and specific absorption rate
adjustment. Sagittal 3D T1-weighted images were obtained using
the 3D fast-spoiled gradient echo sequence (TR/TE, 8.2/3.2ms;

FIG 1. Patient-inclusion flowchart.

1232 Kim Jul 2021 www.ajnr.org



flip angle, 12°; section thickness, 1mm; FOV, 240mm; matrix,
256� 256). Sagittal 3D-FLAIR images were obtained using
the Cube sequence (GE Healthcare) (TR/TE, 6000/89ms;
TI, 1741ms; section thickness, 1.2mm; FOV, 260mm; matrix,
256� 224). Axial 3D susceptibility-weighted angiography images
were obtained using the following parameters: TR/TE, 30.9/
23.4ms, 46.8ms, and 70.2ms; flip angle, 10°; section thickness,
2mm; gap, 1mm; FOV, 230mm; and matrix, 320� 224.

The PVS that were visible on MR imaging were assessed in
line with the STandards for ReportIng Vascular changes on
nEuroimaging recommendations.26 Based on the axial T2-
weighted MR images, MR imaging–visible PVS were rated in the
basal ganglia and centrum semiovale using a validated 4-point
visual rating scale: 0 ¼ no PVS; 1 ¼ #10 PVS; 2¼ 11–20 PVS;
3¼ 21–40 PVS; and 4 ¼$40 PVS.12,27 The numbers refer to MR
imaging–visible PVS on 1 side of the brain (ie, the side/section
with the highest number of PVS after all relevant slices for each
anatomic area were reviewed). We prespecified a dichotomized
classification of MR imaging–visible perivascular space degree as
“high degree” (ie, score of .2) or “low degree” (ie, score of #2).
This definition is in line with the perivascular space burden used
in previous studies and may be characteristic of amyloid
pathology.10,12

White matter hyperintensities (WMHs) were defined as
hyperintense white matter lesions on FLAIR images based on the
STandards for ReportIng Vascular changes on nEuroimaging cri-
teria and were graded using the Fazekas scale as “deep WMHs”
(0¼ absent; 1¼ punctate; 2¼ early confluent; 3¼ confluent) or
“periventricular WMHs” (0¼ absent; 1¼ caps or pencil-thin lin-
ing; 2¼ smooth halo; 3¼ irregular WMHs extending into the
deep white matter).26,28 The total Fazekas score was calculated by
adding the periventricular and deep WMH scores. A score of .3
was considered WMH-positive.28 Lacunes were defined as small
lesions that were hypointense on T1-weighted images and hyper-
intense on T2-weighted images and had perilesional halos on
FLAIR images.26 Microbleeds were defined as small signal voids
with associated blooming on susceptibility-weighted angiography
images. The presence and number of lacunes and microbleeds
were recorded as previously described.26

[18F] FBB PET Imaging Acquisition and Analysis
PET images were obtained using a Biograph mCT PET/CT scan-
ner (Siemens). At 90minutes after we injected 307.0 (SD, 32.2)
MBq of [18F] FBB, PET data were acquired for 20minutes. After
we conducted attenuation and scatter correction, 3D-PET images
were reconstructed in a 256� 256� 223 matrix with a voxel size
of 1.591�1.591�1mm using the ordered-subsets expectation
maximization algorithm.

We defined the results of amyloid PET as “positive” when the
visual assessment of [18F] FBB PET was scored as 2 or 3 on the
brain b -amyloid plaque load (BAPL) scoring system based on
the following: 1¼ no tracer uptake, 2¼moderate tracer uptake,
and 3¼ pronounced tracer uptake.29,30 The decision was based
on visual assessment of each section on the axial plane. All scans
were independently evaluated by 2 experienced nuclear medicine
physicians, who reread all the studies while blinded to the original
clinical reports and clinical information and reached a consensus.

In addition to the visual assessment, we also performed a
semi-quantitative analysis to evaluate the cortical [18F] FBB reten-
tion in the PET/CT scans, as follows: Cortical regional standar-
dized uptake value ratios (SUVr) were calculated for each patient
in the 6 cortical ROIs (frontal, parietal, lateral temporal, precu-
neus, and anterior and posterior cingulate cortex regions). We
used the cerebellar gray matter as the reference for SUVr calcula-
tion. The global composite florbetaben SUVr was calculated as
the average of the SUVr value in each ROI.29,31 On the basis of
the SUVr analysis, an [18F] FBB PET was defined as positive
(SUVr-positive) when the global composite florbetaben SUVr
was .1.42, which was assessed against the histopathologic deter-
mination of b -amyloid in previous research.32

Statistical Analyses
Baseline characteristics were compared using the x 2 or Fisher
exact test for categoric variables, independent t tests for normally
distributed continuous variables, and Mann–Whitney U tests for
continuous variables that were not normally distributed. MR
imaging–visible PVS in both the basal ganglia and centrum semi-
ovale were considered categoric variables, respectively. They were
subdivided by severity, as described previously. We explored the
independent and pathophysiologically relevant predictors of
brain amyloid deposition using logistic regression analyses based
on our prespecified hypothesis and the results of univariable anal-
yses (including variables with P, .05). Multivariable logistic
regression analyses, including age, sex, APOE «4 allele status,
and high degree of MR imaging–visible PVS-CS were performed.
The variables of interest in univariable analysis were included in
the multivariable models using the enter method. Positive WMH
was not included in the analysis because it was significantly asso-
ciated with a high degree of MR imaging–visible PVS-CS
(P, .001, based on the x 2 test).

Random Forests Analysis
A total of 13 demographic and radiologic features, excluding
WMH, were evaluated; these features included age, sex, hyperten-
sion, diabetes, hyperlipidemia, previous stroke, APOE «4 allele,
MR imaging–visible PVS in the basal ganglia, MR imaging–visi-
ble PVS-CS, lacunes, cortical superficial siderosis, lobar cerebral
microbleeds, and deep cerebral microbleeds. The random forests
model was trained with demographic and radiologic features to
classify the amyloid positivity of the brain. The diagnostic ability
of the random forests model using receiver operating characteris-
tic analysis and the area under the receiver operating characteris-
tic curve was calculated.

RESULTS
Study Participants
In this study, the total number of patients with ADCI was 144,
comprising 67 patients with a BAPL score of one, 11 with a BAPL
score of 2, and 66 with a BAPL score of 3. On the basis of the cri-
teria of the BAPL scoring system, 67 patients were negative for
b -amyloid deposition and 77 were positive for it. According to
the SUVr analysis, 74 patients were negative for b -amyloid depo-
sition and 70 patients were positive for it.
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Among the 144 patients with ADCI, 3 had a PVS in the basal
ganglia score of zero, 85 had a score of 1 in MR imaging–visible
PVS in the basal ganglia, 32 had a score of two, 17 had a score of
3, and 7 had a score of 4 in terms of MR imaging–visible PVS in
the basal ganglia. With regard to MR imaging–visible PVS-CS, 15
patients with ADCI had a score of one, 57 had a score of two, 56
had a score of 3, and 16 had a score of 4.

Comparison between Groups Positive and Negative for
b-Amyloid
Age was significantly older in the patients positive for b -amyloid
deposition than in patients negative for it (mean, 75.4 [SD,

7.6] years versus 71.3 [SD, 10.6] years; P¼ .010). The prevalence
of the APOE «4 allele (P¼ .001), WMH (P¼ .013), and AD
(P, .001) was higher in patients with b -amyloid positivity than
in patients with b -amyloid negativity. The patients with b -amy-
loid positivity had poorer cognitive function on the MMSE
(P, .001), the Clinical Dementia Rating Scale (P¼ .019), and the
Clinical Dementia Rating Scale–Sum of Boxes (P, .001) com-
pared with patients with b -amyloid negativity (Table 1). A high
degree of MR imaging–visible PVS-CS existed more frequently
among patients with b -amyloid positivity than in patients with
b -amyloid negativity (48/77 [62.3%] versus 24/67 [35.8%];
P¼ .002), whereas a high degree of MR imaging–visible PVS

in the basal ganglia did not differ
between groups positive and negative
for b -amyloid (13/77 [16.9%] versus
11/67 [16.4%], P¼ .297) (Fig 2).
Representative examples of PVS pat-
terns with the corresponding [18F] FBB
PET findings are presented in Fig 3.

Quantitative SUVr Analysis
In the SUVr analysis, 43/70 (61.4%)
with global composite SUVr positivity
were classified as having a high degree
of MR imaging–visible PVS-CS com-
pared with 29/74 (39.2%) with SUVr
negativity (P¼ .008), and the high
degree of MR imaging–visible PVS
in the basal ganglia did not differ
between the SUVr-positive and SUVr-
negative groups (12/70 [17.1%] versus
12/74 [16.2%], P¼ .881). The global
composite SUVr was significantly
higher in patients with a high degree
of MR imaging–visible PVS-CS than
in those with a low degree (1.52 versus
1.37, P¼ .005). In region-based analy-
sis, all 6 ROIs showed statistically sig-
nificant differences. The frontal (1.56
versus 1.37, P¼ .004), parietal (1.50
versus 1.38, P¼ .009), lateral temporal
(1.31 versus 1.19, P¼ .008), precuneus
(1.60 versus 1.43, P¼ .008), anterior
cingulate (1.47 versus 1.36, P¼ .044),
and posterior cingulate (1.69 versus
1.52, P¼ .004) regions showed higher
SUVr values in the patients with a
high degree of MR imaging–visible
PVS-CS than in those a low degree,
respectively.

MR Imaging–Visible PVS as a
Predictor of b-Amyloid Positivity
In the univariate logistic regression
analysis, a high degree of MR imag-
ing–visible PVS-CS was a positive pre-
dictor of b -amyloid positivity based

Table 1: Baseline characteristics of the groups positive and negative for brain b-amyloid
Amyloid-
Negative

Amyloid-
Positive

P
Value

(No.) (%) 67 (46.5%) 77 (53.5%)
Age (mean) (SD) (yr) 71.3 (10.6) 75.4 (7.6) .010
Female sex (No.) (%) 44 (65.7%) 44 (57.1%) .297
Hypertension (No.) (%) 25 (37.3%) 36 (46.8%) .254
Diabetes mellitus (No.) (%) 10 (14.9%) 16 (20.8%) .364
Hyperlipidemia (No.) (%) 9 (13.4%) 11 (14.3%) .883
Previous stroke (No.) (%) 7 (10.4%) 4 (5.2%) .238
APOE «4 presence (No.) (%) 13 (19.4%) 33 (42.9%) .001
High degree of MR imaging–visible PVS-CS
(No.) (%)

24 (35.8%) 48 (62.3%) .002

High degree of MR imaging–visible PVS-BG
(No.) (%)

11 (16.4%) 13 (16.9%) .297

AD (No.) (%) 19 (28.4%) 47 (61.0%) ,.001
MMSE (median) (IQR) 26 (23–28) 24 (20–26) ,.001
CDR (median) (IQR) 0.5 (0.5–0.5) 0.5 (0.5–1.0) .019
CDR-SB (median) (IQR) 1.5 (0.5–3.0) 3.0 (1.5–4.5) ,.001
Lacunes (median) (IQR) 0 (0–0) 0 (0–0) .778
cSS present (No.) (%) 1 (1.5%) 6 (7.8%) .081
Lobar CMB (median) (IQR) 0 (0–0) 0 (0–1) .117
Deep CMB (median) (IQR) 0 (0–0) 0 (0–0) .160
WMH presence (No.) (%) 27 (40.3%) 47 (61.0%) .013

Note:—IQR indicates interquartile range; PVS-BG, perivascular space in the basal ganglia; CMB, cerebral micro-
bleed; CDR, Clinical Dementia Rating Scale; CDR-SB, Clinical Dementia Rating Scale–Sum of Boxes; cSS, cortical su-
perficial siderosis.

FIG 2. Comparisons of the presence of MR imaging–visible PVS-CS (A) and MR imaging–visible
PVS in the basal ganglia (B) based on the b -amyloid status. The enlarged perivascular spaces in
the centrum semiovale (ePVS-CS) were significantly higher in the patient group positive for
b -amyloid than in the patient group negative for it, whereas the high degree of enlarged perivas-
cular spaces in the basal ganglia (ePVS-BG) did not differ between the groups positive and nega-
tive for b -amyloid.
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on the BAPL scoring system (OR, 2.966; 95% CI, 1.503–5.851;
P¼ .002) (Table 2). After adjustment, a high degree of MR imag-
ing–visible PVS-CS remained independently associated with
b -amyloid PET positivity (OR, 2.307; 95% CI, 1.036–5.136;
P¼ .041), as well as the presence of the APOE «4 allele (OR,
4.583; 95% CI, 1.945–10.796; P, .001) and older age (OR, 1.050;
95% CI, 1.004–1.098; P¼ .034).

The random forests model with 13 variables showed an area
under the curve of 0.985 (95% CI, 0.964–1.000) with an accuracy
of 0.971 (95% CI, 0.931–1.000), sensitivity of 1.000 (95% CI, 1.000–

1.000), and specificity of 0.985 (95% CI, 0.964-1.000). We observed
that MR imaging–visible PVS-CS ranked as the third most impor-
tant variable after APOE 4 and age (Online Supplemental Data).

Comparisons between Patients with High and Low
Degrees of MR Imaging–Visible PVS-CS among Patients
Positive for b-Amyloid
Among the 77 patients with ADCI with b -amyloid positivity,
70.8% of the patients with a high degree of MR imaging–visible
PVS-CS had a higher proportion of positive WMHs (34/48),
whereas 44.8% (13/29) of patients with a low degree of MR imag-
ing–visible PVS-CS had positive WMHs (P¼ .023). The fre-
quency of lobar microbleeds was also higher in patients with
ADCI and b -amyloid positivity than among patients with ADCI
and b -amyloid negativity (P¼ .007). Other parameters such as
age, MMSE score, lacunes, deep microbleeds, sex, hypertension,
diabetes mellitus, hyperlipidemia, previous stroke, the presence
of an APOE «4 allele, or final diagnosis were not significantly dif-
ferent between the patients with high and low degrees of MR
imaging–visible PVS-CS (Online Supplemental Data).

Comparisons between Patients with High and Low
Degrees of MR Imaging–Visible PVS-CS among Patients
Negative for b-Amyloid
Among 67 patients with ADCI with b -amyloid negativity, the
patients with a high degree of MR imaging–visible PVS-CS
(n¼ 24) were older compared with patients with a low degree of
MR imaging–visible PVS-CS (n¼ 43) (mean, 76.5 [SD, 9.8] years
versus 68.3 [SD, 10.0] years; P¼ .002). Furthermore, the patients
with a high degree of MR imaging–visible PVS-CS had lower
MMSE scores compared with those with a low degree of MR
imaging–visible PVS-CS (23.8 [SD, 4.0] versus 26.1 [SD, 3.7],
P¼ .018). The patients with a high degree of MR imaging–visible
PVS-CS compared with patients with a low degree of MR imag-
ing–visible PVS-CS had a higher prevalence of hypertension
(54.2% versus 27.9%, P¼ .033), positive WMHs (58.3% versus
30.2%, P¼ .025), final diagnosis of probable AD (45.8% versus

Table 2: Logistic regression analysis for the predictors of b-amyloid positivity

Univariable Multivariable
OR (95% CI) P Value OR (95% CI) P Value

Age (yr) 1.051 (1.012–1.092) .010 1.050 (1.004–1.098) .034
Sex
Female Reference group
Male 1.435 (0.729–2.823) .296 1.561 (0.699–3.489) .278
Hypertension (present) 1.475 (0.757–2.875) .254
Diabetes (present) 1.495 (0.627–3.564) .364
Hyperlipidemia (present) 1.074 (0.416–2.774) .883
Previous stroke (present) 0.470 (0.131–1.681) .245
APOE «4 allele (present) 3.526 (1.630–7.627) .001 4.583 (1.945–10.796) ,.001
High degree of MR imaging–visible PVS-CS (score, $3) 2.966 (1.503–5.851) .002 2.307 (1.036–5.136) .041
High degree of MR imaging–visible PVS-BG (score, $3) 1.034 (0.429–2.492) .940
WMH (present) 2.321 (1.188–4.533) .014
Lacunes (for 1 number higher) 0.937 (0.726–1.209) .618
cSS (present) 5.577 (0.654–47.565) .116
Lobar CMB (present) 1.100 (0.934–1.295) .253
Deep CMB (present) 0.688 (0.428–1.108) .124

Note:—CMB indicates cerebral microbleed; cSS, cortical superficial siderosis; MRI-visible PVS-BG, enlarged perivascular space in the basal ganglia; MRI-visible PVS-CS,
enlarged perivascular space in the semi ovale.

FIG 3. Examples of perivascular space patterns with the corresponding
[18F] FBB PET image. The axial T2-weighted MR imaging shows a high
degree of MR imaging–visible PVS-CS (A), and the corresponding [18F]
FBB PET (B) shows pronounced b -amyloid deposition. Axial T2-
weighted MR imaging shows a low degree of MR imaging–visible PVS-
CS (C) and the [18F] FBB PET scan (D) shows low b -amyloid deposition.
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18.6%, P¼ .018), and a higher number of lobar microbleeds (me-
dian, 0 [interquartile range, 0–0] versus 0 [interquartile range,
0–1]; P¼ .007). Other results are presented in the Online
Supplemental Data.

DISCUSSION
In this retrospective study, we hypothesized that MR imaging–
visible PVS-CS would be associated with brain amyloid deposi-
tion in patients with ADCI. We found that a high degree of MR
imaging–visible PVS-CS were independently associated with
b -amyloid accumulation, as assessed by [18F] FBB PET scanning,
even after adjusting for previously known clinical risk factors.
Our findings support the evidence that MR imaging–visible PVS-
CS are associated with the amyloid pathology of the brain and
could be an indirect imaging marker of amyloid burden in the
brains of patients with ADCI.

PVS become visible on MR imaging when enlarged and can be
detected in individuals of all ages; however, MR imaging–visible
PVS are more frequently found with aging.17,33 A recent meta-
analysis, including a total of 8395 individuals, showed strong evi-
dence for the association with age and MR imaging–visible PVS
in the basal ganglia, as well as in the centrum semiovale.33 On the
other hand, a greater number of MR imaging–visible PVS can also
be associated with various pathologic conditions. Accumulating
evidence shows that MR imaging–visible PVS-CS, in particular,
are associated with amyloid-associated pathology; several different
studies have demonstrated an association with the presence of AD
and MR imaging–visible PVS-CS,7,20,34 though the mechanisms
of MR imaging–visible PVS-CS remain poorly understood.
However, our observation suggests a potential pathophysiologic
link between AD and MR imaging–visible PVS, in that progres-
sive b -amyloid deposition in the vascular wall or brain cortex
may interfere with the perivascular drainage of interstitial fluid
and ultimately cause retrograde perivascular space dilation in the
white matter.35 Consequently, the visibility of MR imaging–visible
PVS is increased onMR imaging and appears as spaces with a sig-
nal intensity similar to that of CSF, resulting in a high burden of
MR imaging–visible PVS.8 Consistent with this hypothesis, a post-
mortem study of AD demonstrated that the degree of white mat-
ter PVS on histopathologic examination was positively correlated
with cortical b -amyloid deposition,16 which is in line with our
observation. Therefore, visible PVS on brain MR imaging may
result from abnormal amyloid accumulation in the cortex and
cortical/leptomeningeal vessels.

Recently, advances in bioimaging and radiochemistry have
enabled the in vivo imaging of b -amyloid deposits of AD, and
this could be beneficial in aiding the early diagnosis of AD, com-
pared with the use of clinical symptoms alone.36-38 Furthermore,
the use of biomarkers may also identify individuals who could
benefit from disease-modifying therapies in AD. On the basis of
our results, MR imaging–visible PVS alone cannot be an alterna-
tive to an amyloid PET scan; however, MR imaging–visible PVS-
CS could be a useful indirect marker of amyloid deposition and
may also be helpful in determining which patients with cognitive
impairment are most likely to benefit from a biomarker test.
These approaches may decrease the unnecessary patient burden
and the costs of clinical practice and clinical trials.

To date, unlike the evidence for the cerebral amyloid angiopa-
thy population,14,17 scarce evidence exists regarding the association
between AD and the in vivo amyloid burden, as assessed with
PET. A previous study, with results conflicting with ours, showed
that there was no association between MR imaging–visible PVS
and amyloid burden in patients with dementia.7 However, several
considerable differences were found in terms of the study method-
ology, which may lead to different study outcomes.7 First, the
aforementioned study included a population with AD and vascular
cognitive impairment, unlike our ADCI population. Because they
included a large vascular dementia population, the heterogeneity
of the diagnosis and probable higher severity of small-vessel disease
in the population may lead to different results between the 2 stud-
ies. The amyloid-negative group in the aforementioned study had
an inevitably higher WMH volume load, which may result in the
misdiagnosis of MR imaging–visible PVS and ultimately interfere
with the evaluation of the association between MR imaging–visible
PVS and amyloid positivity. Furthermore, the different cutoff val-
ues for MR imaging–visible PVS scores may also lead to different
study results. Those investigators considered score 2 (11–20 PVS)
as a moderate pathologic condition, whereas we considered score 2
as a low degree of MR imaging–visible PVS. We believe that due to
the wider area of the centrum semiovale compared with the basal
ganglia and consequent higher number of PVS in the centrum
semiovale than in basal ganglia, when one focuses on PVS in the
centrum semiovale, score 2 should be considered a lower degree of
PVS as it has been in other studies.10,12

Most interesting, we found that the group negative for
b -amyloid had many different clinical variables that may be
associated with a high degree of MR imaging–visible PVS-CS,
such as aging, hypertension, and lower cognitive function in
addition to AD pathology, lobar microbleeds, and the presence
of WMHs. Therefore, we hypothesized that in patients with
ADCI with lower amyloid burden, the presence of an MR imag-
ing–visible PVS may have multifactorial causes, such as arterial
stiffness and atrophy,39,40 whereas in patients with ADCI and a
high amyloid burden, MR imaging–visible PVS are primarily
caused by amyloid accumulation. However, this hypothesis
needs further validation.

In multivariate analysis, MR imaging–visible PVS-CS, APOE
«4 allele presence, and older age were significantly related to
b -amyloid PET positivity, as analyzed by the BAPL scoring sys-
tem. The visual assessment of [18F] FBB PET images has
achieved high diagnostic accuracy, with the neuropatho-
logy assessments offering good reliability and efficacy.41,42 We
believe that using the BAPL scoring system to evaluate b -amy-
loid deposition can achieve accurate and reproducible assess-
ments of [18F] FBB PET data. Also, a semi-quantitative analysis
by SUVr cutoff classification was performed to obtain a signifi-
cant result. Bullich et al31 reported a good agreement between
florbetaben PET quantification and histopathologic amyloid
plaque density (92% sensitivity and 96% specificity) and visual
read results by experts (percentage agreement = 94%�97%).
They emphasized the robustness of visual analysis performed by
expert readers, as well as the additional contribution that opti-
mized relative FBB uptake quantification may have for the
detection of b -amyloid plaques.
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Our study had some limitations. First, it was a retrospective
observational study and may have selection bias. Our findings
require external validation in larger cohorts. We also did not
quantitatively assess the MR imaging–visible PVS burden in both
the centrum semiovale and basal ganglia. Therefore, whether MR
imaging–visible PVS in both the centrum semiovale and basal
ganglia are consistent and good estimators of the whole-PVS load
in the brain remains uncertain. Standardized, fully automated,
and reliable whole-brain assessment techniques for PVS volume
quantification are needed to generalize the results of our study.

CONCLUSIONS
The findings of this study provide further supporting evidence
that MR imaging–visible PVS-CS are a key imaging marker of
amyloid pathology when assessed by amyloid PET scans in
patients with ADCI. Our findings raise the possibility that MR
imaging–visible PVS-CS in patients with ADCI are also a conse-
quence of amyloid deposition in the cortical and vascular amyloid
processes.
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INTERVENTIONAL

Iatrogenic Foreign Materials Associated with Retrieved Clot
Tissue via Mechanical Thrombectomy

M. Abbasi, D. Dai, Y. Liu, S. Fitzgerald, R. Kadirvel, L.E. Savastano, H. Cloft, D.F. Kallmes, and W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Hydrophilic polymers and polytetrafluoroethylene liners, commonly used in the construction of
endovascular devices, occasionally separate from devices with subsequent embolization. We determined the frequency of such
materials in thrombus specimens retrieved by mechanical thrombectomy in patients with stroke.

MATERIALS AND METHODS:We retrospectively reviewed H&E–stained thrombus sections for presence and types of foreign mate-
rials. We identified 4 types of foreign materials—Type I: material was light green with refraction and had a homogeneous texture;
type II: material was light gray and/or dark gray, thin, and loose or attenuated in texture; type III: material was light green with
refraction, solitary in texture, irregular in shape, and was often associated with round or oval bubblelike particles and/or diffuse
black particles; and type IV: material had homogeneous texture and was light pink or red. In addition, polymer materials from dif-
ferent layers of used mechanical thrombectomy catheters were compared with the foreign materials found in thrombus
specimens.

RESULTS: A total of 101 thrombi were evaluated. Foreign materials were found in 53 (52.5%) thrombus samples. The most common
type was type I (92%), followed by type II (30%). The histopathologic features of the polymer materials from mechanical thrombec-
tomy catheters were similar to the foreign materials found in thrombus specimens. The inner polytetrafluoroethylene liner and
coating layer of catheters resembled type I and type II of the foreign materials, respectively.

CONCLUSIONS: Foreign polymer materials are present in approximately half of retrieved thrombi, most commonly polytetrafluoro-
ethylene from catheter liners and less from hydrophilic coatings.

ABBREVIATIONS: ASP ¼ aspiration; MT ¼ mechanical thrombectomy; PTFE ¼ polytetrafluoroethylene

Neuroendovascular catheters are constructed with various
polymers aimed at improving lubricity, including polytetra-

fluoroethylene (PTFE) liners and hydrophilic coatings. The bene-
fits of these materials include low coefficients of friction,
improved trackability during the endovascular procedure, easy
lesion passage, and vasospasm prevention.1 However, introduc-
tion of such foreign material to the body is associated with some
risks. Many reports have suggested that foreign materials could
dissociate from catheters with subsequent distal embolization
and microinfarctions.2,3

In the current study, we performed histologic examination
of 101 thrombus specimens to evaluate how often polymer
materials are liberated from catheters. All of the thrombus
samples were retrieved by mechanical thrombectomy (MT)
from patients with large-vessel occlusion stroke. To confirm
the source of the foreign materials observed in thrombi, we
examined the histologic appearance of each polymer layer of
the aspiration catheters commonly used in thrombectomy,
and compared the histology with that of the foreign materials
observed in thrombus specimens.

MATERIALS AND METHODS
Patient Population
After independent review board approval, 101 thrombus samples
retrieved from patients with acute ischemic stroke from our cen-
ter were collected for conventional, histopathologic evaluation.
Demographic data were collected. Procedural data including
thrombectomy approach (aspiration [ASP], stent retriever, and a
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FIG 1. Histologic processing of cross-section of MT catheter. A, Macrophotograph of the Sofia catheter, showing the catheter is cut into pieces
in coronary plane (arrows), with removal of metal scaffold for further histology processing (orange arrow) (asterisk: lumen side). B,
Macrophotograph of catheter piece in image A mixed with clot analog tissue (asterisk: lumen side). C, Macrophotograph showing the catheter
piece mixed with clot tissue embedded in paraffin after tissue processing; catheter piece remains in the coronal orientation (asterisk: lumen side).
D, Low-magnification microphotograph of H&E-stained catheter piece from image C (blue cross: the surrounding clot; yellow asterisk: the lumen/
inner side of catheter; red arrows: outer layer surface-coating material that is next to the surrounding clot tissue). E, Reverse image of image D,
showing each layer of the catheter, in relation to the lumen and outside surrounding clot tissue (yellow star: lumen side; blue cross: surrounding
clot tissue). F–I, High magnification of microphotograph taken from the red rectangular area in image E, showing each layer of the catheter materi-
als from the outer layer surface (red arrows), middle layer (blue arrows and green arrows) to the inner liner layer (black arrow) (H&E, original magni-
fication �400; yellow star: the lumen side of catheter; blue cross: the surrounding clot analog tissue). J–L, Microphotographs taken with oil lens,
showing the surface-coating material (red arrows), its subsequent layer (blue arrows), and deeper layer (green arrow). The surface-coating material
appears to be light gray, gray-pink, or lightly stained; attenuated or loose in texture; and with varied shape, same as the type II foreign material
found in the patient clot tissue (Fig 6). The layer that is immediately underneath the coating layer appears to be homogeneous in texture, light pink,
or pale in color (blue arrows). It is similar to the type IV foreign material observed in the patient clot tissue (Fig 8) (H&E, oil lens�100).
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FIG 2. Histologic appearance of scratched surface and inner layer of MT catheter. A, Macrophotograph of the Sofia catheter, showing the
scratched surface pieces (red arrows). B–D, Microphotograph of scratched pieces from image A associated with clot analog tissue, showing the
surface-coating material, which appears to be varied in shape and texture following tissue processing (red arrows), and which is similar to the
material seen in the cross-section experiment, Fig 1). The layer immediately underneath the surface-coating material is also present (blue arrow),
which appears to be a different shape, light pink/red, and has a homogeneous texture. It is similar to the material seen in the cross-section (Fig 1,
blue arrow), and type IV foreign material (Fig 8) found in the patient clot tissue as well. E, Macrophotograph of Sofia and Fubuki catheters, show-
ing the scratched liner layer material in situ (green arrows; upper—Sofia; lower—Fubuki). F, Macrophotograph of the manually torn off liner ma-
terial pieces from image E, showing the similar gross appearance to that of the PTFE material (Fig 4). These pieces were crushed into small pieces
for further routine, histologic processing, similar to the surface scratched material mentioned in Fig 1. G–I, Microphotograph of torn off liner
pieces from F (upper), showing the material that appears to be varied in shape, color, and texture because of processing. These could be tube-
like, long stripe, or an irregular solid mass, with refraction and light green outline. Those features are the same as what is seen from the PTFE ma-
terial (Fig 4), and the type I material found in the patient clot (Fig 5). J and K, Representative microphotograph of scratched, torn off liner pieces
from F (lower), showing the material that appears to be long, or short, or small tubular in shape, and light green, as shown with the PTFE material
(Fig 4) and type I foreign material found in the patient clot tissue (Fig 5).
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combination), number of device passes, and list of devices (par-
ticularly catheters used for thrombectomy) were collected.

Histopathologic Evaluation of Retrieved Thrombi
Immediately after MT, thrombus samples were placed in 10%
natural buffered formalin for at least 24 hours for fixation. After
macrophotography, thrombus samples went through routine lab
tissue processing as described by Fitzgerald et al.4 Samples were
then embedded in paraffin and sectioned in 3- to 5-mm thickness.
At least 2 serial sections from each sample were stained with
H&E. In addition, 2 serial sections were stained with Martius
Scarlet Blue for clot composition analysis.5 All H&E-stained
slides were evaluated by an experienced pathologist (D.D., with
more than 18 years of experience) for the presence and the types
of foreign materials in thrombus samples. Based on the color and
texture of foreign materials in H&E–stained slides, 4 types of

foreign materials were categorized and defined as the following
types. Type I: materials were light green with refraction and had
homogeneous texture. Type II: materials were light gray or and
dark gray, thin, and loose or attenuated in texture. Type III: mate-
rials were light green with refraction, solitary in texture, irregular
in shape, and were often associated with round or oval bubblelike
particles and/or diffused black particles. Type IV: Materials had
homogeneous texture, and they were light pink or red. Foreign
materials observed under light microscopy were photographed
and recorded for each sample. The location where the foreign
material was observed was also recorded as within the clot tissue
or alongside the tissue edge.

Each individual foreign material piece or pool of foreign ma-
terial pieces on each slide of the patient was measured using
Image-Pro 10 (Media Cybernetic). The average size (length �
width) was used as representative for each type, respectively.

FIG 3. Representative microphotographs of scratched pieces of different layers rather than the surface or inner layer. Microphotographs show-
ing the different materials of MT catheter, rather than the surface-coating material and inner liner materials shown in Figs 1 and 2. The similar for-
eign material is found in the patients’ retrieved clot tissue (type III, Fig 7) (H&E, original magnification�400).
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Histopathologic Features of Polymer Materials Used in
Catheters for MT
To determine the source of the foreign materials seen in the
patients’ thrombus samples, we evaluated the histologic appear-
ance of the polymer materials of 2 commonly used catheters for
MT at our institution: the Sofia suction catheter (MicroVention)
and Fubuki guide catheter (Asahi Intecc). Catheters were col-
lected after MT procedures and were carefully cleaned, dried, and
sterilized. Under a dissecting microscope, the catheter wall was
cut into pieces in a coronal plane, followed by removal of metal
pieces (Fig 1A). The catheter pieces were then mixed with human
blood in a coronal (cross) orientation, followed by a clot analog
formation protocol, using a method described by Fitzgerald et
al.6 The catheter piece associated with the clot analog was proc-
essed, embedded, sectioned, and stained in the same manner as

the retrieved thrombi from patients (Fig 1). Each layer of poly-
meric materials from the catheter on the H&E–stained slide was
visually compared with the foreign materials found in the
patients’ thrombus specimens. Manual scratching of the catheter,
layer by layer, and starting from the very outer layer to the lumen
inner layer longitudinally, was also performed under dissection
microscope. The scratched material pieces from each layer were
mixed with clot analog, and processed in the same way as above.
The materials scratched from each layer of catheter on the H&E–
stained slide were also visually compared with the layer at the
cross/coronal section of the catheter, and the patient clot tissue as
well (Figs 2 and 3).

The PTFE material that constructs the liner layer of the cathe-
ters was also provided specifically for the current study by the
manufacturer sponsor. This material was manually scratched,

FIG 4. Histologic features of donated PTFE material. A, Macrophotograph of the PTFE liner material provided by manufacturer sponsor. B–F,
Microphotographs of the scratched PTFE pieces in H&E–stained slides. The material appears to have varied shape. It is either a mass with solid,
homogeneous texture associated with refraction, and light green edge (B–D), or long strips or tubes with light green outline (E and F). Those fea-
tures are the same as the scratched inner layer of catheters (Fig 2), and type I material found in the patient clot tissue as well (Fig 5) (B–F, H&E,
original magnification�400).
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torn off into pieces, and subsequently processed for histologic
evaluation like the catheters mentioned above. The morphologic
features (Fig 4) of the PTFE liner were also compared with for-
eign material found in the patient clot tissue and the material
scratched from the catheters.

Association of Thrombus Composition with the Presence
of Foreign Materials
Our experienced pathologist (D.D., with 18 years of lab-working
experience) also evaluated the correlation between thrombus

composition and the presence of
foreign materials to see whether a
higher percentage of any of
the components, particularly
fibrin and platelet, results in a
higher likelihood of materials
release from catheters. In addi-
tion, we evaluated any inflam-
matory response to the foreign
materials presented in the clot.
Acute inflammatory response
was defined as the presence
of polymorphonuclear neutro-
phil, monocytes reacting to
foreign materials.7

Association of the Presence of
Foreign Material with MT
Approach and Angiographic
Outcome
The association of an MT ap-
proach (ASP or a combination of
ASP and stent retriever) with the
angiographic outcome using the
final modified TICI reperfusion
score and the number of device
passes with the presence of for-
eign material found in the clot tis-
sue was also evaluated.

Statistical Analysis
All statistical analyses were per-
formed with the SPSS software
package, v.24 for Windows (IBM).
For descriptive analysis, categoric
variables were presented as a per-
centage. The student t test and x 2

test were used for inferential analy-
sis. The level of significance was
P, .05.

RESULTS
A total of 101 thrombi were
retrieved from patients. The mean
age for patients was 65.9 years
(SD, 11.9) years. Fifty-six patients
(55%) were men. The most com-

mon thrombectomy approach was ASP in 58% of patients, fol-
lowed by combination of ASP and stent retrievers (31%). The
average number of passes to achieve successful revascularization
(TICI 2b) was 2.2 (SD, 1.2). Overall, the median number of passes
was 2 (IQR=1–2).

Histopathologic Features of Foreign Materials Found in
Thrombi
Foreign materials were found in 53 (52.5%) of 101 thrombus
samples. The foreign materials were categorized into 4 types

FIG 5. Representative microphotographs of type I foreign material found in patient clot tissue. A,
Individual foreign material pieces separately embedded within the clot tissue (arrows). They appear to
be small, ringlike, or long tubelike in shape, and light green (H&E, original magnification �400). B, The
cluster of foreign material pieces (arrows). Individual pieces appear to be wormlike with refraction and
a light green outline (H&E, original magnification �400). C, Multiple pieces of material associated with
clot tissue. They are long or short stripes or pieces, with refraction, and green outline (arrows) (H&E,
original magnification �200). D, Irregular, solid pieces of material, with refraction, and light green out-
line (H&E, original magnification �400). E and F, Large piece of polymer material surrounded with clot
tissue (arrows). It appears to be long strips or ringlike circle, and solid homogeneous mass with refrac-
tion, with light green outline (H&E, original magnification�200 [E],�400 [F]).
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FIG 6. Representative microphotographs of type II foreign material found in patient clot tissue. A and B, Multiple pieces of foreign material em-
bedded within clot tissue (arrows). They appear to be light gray or dark gray; thin or attenuated in texture (H&E, original magnification�400). C
and D, Foreign material pieces embedded within clot tissue, which appear to be denser and solid in texture (arrows), compared with that in A
and B. They are wormlike or irregular in shape, gray or light gray (H&E, original magnification oil lens �100). E–G, Cluster of the foreign material
pieces, as a pool surrounded with clot tissue (H&E, original magnification�200 [E],�400 [F and G]).
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based on their microscopic appearance. The prevalence of each
type of foreign materials was as follows:

Type I material was found in 49 (92%) of 53 cases that had
foreign materials (Fig 5). The materials presented in different
shapes, including tubular, short/long stripe, wormlike, or irregu-
lar pieces. They were scattered, single pieces, or clusters of varied
size pieces. They were either located alongside the tissue border,
at the gap between tissue masses, or were embedded within the
clot tissue. These pieces measured from 6 to 1340mm in length.
The average size of this type of material was 64.9� 16.3mm
(length� width).

Type II materials were found in 16 (30%) of 53 patient samples
(Fig 6). They were embedded within thrombus tissue and pre-
sented as scattered or isolated separated pieces. They also gathered
together as clusters. The pieces had various shapes, including
cloudlike, honeycomblike, wormlike, cylinderlike, or

irregular. They measured 5 to
690 mm in length. The average
dimensions of type II material
were 110.5� 44.5 mm (length �
width).

Type III materials were found
in 11 (21%) of 53 samples and
were solitary in texture and irreg-
ular in shape (Fig 7). The material
pieces were either located along-
side the tissue section or embed-
ded within the tissue. They
measured 8 to 270mm in length.
The measured average size for
this material was 93.8� 34mm
(length� width).

Type IV materials were found
in 8 (15%) of 53 samples (Fig 8).
They were homogeneous in tex-
ture and lightly stained. They pre-
sented as snake or wormlike in
shape. They were either located
at gaps between tissues or em-
bedded within thrombus tis-
sue. They were measured 10 to
330 mm in length. The average
size of this type of material
was 126.4� 16.5 mm (length �
width).

Of the 53 samples that had
polymer foreign material in the
clot tissue, 29 (55%) cases showed
type I material only in their clot
tissue; and 20 (38%) cases had
type I associated with other differ-
ent types of materials. The fre-
quency of each type of foreign
material mentioned above, and
the combinations of different
types of material found in the
clots are presented in Fig 9.

We found no inflammatory reactions to the foreign materials
in thrombus specimens indicating the interaction of foreign
materials with the tissue was acute.

Histopathologic Features of Polymer Material from
Catheters Used for MT
The layers of the polymer material constructing the catheters are
shown in Figs 1–3. The morphologic appearances of the PTFE
liner material are shown in Fig 4. All types of foreign materials
found in the thrombus samples retrieved from patients (Figs 5–8)
in the current study demonstrated the same or similar morpho-
logic features of materials that constructed the catheters in the
scratched experiments (Figs 1–4). The inner layer of both cathe-
ters (Fig 2) and the inner PTFE material4 both demonstrated the
similar morphologic appearances of type I material found in the
patient clots (Fig 5). The very outer surface coating material (Figs

FIG 7. Representative microphotographs of type III foreign material found in patient clot tissue. A, A
single, long, oval-like piece of foreign material embedded within clot tissue (arrow). The material is
associated with multiple bubblelike particles, which are refracted under light microscopy. B, A single pi-
ece of irregular foreign material attaching to the clot tissue (arrow). It appears to be light green, associ-
ated dark/black and bubblelike, with refraction particles. C, Irregular piece of foreign material at the
gap of clot tissue (arrow). It appears to be solid, homogeneous in texture with refraction, and light
green. D, A piece of green, solid foreign material, associated diffused black, dotlike particles (arrow) (A–
D, H&E, original magnification �400). These materials presented in A–D are similar to the materials
scratched from the catheters (Fig 3).
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1 and 2) showed similar morphologic features of type II polymer
material found in the retrieved thrombus samples (Fig 6). The
rest of the other materials (type III and IV) found in the patient
clot tissue (Figs 7 and 8) also had the similar features of other
materials scratched from the catheters (Figs 1–3).

Association of Thrombus Composition with the Presence
Foreign Materials
The thrombus specimens had average histologic composition of
52.8% red blood cells, 3.5% white blood cells, 26.5% fibrin, and
15.0% platelets. The presence of foreign materials was not associ-
ated with thrombus composition (P. .05).

Association of the Presence of Foreign Material with MT
Approach and Angiographic Outcome
No association was found between the presence of foreign mate-
rial and MT approaches (P= .58) (Fig 10). In addition, there was
no relation between final modified TICI reperfusion score and
presence of foreign material in clot samples (P= .17). A statisti-
cally significant correlation was not found between different types
of polymer and final modified TICI reperfusion score (P= .49).

In addition, the number of thrombectomy
passes was not related to the presence of
foreign materials (P= .34).

DISCUSSION
Our study has a number of clinically rele-
vant findings. First, we found that around
half of the retrieved emboli had foreign
material particles that shared similar mor-
phologic features of polymer materials
found in the neurovascular catheters, con-
firming the frequent release of debris
from catheters during stroke intervention.
Second, the polymer materials dislodging
from catheters could be as long as
1.3mm, and most of the particles were
longer than 10mm, the normal size of
human capillaries. This phenomenon
raises the concern of microinfarctions
once these particles detach from the
thrombus and embolize to the blood
stream. Third, our results showed that the
prevalence of foreign materials in throm-
bus specimens is not associated with the
number of thrombectomy passes or
thrombus composition. Fourth, we found
no inflammatory reaction to foreign mate-
rials identified in the retrieved thrombi,
suggesting the material interaction with
tissue was an acute event and was from
the MT procedure itself. Notably, the pre-
dominant foreign material was the PTFE
liner, rather than the hydrophilic outer
coating. The catheters including micro-
catheters, aspiration catheter, sheath, or

any other devices with known PTFE liner, which were used
with the MT operation (stent retriever, ASP, or stent retriever
and ASP), could be one of the contributors. The shedding or
tearing of the device lining and/or coating materials could
happen when the stent retriever, guiding wire guiding cathe-
ters, and/or any other catheters were advancing to the target
clot tissue; or as they were pulled back into the access catheter
to be retrieved or dragged out of the patient's body. The cir-
cumstances mentioned here would have friction applied to
the catheter materials resulting in their dislodgement.

This present study complements the current body of medical
literature which, over the past decade, provides evidence that
shearing of hydrophilic polymer coating materials is an under-rec-
ognized phenomenon during neuroendovascular procedures. In
addition, our study found that the PTFE liner material was more
frequently seen in the clot tissue associated with neurovascular
procedure than the hydrophilic coating polymer. We present our
results to enhance the awareness of this phenomenon among neu-
rointerventionists and those studying retrieved thrombi. Our
results are particularly important given the growing interest in the
study of retrieved emboli in the stroke literature, as these materials
could be identified during standard histologic analysis. Based on

FIG 8. Representative microphotographs of type IV foreign material found in patient clot tis-
sue. Different shapes of the type IV foreign material (red arrows) found in the clot tissue
retrieved with MT. The foreign material is surrounded with clot tissue, appears to be homoge-
neous in texture, wormlike or snakelike in shape, and stained lightly. The residual, surface-coat-
ing material remains visible (A, black arrows) (A–D, H&E, original magnification�400).
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this study, we still need to establish the significance of these disso-
ciated materials in postinterventional clinical settings.

Numerous studies have reported neurologic tissue injuries
due to the presence of various catheter coatings.1-3,8-11 At present,

the clinical consequences associ-
ated with coating materials
detaching from catheters include
fever, inflammation, arteritis, vas-
culopathy, focal or multifocal
hemorrhage, transient ischemia or
microinfarction, and thrombosis,
which can have a long-lasting effect
and may result in irreversible tissue
damage.2,3,8,12,13 However, we sus-
pect that the embolization of mi-
croscopic polymer materials is a
relatively common phenomenon
that does not routinely result in
major clinical complications.

Distal embolization during
MT is often clinically attributed to
atheroemboli or thromboemboli;
however, polymer embolism is
now a well-documented event asso-
ciated with endovascular proce-
dures. One could speculate that the
embolization of polymer materials
may lead to occlusion of small in-
tracranial arteries and subsequent
microinfarctions. Chronic inflam-
mation associated with the pres-
ence of foreign materials could
potentially complicate microinfarc-
tions further. Therefore, polymer
embolism should be considered in
the differential of unexpected ische-
mic or inflammatory events, as well
as unexplained vasculopathies hap-
pening after endovascular proce-
dures in patients.14

Our study has limitations. We
do not have routine follow-up
data on patients to see whether
dislodged foreign materials can
cause any significant complica-
tions. We suspect that the neuro-
logic consequences from emboli
of these polymers are generally
limited. We did not quantify the
number of foreign material par-
ticles in thrombus specimens
because of technical limitations.
Although harvested polymer mate-
rials from the Sofia, Fubuki catheter,
and PTFE liners show similarity
to the foreign materials found in
the patients’ retrieved thrombus

specimens, chemistry analysis and Transmission Electron
Microscopy examination are still necessary to show the details
of the foreign material found in the patient clot tissue in the
future. We assume the dislodging of catheter material could

FIG 9. Foreign materials and varied combinations of different types found in patients with stroke
treated with MT.

FIG 10. The association between foreign materials and MT approach.
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happen along with device advancing during the clot removal,
or when the device/clot was pulled back through catheters
both inside and outside the human body. However, the cur-
rent study cannot answer exactly when the shedding hap-
pened. In addition, our study sample size was small and
included only a few brands of catheters currently used in clini-
cal settings at our institution. More studies with larger sample
sizes are needed to evaluate the occurrence rate and type of
polymer materials that could detach from different catheters.

CONCLUSIONS
Foreign polymer materials were found in around half of the
thrombi collected from MT inpatients with large-vessel occlusion
stroke. Our findings suggest that polymer materials are often sep-
arated from endovascular devices during thrombectomy; how-
ever, the clinical significance of this finding remains to be
elucidated.
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Novel Human Acute Ischemic Stroke Blood Clot Analogs for
In Vitro Thrombectomy Testing

S.T. Fitzgerald, Y. Liu, D. Dai, O.M. Mereuta, M. Abbasi, J.L.A. Larco, A.S. Douglas, D.F. Kallmes, L. Savastano,
K.M. Doyle, and W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have successfully created blood clot analogs for in vitro endovascular device test-
ing using animal blood of various species. Blood components vary greatly among species; therefore, creating clot analogs from
human blood is likely a more accurate representation of thrombi formed in the human vasculature.

MATERIALS AND METHODS: Following approval from the Mayo Clinic institutional review board, human whole-blood and platelet
donations were obtained from the blood transfusion service. Twelve clot analogs were created by combining different ratios of
red blood cells 1 buffy coat, plasma, and platelets. Thrombin and calcium chloride were added to stimulate coagulation. Clot
composition was assessed using histologic and immunohistochemical staining. To assess the similarities of mechanical properties to
patient clots, 3 types of clot analogs (soft, elastic, and stiff) were selected for in vitro thrombectomy testing.

RESULTS: The range of histopathologic compositions produced is representative of clots removed during thrombectomy proce-
dures. The red blood cell composition ranged from 8.9% to 91.4%, and fibrin composition ranged from 3.1% to 53.4%. Platelets
(CD42b) and von Willebrand Factor ranged from 0.5% to 47.1% and 1.0% to 63.4%, respectively. The soft clots had the highest first-
pass effect and successful revascularization rates followed by the elastic and stiff clots. Distal embolization events were observed
when clot ingestion could not be achieved, requiring device pullback. The incidence rate of distal embolization was the highest for
the stiff clots due to the weak clot/device integration.

CONCLUSIONS: Red blood cell–rich, fibrin-rich, and platelet-rich clot analogs that mimic clots retrieved from patients with acute
ischemic stroke were created in vitro. Differing retrieval outcomes were confirmed using in vitro thrombectomy testing in a subset
of clots.

ABBREVIATIONS: A ¼ aspiration; AIS ¼ acute ischemic stroke; DA ¼ direct aspiration; FPE ¼ first-pass effect; MSB ¼ Martius Scarlett Blue; RBC ¼ red
blood cell; SR ¼ successful revascularization; STR ¼ Stent retriever; vWF ¼ von Willebrand factor; WBC ¼ white blood cell

In the treatment of acute ischemic stroke (AIS), the achievement
of complete revascularization from a single mechanical thrombec-

tomy attempt, termed first-pass effect (FPE), is associated with sig-
nificantly improved outcomes for patients.1,2 Removing the clot in a
fragmented manner increases the potential of embolization to new
territories, a major contributing factor to poor neurologic outcomes
due to additional brain infarction.3-5 Despite the advancement in
the second-generation mechanical thrombectomy devices, the rates

of FPE remain low, as low as 29% in the recently reported Contact
Aspiration vs Stent Retriever for Successful Revascularization
(ASTER) trial.6

Previous studies have demonstrated that a wide variety of
occlusive clots can cause large-vessel occlusion,7-11 and clot com-
position has been shown to have a significant impact on the suc-
cess of mechanical thrombectomy procedures.7,12,13 These findings
suggest that to further advance the success rates of stroke interven-
tion, we must turn our attention to clot composition and compare
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treatment strategies using in vitro thrombectomy models of the
cerebral vasculature. Previous studies have successfully created
blood clot analogs for in vitro testing using animal blood of various
species, which have significantly advanced our understanding of
clot biomechanics and imaging characteristics.13-19 However,
blood components and blood groups vary among species;20 thus,
creating clot analogs with human blood is likely a more accurate
representation of thrombi formed in the human vasculature.

The hypothesis of the study was that the diverse range of clots
retrieved from patients with AIS can be accurately replicated
using human blood by mimicking the process by which clots
form in vivo. The rationale for this study is that because the suc-
cess of mechanical thrombectomy procedures is influenced by
the composition of the clot, creating human clot analogs that
accurately represent the different phenotypes retrieved from
patients and testing them in an in vitro thrombectomy system
will allow us to compare the performance of different thrombec-
tomy devices and techniques. We will be able to determine the
optimum treatment approach for each clot phenotype, thereby
optimizing the chances of achieving the desired first-pass TICI 3
outcome in the clinical setting.1 To assess the similarities of me-
chanical properties to patient clots, we selected 3 types of clot
analogs (soft, elastic, and stiff) for in vitro thrombectomy testing.

MATERIALS AND METHODS
Human Clot Analog Creation
This study received institutional review board approval from
Mayo Clinic Rochester in accordance with the ethical standards
of the Declaration of Helsinki. A total of 12 clot analog types
were created as per Table 1. These clots analogs were selected to
be representative of the previously identified phenotypes of clots
retrieved from patients with AIS, including red blood cell (RBC)-
rich, fibrin-rich, and platelet-rich clots.21

A human whole-blood donation and a human platelet dona-
tion from 2 separate donors were obtained from the Mayo Clinic
blood transfusion service. The whole blood was centrifuged at
1200 rpm for 20minutes at 20°C to separate it into its

constituents.22 Plasma was harvested by pipetting, and the
remaining RBCs and buffy coat were mixed together by inverting.
Plasma and platelets were combined first as per Table 1; then,
3mL of thrombin (1 NIH/mL, No. T6884; Roche Diagnostic) was
added to activate platelets for a total of 1–2minutes while contin-
uously mixing. Three hundred microliters of 5% calcium chloride
(CaCl2, No. C1016; Sigma Aldrich) solution was then added fol-
lowed by the RBCs 1 buffy coat mixture. The tube was then
quickly mixed by inversion 5 times and then, the clot analog mix-
ture was drawn into a 3 mL syringe. The syringes were spun over-
night at 20 rpm at room temperature to mimic the dynamic flow
conditions of the human vasculature.

Patient Cohort
Clots were collected from 100 patients who underwent mechanical
thrombectomy for the treatment of AIS at Mayo Clinic Rochester.
When greater than 1 procedural pass was needed to retrieve the
occlusive clot, all fragments of clot were combined for histologic
analysis. The inclusion criteria were patients 18 years of age or older
and having undergone mechanical thrombectomy treatment for
AIS with clot material available for analysis. A waiver of informed
consent was granted for the purposes of collecting retrieved clot
material from patients with AIS for this study.

Histologic Processing and Staining
Gross photos were taken of each clot and analog before fixation
overnight in 10% phosphate-buffered formalin. All clots and analogs
were then processed using a standard tissue-processing protocol
and embedded in paraffin. The formalin-fixed paraffin-embedded
material was cut into 3-mm sections. The Martius Scarlett Blue
(MSB) stain is now regarded as the criterion standard for assessing
clot composition because it identifies platelet-rich regions of
thrombi in addition to RBCs, white blood cells (WBCs), and
fibrin.21,23 Two representative slides were stained with MSB to iden-
tify the common clot constituents: RBCs, WBCs, fibrin, platelets/
other, collagen, and calcification as described previously.21,23 Clot
phenotypes for both the clinical samples and the clot analogs were
defined on the basis of the dominant component (in percentages) in
each clot as determined by theMSB histologic staining.

Immunohistochemistry
Platelet and vonWillebrand factor (vWF) levels are useful additional
hallmarks of clot composition.24-26 Immunohistochemical staining
for platelets (CD42b) and the vWF was performed on a Bond RX
autostainer (Leica Biosystems). Antigen retrieval with Tris-EDTA
was performed for platelet staining (anti-CD42b); no antigen re-
trieval was used for vWF staining. For the primary antibody (anti-
CD42b, ab27669, 1:200 dilution [Abcam]; anti-vWF, A-0082, 1:200
dilution [Dako]), the incubation time was 30 minutes. Negative con-
trols were performed by omission of the primary antibody step. A
Bond Polymer Refine Red Detection system (Leica Biosystems),
which incorporates a post-primary antibody, polymer reagent, Fast
Red chromogen and hematoxylin counterstain, was used for visual-
ization. Sections were washed in warm soapy water, dehydrated in
increasing alcohol gradients, cleared in xylene, and mounted with
DPXMountant (Sigma-Aldrich).

Table 1: Volume of components added to each clot analog
typea

Ratio
Platelets

(ml)
Plasma
(ml)

RBC + Buffy Coat
(ml)

Plasma only
1:5 2400 600
1:10 0 2700 300
1:50 0 2940 60
1:100 0 2970 30
Platelets only
1:5 2400 0 600
1:10 2700 0 300
1:50 2940 0 60
1:100 2970 0 30
Plasma and
platelets
1:5 1200 1200 600
1:10 1350 1350 300
1:50 1470 1470 60
1:100 1485 1485 30

a Three microliters of thrombin (1 NIH/mL) and 300 mL of 5% CaCl2 were added to
stimulate coagulation.
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Imaging and Quantification
Following staining, a representative slide of each stain was
scanned at 20x magnification (EasyScan Pro; Motic Digital
Pathology). Histologic quantification was performed on the digi-
tal slide using Image Analysis Software (Orbit; www.Orbit.bio) as
described previously.21,25 The percentage area of each component
(RBC, WBC, fibrin, and platelet/other) within the clot was calcu-
lated for the histologic staining with MSB.21 The percentage area
of positive immunohistochemistry staining was calculated sepa-
rately for CD42b and vWF.25

Thrombectomy Testing in a Benchtop Stroke Platform
The mechanical properties of clots vary on the basis of their histo-
logic composition; clot analogs with an increasing volume of plate-
lets contract to a greater degree due to the force of platelet
contraction, resulting in stiffer clot analogs.27 Clot analogs that
have a high RBC content will typically be softer, more friable clots,
and clots made from plasma only will produce clot analogs with a
network of thin fibrin strands. Three phenotypes of clot analogs
with varying compositions of RBCs, plasma, and platelets were
selected to represent prominent phenotypes of clots retrieved from
patients with AIS during thrombectomy: soft (1:10 RBCs1buffy
coat : plasma only), elastic (1:5 RBCs1buffy coat : platelets 1

plasma), and stiff (1:10 RBCs1buffy coat : platelets1 plasma).
Thrombectomy testing was performed on these clots inside a

benchtop stroke platform as previously described.28,29 Briefly, a cere-
brovascular glass model, in which the lumen resembles the intracra-
nial internal carotid artery, the anterior cerebral artery, and the
middle cerebral arteries, is connected to a customized flow system
to deliver flow with a physiologically representative flow rate and
pressure. Clot analogs measuring 6mm in length were introduced
into the flow system and embolized to the M1–M2 bifurcation.

Revascularization was performed using the following: 1) the
direct aspiration (DA) technique with the Sofia 6F aspiration
catheter (MicroVention), and 2) stent retriever with aspiration
(stent retriever1A) technique with the Solitaire stent retriever
(Medtronic) and the Sofia 6F aspiration catheter. For each type of
clot analog and revascularization technique, 5 clot analogs were
made to replicate large-vessel occlusion stroke. For each large-
vessel occlusion case, 3 device passes were attempted before
declaring failure. Revascularization results, number of passes, and
embolization events were recorded for each test.

Ingestion was defined as complete ingestion of the clot into
the catheter, FPE was defined as complete removal of the clot
from the target artery in the first procedural pass, successful re-
canalization (SR) was defined as the complete removal of the clot
from the target artery within 3 procedural passes, and distal
embolization was defined as the occurrence of visible fragments
of clots being dislodged and migrating distally from the target
vessel. The thrombectomy processes were recorded, and the fail-
ure mechanisms, including the presence of distal embolization,
were confirmed following the procedure.

Statistical Analysis
All statistical correlations were assessed, and graphs were gener-
ated using GraphPad Prism 8 (GraphPad Software). MSB histo-
logic composition was reported as the percentage of the total clot
area. Positive immunohistochemistry staining (CD42b and vWF)
was reported as the percentage of the total clot area. A Shapiro-
Wilk test indicated that quantitative variables did not follow a
standard normal distribution. The nonparametric Spearman r

correlation was used to assess the similarity between clot analogs
and clinical samples. A level of statistical significance for all anal-
yses was set at P,0.05.

FIG 1. Gross photographs of human blood clot analogs pre- and postfixation. Gross photographs of human blood clot analogs of various com-
positions were obtained pre- and postfixation in 10% neutral buffered formalin. Clot analogs were created using different ratios (1:5, 1:10, 1:50,
and 1:100) of RBC1buffy coat and plasma only, platelets only, and plasma1 platelets.
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RESULTS
Clot Analog Appearance
The gross appearance of each of the human clot analogs after clot
formation and also postfixation in 10% neutral buffered formalin
is shown in Fig 1. Clot analogs that are rich in RBC clots (eg, 1:10
RBCs1buffy coat : plasma only) are dark red after creation and
black postfixation. Clots that contain high platelet content (eg,
1:100 RBCs1buffy coat : platelets only) have white platelet-rich
regions that are visible both pre- and postfixation. Clots that are
fibrin-rich but not platelet-rich are light red after creation and
brownish postfixation (eg, 1:50 RBCs1buffy coat : plasma only).
The platelet-rich clots are smaller in clot volume due to the effect
of platelet-stimulated contraction of the clots. The clot analogs
produced have a gross appearance similar to that of clots
extracted from patients during mechanical thrombectomy proce-
dures for the treatment of AIS.

Histologic Composition
The MSB stain was used to assess the histologic composition of
the clot analogs (Online Supplemental Data) and of the clots
retrieved from patients with AIS (Fig 2). RBC-rich, fibrin-rich, and
platelet-rich clot analogs that mimic clots retrieved from patients
with AIS were created. The range of histopathologic compositions
of the clot analogs is similar to that of the clinical samples (Fig 2).
The addition of a large volume of RBCs leads to an RBC-rich clot
regardless of whether platelets and/or plasma were added (Fig 2).
The RBC composition of the clot analogs ranged from 8.9% to
91.4%, and the clots retrieved from the patients ranged from,1%
to 85%. There was a significant positive correlation between the
RBC composition of the analogs and the clinical samples (rs ¼
0.755, P ¼ .010*). The platelet composition of the clot analogs
ranged from 5.4% to 83.7%, while the clinical samples ranged from
3% to 88% (rs ¼ 0.618, P¼ .048*). Fibrin composition of the clot

FIG 2. Histologic quantification of MSB-stained human clots retrieved from patients and human clot analogs created in vitro. A, The histologic com-
position of 100 various clots retrieved from patients was assessed using the MSB stain and grouped according to their dominant component, resulting
in 3 main groups; RBC-rich, fibrin-rich, and platelet-rich. B, The histologic composition of various human clot analogs created in vitro was also assessed
using the MSB stain and grouped according to their dominant component, resulting in the same 3 phenotypes; RBC-rich, fibrin-rich, and platelet-rich.
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analogs ranged from 3% to 53% and from 3% to 77% in the clinical
samples (rs = 0.136, P¼ .694). WBCs are typically a minor compo-
nent of clots and account for an average of 3.5% of clinical clots
and 1% of clot analogs (rs¼ 0.311, P¼ .345). Each of these compo-
nents is in line with the composition of AIS clots reported previ-
ously in the literature.7,21,30

Immunohistochemical Composition
The composition of platelets (CD42b) varied from 0.5% to 47.1%
of the total area, and the composition of vWF varied from 1.1%
to 63.4% of the total area (Table 1). Clot analogs made with plate-
lets only had the largest proportion of both CD42b and vWF
present, while clot analogs made with plasma only had the lowest
levels of both platelets and vWF. Clot analogs containing both
platelets and plasma had moderate levels of both platelets and
vWF present. An example of a clot analog closely resembling a
clot retrieved from a patient with AIS is shown in Fig 3.

Revascularization Results
The 3 types of clot analogs are associated with different revascu-
larization outcomes (Table 2). The soft clots are associated with
the highest ingestion, FPE, and successful recanalization rates,

followed by the elastic and stiff clots. The rate of distal emboliza-
tion increased as the rate of ingestion decreased.

All of soft clots could be successfully removed with 1 pass,
and no distal embolization was observed. By means of the DA
technique, 80% (4 of 5) of clots were ingested (Supplemental
Online Video S1), with 1 exception in which the catheter tip was
corked by the clot. Using the stent retriever 1 A technique, all
the clots could be pulled out without any distal embolization.

For the elastic clot and using the DA technique, only 40% (2 of
5) of the clots could be ingested and the other 3 clots were corked
by the suction catheter and pulled out. During catheter pull, the
clot was elongated under the tensional load applied by the vacuum
suction and the pressure gradient across the clot. As the clot was
moved to the internal carotid artery terminus, a temporary near-
to-total obstruction of the flow increased the antegrade pressure
gradient and eventually fractured the clot and caused distal emboli-
zation (Supplemental Online Video S2). In a similar fashion, the
stent retriever 1 A technique also fractured the clot during device
pull, causing distal embolization (Supplemental Online Video S3).
Distal embolization of clot fragments is the main reason for repeat
passes to recanalization.

For the stiff clots and using the DA technique, only 20% (1 of
5) of the clots could be ingested.
During device pull, 80% (4 of 5) of the
clots lost integration with the suction
catheter due to the antegrade pressure
gradient and resulted in failed revascu-
larization. The integration of the clots
to the stent retriever was stronger than
the aspiration catheter alone, resulting
in a lower distal embolization rate and
higher revascularization rate (Table 2).

DISCUSSION
In this study, a range of novel in vitro
human clot analogs that mimic the
gross appearance and histologic compo-
sition of clots retrieved from patients
with AIS was created. The composition
of the clot analogs was confirmed using
the MSB histologic stain for the main
components and immunohistochemical
staining for the identification of platel-
ets and vWF. Furthermore, a subset
of clot analogs were tested in an in
vitro thrombectomymodel and demon-
strated that revascularization outcome
is related to both the composition of the
clots and the technique used to retrieve
them. The results of this study are im-
portant because they prove that human
clot analogs that accurately replicate the
histologic composition of clots retrieved
from patients can be created, and they
demonstrate that these clot analogs can
be used in an in vitro thrombectomy
setup to compare the performance of

FIG 3. Histology and immunohistochemical-stained images of clots retrieved from a patient with
AIS and of a human clot analog. A comparison of the similarity in terms of gross photographs,
MSB stain, CD42b (platelets), and vWF between a clot retrieved from a patient with AIS (A) and a
human clot analog (1:50 RBC1 buffy coat/platelets) is shown (B). MSB stain: RBCs (yellow), WBCs
(purple), fibrin (red), platelets/other (grey), and collagen (blue). Platelets (CD42b) and vWF; positive
staining is red.

Table 2: In vitro thrombectomy results
Clot Type Ingestion Rate FPE Rate SR Rate Passes to Achieve SR DE Rate
Soft
DA 80% 100% 100% 1.0 0
STR 1 A NA 100% 100% 1.0 0
Elastic
DA 40% 100% 100% 1.0 20%
STR 1 A NA 40% 100% 1.8 60%
Stiff
DA 20% 40% 40% 1.0 80%
STR 1 A NA 60% 80% 1.3 40%

Note:—DE indicates distal embolization; STR 1 A, stent retriever 1 aspiration; NA, not applicable.
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different treatment approaches, potentially leading to a clinical ben-
efit for the patients.

The inability of second-generation thrombectomy aspiration
and stent retriever devices to dramatically improve the rates of
FPE following endovascular treatment of AIS suggests that the
effect is not specifically device-related.6 An understanding of clot
histologic characteristics and recanalization outcomes is poten-
tially of great importance in improving device selection and de-
vice development. There is a growing awareness of the
importance of clot phenotypes, mechanical properties, clot-device
interactions, and the interactions of clots with the surrounding
vessel, factors that influence revascularization rates.1,27,31-34

However, clinicians largely continue to treat patients using their
preferred treatment strategy rather than tailoring their treatment
strategy to suit the suspected clot composition because there have
been few clinical studies comparing various thrombectomy tech-
niques in their ability to retrieve different phenotypes of thrombi
from patients with AIS.35 The histologic composition of the clot
analog phenotypes created in this study is in line with the range
of clot compositions typically seen in AIS.21 Clots retrieved from
patients can generally be stratified into 3 main phenotypes based
on their histologic composition: RBC-rich, fibrin-rich, and plate-
let-rich. Each of these phenotypes was successfully replicated in
vitro in this study.

The novel clot analogs described herein used in conjunction
with human vascular replicator systems that can accurately repli-
cate the intracranial vasculature, cardiac cycle, and intracranial
blood pressure may enable the optimization of techniques and
treatment strategies. A recent study using similar human clot
analogs in an in vitro thrombectomy system also demonstrated
that the composition of the clot analogs significantly affects the
outcome of the procedure.36 By assessing the success rate of all of
the various thrombectomy devices and techniques in retrieving
different phenotypes of clots as described, we can arrive at a bet-
ter understanding of how to improve the rates of FPE. The use of
human clot analogs and accurate in vitro thrombectomy systems
could be a valuable training resource for educating physicians on
the potential clinical significance of tailoring their treatment
strategy to optimize their chances of achieving complete revascu-
larization. In addition to their use in in vitro thrombectomy test-
ing, human clot analogs can also be used to investigate the ability
of novel diagnostic imaging methods to identify the composition
of the occlusive clot.37,38

For the DA technique, the FPE is associated with successful
clot ingestion and depends on the clot mechanical properties. Of
the 15 clots tested, FPEs were achieved for 12 clots, and 7 (58%)
of them were due to successful ingestion. The ingestion rates
were 80%, 40%, and 20% for the soft, elastic, and stiff clots,
respectively. Clots with a higher composition of platelets and
fibrin have a higher stiffness and friction coefficient,17,39 making
them difficult to deform into the catheter tip and be ingested. For
the 8 clots without successful ingestion, 6 (75%) of them pre-
sented with distal embolization and resulted in repeat device
passes or failed revascularization. Suction catheters that can gen-
erate a large suction force to deform the clots and overcome the
clot friction to ingest the clots could be beneficial.40 However,
the thrombectomy tests are performed in a glass phantom, and

the arterial response to suction was not captured. Under suction,
the vessel could collapse due to the reduced intraluminal pressure
and evacuation of fluid, hypothetically related to the more severe
vessel injuries using suction catheters rather than the stent
retrievers.41 The safety profile of the new-generation large-bore
suction catheters needs to be further validated.

When we compared the stent retriever 1 A technique with
the DA technique, the FPE rate was the same (100%) for the soft
clots, lower (40% versus 100%) for the elastic clots, and higher
(60% versus 40%) than the DA technique for the stiff clots, show-
ing a clear relation with the clot mechanical properties. For both
the DA and the stent retriever 1 A techniques in which the FPE
was not achieved, the failure mechanism was the poor clot/device
integration with downstream migration of emboli, similar to that
found in a whole human brain thrombectomy platform.42

During clot retrieval by device pull (stent retriever or suction
catheter without clot ingestion), the clot/device integration has to
fight against the tensional force generated by the device and the
antegrade pressure gradient. Compared with the DA technique in
which the clot was engaged with the suction catheter only at the
clot “head” (Supplemental Online Video S2), in the stent retriever
1 A technique, the clot integration was stronger as the clot was
grabbed by the stent tines along the clot length (Supplemental
Online Video S3). This result could be the reason for higher FPE
and successful revascularization rates for the stiff clot analogs. On
the other hand, the clot/stent integration was still weak, with mul-
tiple passes needed to revascularize. Future stent technologies
should enable better clot integration, especially for stiff clots.

This study has some limitations. First, the whole-blood and
platelet donations were not collected from the same patient, and
the blood phenotypes of each were not available. Second, blood
phenotype has been shown to impact coagulation, and this
method may need to be adjusted slightly for each blood pheno-
type. Finally, the thrombectomy tests were performed in a glass
phantom, and the arterial response to suction was not captured.

CONCLUSIONS
RBC-rich, fibrin-rich, and platelet-rich clot analogs that mimic
clots retrieved from patients with AIS were created in vitro.
Differing retrieval outcomes were confirmed using in vitro throm-
bectomy testing in a subset of clots. The use of human clot analogs
and accurate in vitro thrombectomy systems could be a valuable
training resource for physicians to optimize their chances of
achieving complete revascularization for every clot phenotype.
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ORIGINAL RESEARCH
INTERVENTIONAL

Refractory Stroke Thrombectomy: Prevalence, Etiology, and
Adjunctive Treatment in a North American Cohort
R.N. Abdalla, D.R. Cantrell, A. Shaibani, M.C. Hurley, B.S. Jahromi, M.B. Potts, and S.A. Ansari

ABSTRACT

BACKGROUND AND PURPOSE: Acute stroke intervention refractory to mechanical thrombectomy may be due to underlying vessel wall
pathology including intracranial atherosclerotic disease and intracranial arterial dissection or recalcitrant emboli. We studied the prevalence
and etiology of refractory thrombectomy, the safety and efficacy of adjunctive interventions in a North American–based cohort.

MATERIALS AND METHODS: We performed a multicenter, retrospective study of refractory thrombectomy, defined as unsuccess-
ful recanalization, vessel reocclusion in ,72 hours, or required adjunctive antiplatelet glycoprotein IIb/IIIa inhibitors, intracranial
angioplasty and/or stenting to achieve and maintain reperfusion. Clinical and imaging criteria differentiated etiologies for refractory
thrombectomy. Baseline demographics, cerebrovascular risk factors, technical/clinical outcomes, and procedural safety/complica-
tions were compared between refractory and standard thrombectomy groups. Multivariable logistic regression analysis was per-
formed to determine independent predictors of refractory thrombectomy.

RESULTS: Refractory thrombectomy was identified in 25/302 cases (8.3%), correlated with diabetes (44% versus 22%, P¼ .02) as an inde-
pendent predictor with OR ¼ 2.72 (95% CI, 1.05–7.09; P¼ .04) and inversely correlated with atrial fibrillation (16% versus 45.7%, P¼ .005).
Refractory etiologies were secondary to recalcitrant emboli (20%), intracranial atherosclerotic disease (60%), and/or intracranial arterial dis-
section (44%). Four (16%) patients were diagnosed with early vessel reocclusion, and 21 patients underwent adjunctive salvage interventions
with glycoprotein IIb/IIIa inhibitor infusion alone (32%) or intracranial angioplasty and/or stenting (52%). There were no significant differen-
ces in TICI 2b/3 reperfusion efficacy (85.7% versus 90.9%, P¼ .48), symptomatic intracranial hemorrhage rates (0% versus 9%, P ¼ .24),
favorable clinical outcomes (39.1% versus 48.3%, P¼ .51), or mortality (13% versus 28.3%, P ¼ .14) versus standard thrombectomy.

CONCLUSIONS: Refractory stroke thrombectomy is encountered in,10% of cases, independently associated with diabetes, and
related to underlying vessel wall pathology (intracranial atherosclerotic disease and/or intracranial arterial dissection) or, less com-
monly, recalcitrant emboli. Emergent salvage interventions with glycoprotein IIb/IIIa inhibitors or intracranial angioplasty and/or
stenting are safe and effective adjunctive treatments.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; DAC ¼ distal access catheter; ELVO ¼ emergent large-vessel occlusion; GPI ¼ glycoprotein IIb/IIIa inhibitors;
IAD ¼ intracranial arterial dissection; ICAD ¼ intracranial atherosclerotic disease; sICH ¼ symptomatic intracranial hemorrhage

Multiple randomized controlled trials have established me-
chanical thrombectomy as the standard of care treatment

for acute ischemic stroke (AIS), secondary to an emergent large-
vessel occlusion (ELVO).1 Successful recanalization has been
shown to be an independent predictor of favorable functional out-
comes, with studies emphasizing near-complete reperfusion for

optimal outcomes.2,3 However, in the Highly Effective Reperfusion
evaluated in Multiple Endovascular Stroke Trials (HERMES)
meta-analysis of 5 randomized controlled trials constituting 634
endovascular cases, successful thrombectomy was achieved in 71%
of cases with nearly 30% of cases failing to achieve successful
revascularization.1

Several causes have been postulated for the failure of throm-
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burden or composition, and underlying vessel wall pathology.4 The
mechanism of vessel occlusion (embolic-versus-thrombotic) and
underlying vascular pathology determines the response to mechani-
cal thrombectomy.5 Multiple studies from Asia have described
intracranial atherosclerotic disease (ICAD) as an important under-
lying etiology of refractory thrombectomy encountered in 15%–
20% of cases,6-8 with fewer studies describing spontaneous intracra-
nial arterial dissection (IAD) or recalcitrant emboli as other
causes.9-11 In refractory cases, in which there is a failure of recanali-
zation or progressive reocclusion after mechanical thrombectomy,
the use of adjunctive medical treatment with antiplatelet glycopro-
tein IIb/IIIa inhibitors (GPI) and endovascular interventions with
intracranial angioplasty and/or stenting have been described.7,12

To our knowledge, no studies have characterized the preva-
lence of refractory stroke thrombectomy and its underlying etiol-
ogies in a North American–based population. In our study, we
aimed to investigate the predictors of refractory thrombectomy
in patients presenting with AIS secondary to ELVO. We also
describe clinical and imaging features used to differentiate etiolo-
gies of underlying vessel wall pathology (ICAD and/or IAD) or
recalcitrant emboli. Finally, we assess the safety and efficacy of
adjunctive medical and endovascular treatment techniques in our
refractory thrombectomy cohort relative to patients undergoing
standard thrombectomy.

MATERIALS AND METHODS
Patient Population
Between January 2015 and December 2019, we identified consecu-
tive patients with AIS who underwent endovascular mechanical
thrombectomy for an ELVO at 3 Northwestern University affiliated
comprehensive stroke centers. An institutional review board (IRB)
approved retrospective study was conducted via a prospecti-
vely maintained multi-institutional neurointerventional database.
Emergent off-label use of Humanitarian Device Exemption (HDE)
intracranial stents were reported to the IRB and device manufac-
turers as required.

Patient and imaging criteria for mechanical thrombectomy
were the following: age .18 years; prestroke mRS score of ,2;
presenting NIHSS score of $6 within 24hours from last known
well; ASPECTS $ 6; and CTA/MRA demonstrating anterior or
posterior circulation ELVO including the ICA, M1–M2MCA, bas-
ilar artery, or the P1 segment of the posterior cerebral artery.
Patients presenting within 6–24hours with anterior circulation
occlusions were treated if they fulfilled CTP/MRI and DWI-
PWI criteria (measured by RAPID post-processing software;
iSchemaView) as per the Triage of Wake-Up and Late Presenting
Strokes Undergoing Neurointervention with Trevo (DAWN) and/
or Endovascular Therapy Following Imaging Evaluation for
Ischemic Stroke 3 (DEFUSE) 3 trials.13,14

Mechanical Thrombectomy Procedures and Adjunctive
Treatment of Refractory Cases
All procedures were attempted initially via transfemoral puncture
using 6F, 80- to 100-cm-long guide sheaths placed in the cervical
ICA or vertebral artery. Nearly all used a triaxial system with
coaxial advancement of large-bore (0.054- to 0.072-inch inner di-
ameter) distal access catheters (DACs) and 0.021- to 0.027-inch

microcatheters using 0.014- to 0.016-inch microwires to cross the
thromboembolus for stent retriever deployment. Mechanical
thrombectomy was performed with DAC advancement to the prox-
imal aspect of the clot under continuous vacuum aspiration during
stent retriever deployment across the thromboembolus. Next, the
stent-delivery microcatheter was removed to maximize the DAC
vacuum aspiration force and stent retriever engagement of the clot
for �5minutes, and the combined stent retriever–DAC aspiration
complex was retracted into the cervical or distal guide sheath under
manual syringe aspiration. In a minority of cases, mechanical
thrombectomy was performed with a large-bore DAC reperfusion
catheter under vacuum aspiration without stent retriever use.

Refractory thrombectomy was defined as unsuccessful recana-
lization (TICI 0–1 reperfusion) after at least 3 passes or vessel
reocclusion identified within 72 hours of presumed successful
thrombectomy. In addition, residual or recalcitrant emboli or
underlying intracranial vessel wall pathology (atherosclerotic pla-
que and/or an unstable dissection flap) that resulted in severe
flow-limiting stenoses with impending or progressive reocclusion
on immediate postthrombectomy angiograms were characterized
as refractory thrombectomy. In these refractory thrombectomy
cases, adjunctive rescue treatment was attempted with either GPI
(eptifibatide 180mcg/kg or abciximab 0.25mg/kg in a single
patient) intracranial angioplasty and/or stenting at the discretion
of the neurointerventionalist. Following IV GPI infusion, serial
cerebral angiography assessed interval improvement in vessel sta-
bility and patency for at least 15minutes. In cases of persisting flow
limitation or reocclusion despite GPI treatment, further salvage
with intracranial angioplasty and/or stenting was performed. If in-
tracranial stenting was the primary intervention, it was performed
with either concomitant GPI infusion, antiplatelet loading, or in
the setting of pre-existing dual-antiplatelet therapy.15

All patients having experienced refractory thrombectomy and ad-
junctive interventions were placed on at least aspirin.300mg daily
(300mg rectal or 325 mg oral, depending on the patient’s ability to
swallow or the presence of a nasogastric tube) antiplatelet therapy
postprocedure. If intracranial stenting required dual-antiplatelet load-
ing, a 600-mg loading bolus of clopidogrel was provided (Siemens)
with 75-mg daily therapy after an intraprocedural cone beam CT or
postprocedure CT head study excluded intracranial hemorrhage
complications. Patients receiving clopidogrel for intracranial stenting
were followed with P2Y12 assays (VerifyNow, Acumetrics, San
Diego, CA) within 12hours to ensure an adequate antiplatelet
response. All standard and refractory thrombectomy cases had early
(,72hours) CTA and/or MR imaging/MRA follow-up available to
identify early vessel reocclusion or stable vessel patency.

Etiology Assessment of Refractory Thrombectomy Cases
We developed criteria to differentiate 3 potential etiologies for
refractory thrombectomy: 1) ICAD, 2) IAD, or 3) recalcitrant em-
bolus (Table). We used demographics (age), presentations (head-
ache/neck pain, trauma, recent cardiac surgery), type and number
of vascular risk factors (atrial fibrillation versus hypertension, dia-
betes mellitus, hyperlipidemia, prior stroke/TIA, and smoking),
cross-sectional (CT/MR imaging) and angiographic (CTA/MRA/
DSA) imaging findings (multivessel disease/peripheral vascular
calcifications, intimal flap/subintimal contrast, double lumen,
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calcified embolus, embolic distribution of infarcts.1 vascular ter-
ritory), interventional angiographic findings following stent re-
triever deployment for thrombectomy, GPI infusion, intracranial
angioplasty and/or stenting (.3 passes, stent normalization,
degree of residual stenosis). Two independent neurointerventional-
ists classified each refractory thrombectomy case into at least 1 of
the 3 underlying etiologies using this preset criteria (patients did
not need to meet all criteria to be classified into 1 category). IAD
cases were further classified into spontaneous/iatrogenic dissec-
tions versus superimposed IAD related to underlying ICAD pa-
thology (if patients satisfied crossover criteria of both categories).
Consensus was achieved in all cases.

Data and Outcome Analysis
We analyzed patient demographics (age, sex, race/ethnicity),
NIHSS presentations, vascular risk factors, ASPECTS, and ELVO
locations in the anterior (ICA and/or MCA) versus posterior
(basilar artery/P1 segment of the PCA) circulation. Interventions
were studied with respect to, IV tPA utilization, endovascular
times to treatment (last known well to puncture or successful
reperfusion), procedural times (puncture to reperfusion), angio-
graphic outcomes (reperfusion grade, device passes, first pass
reperfusion), major (neurovascular) or minor complications, and
symptomatic intracranial hemorrhage (sICH) as per the
European Cooperative Acute Stroke Study (ECASS-3) criteria on
1- to 3-day follow-up CT/MR imaging.16 Clinical outcomes were
assessed using the mRS and mortality at 90 days.

We adjudicated both angiographic and clinical outcomes to
assess procedural efficacy. Reported angiographic outcomes were
regraded using the modified TICI score and confirmed by a neu-
rointerventionalist blinded to the interventions.17 Successful
reperfusion efficacy was defined as modified TICI$2b, and com-
plete reperfusion was defined as modified TICI 2c/3. Favorable
clinical outcomes were defined as mRS # 2, consistent with an
independent or functional neurologic status requiring concord-
ance of separate assessments by both stroke neurology and neu-
rointerventional surgery practitioners at 90-day follow-up in the
outpatient clinic and/or by telephone. In cases of disagreement,
the lower modified TICI and higher mRS scores were used to re-
cord angiographic and clinical outcomes, respectively. Safety was
assessed by comparing major procedural complications, sICH,
and mortality at 90 days in the refractory thrombectomy cohort
relative to the standard thrombectomy control group.

Statistical Analysis
All statistical analyses were performed using SPSS software (Version
24.0, IBM). Continuous variables are presented as medians (mini-
mum-maximum) except for the number of thrombectomy passes
that are presented as mean (SD), while discrete and categoric varia-
bles are presented as counts and percentages. Continuous variables
were compared using the Mann-Whitney test, while categorical and
binary variables were compared using the Fisher exact or the x 2

test. Univariate analyses compared baseline demographics and pro-
cedural, angiographic, and clinical outcomes between standard and
refractory thrombectomy groups. Multivariate analysis was per-
formed to identify independent predictors of refractory thrombec-
tomy with the patient’s age and vascular risk factors used as
variables for a logistic regression model. A P value of,.05 was con-
sidered statistically significant.

RESULTS
Mechanical stroke thrombectomy for an anterior or posterior cir-
culation ELVO was performed in 302 consecutive patients (me-
dian age, 70 years; range, 20–98 years; 162 women and 140 men),
with 25/302 (8.3%) meeting defined criteria for refractory throm-
bectomy. The Online Supplemental Data provides details on
baseline demographics, vascular risk factors, presentations, tech-
nical and clinical outcomes of the refractory thrombectomy
cohort in comparison with the standard thrombectomy group
(n¼ 277/302).

Although there were presentation trends toward younger age
(66 versus 71 years, P¼ .09) and lower NIHSS scores (15 versus
17, P¼ .11) in patients experiencing refractory thrombectomy,
these did not reach statistical significance. There were no signifi-
cant differences in presentation times, IV tPA use, ELVO loca-
tions, or anterior-versus-posterior circulation occlusions. With
respect to vascular risk factors, diabetes was significantly associ-
ated with refractory thrombectomy (44% versus 22%; P¼ .02)
and the only independent predictor on logistic regression analysis
(OR ¼ 2.72; 95% CI, 1.05–7.09; P¼ .04). Conversely, atrial fibril-
lation was inversely correlated with refractory thrombectomy
(16% versus 45.7%; P¼ .005), accounting for the predominant
etiology of intracranial vessel wall pathology (ICAD and/or IAD)
over recalcitrant/calcified emboli.

Two independent observers classified underlying etiologies
for refractory thrombectomy and achieved consensus as per the
predefined criteria (Table). ICAD was the most common vessel

Clinical and Imaging Dagnostic Criteria to Differentiate Etiologies of Refractory Thrombectomy

ICAD IAD Recalcitrant Embolus
Demographics Age $ 65 Years Age # 55 Years Any age

Presentations/Risk Factors $3 Vascular risk factors: hypertension,
diabetes mellitus, hyperlipidemia, prior
stroke/TIA, smoking

Trauma, acute headache, neck pain Atrial fibrillation
Embolic infarcts:
.1 Vascular territory
Cardiac surgery

Imaging Findings Multivessel disease
Peripheral vascular calcifications
(extracranial and intracranial ICA)

Intimal flap
Double lumen

Calcified embolus

Interventional Findings No stent normalization Stent normalization No stent normalization
Residual stenosis.50% Residual stenosis,50% Residual stenosis.50%

.3 Passes
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wall pathology associated with refractory thrombectomy in 15/25
(60%) patients, an isolated finding in 9 patients, and with super-
imposed IAD pathology in 6 patients. Five separate spontaneous
or iatrogenic intracranial dissections (5/25 or 20%) were identi-
fied for a total of 11/25 (44%) IAD etiologies. A minority of re-
fractory cases were determined to be secondary to recalcitrant/
calcified emboli in 5/25 (20%).

In the refractory cohort, 4 of 25 (16%) patients were diag-
nosed with vessel reocclusion within 72 hours after presumed
successful thrombectomy without an opportunity for vessel sal-
vage. Despite adjunctive interventions in only 21/25 patients,
with GPI in 8/25 (32%), intracranial angioplasty and/or stenting
in 13/25 (54%), there were no significant differences in proce-
dural times, successful reperfusion (87.5% versus 90.9%, P¼ .48),
complete or first-pass reperfusion, complications, sICH (0% ver-
sus 9%, P¼ .24), favorable clinical outcomes (39% versus 48%,
P¼ .51), or mortality (13% versus 28.3%, P¼ .14) at 90 days in
comparison with the standard thrombectomy group, respectively
(Online Supplemental Data). Only 1 patient receiving GPI and
rescue intracranial stenting for a recalcitrant embolus developed
a minor groin hematoma complication that resolved with con-
servative management.

In refractory thrombectomy cases that underwent adjunctive
interventions, 5 of 8 (62%) patients with isolated ICAD were
treated with intracranial angioplasty and/or stenting including 3
patients treated initially with angioplasty alone (2 of whom
required rescue stenting for reocclusions either immediately or
post-operatively at 2months). In relatively equivalent propor-
tions, 5/9 (56%) patients with IAD were adequately managed
with GPI without intracranial stenting, including 4/6 (67%) IAD
patients with underlying ICAD (Online Supplemental Data).
However, all 4/4 (100%) patients with recalcitrant/calcified
emboli that were eligible for salvage interventions required intra-
cranial stenting, including 1 rescue stent placement after a failed
attempt with GPI. At early CTA/MRA follow-up, most adjunctive
interventions maintained vessel patency, except for 2/21 (9.5%)
patients that were treated with intracranial stenting, but suffered
vessel reocclusion or in-stent thrombosis.

DISCUSSION
Our study indicates that refractory stroke thrombectomy occurs
in approximately 8–9% of cases of a representative North
American population, a lower prevalence than in previously
reported Asian studies.4 Patients with cerebrovascular risk factors
including diabetes and hyperlipidemia may be prone to refractory
thrombectomy due to underlying vessel wall pathology such as
ICAD and/or IAD versus the less common etiology of recalcitrant
emboli.5 Antiplatelet GPI, intracranial angioplasty and/or stent-
ing are safe and effective adjunctive treatments for vessel salvage,
resulting in equivalent clinical outcomes compared with patients
undergoing standard thrombectomy.8,18

ICAD is a common cause of AIS, accounting for nearly 15%–
20% of ELVOs in Asian populations, and it often requires adjunc-
tive treatment to obtain successful recanalization or maintain ves-
sel patency in cases refractory to mechanical thrombectomy.8,19,20

Lee et al5 reported a series of patients having undergone throm-
bectomy, including 24 patients with underlying ICAD, and

identified independent predictors of male sex, hypercholesterole-
mia, and posterior circulation occlusions. In a smaller series of 14
patients with ELVO related to ICAD, Suh et al20 also showed a
predilection for younger patients, male sex, smoking, and
involvement of the M1 segment of the MCA in 93% of cases. Our
study supports these statistical trends for younger patients; cere-
brovascular risk factors, especially diabetes as an independent
predictor of refractory thrombectomy; and an inverse correlation
with atrial fibrillation consistent with the nonembolic stroke eti-
ology of in situ vessel wall pathologies (ICAD or IAD). Although
there were no significant differences in the prevalence of ante-
rior-versus-posterior circulation occlusions, the MCA remained
the most commonly affected vessel in 76% of refractory cases.

Despite extracranial cervical dissections being responsible for
10%–25% of strokes in young and middle-aged patients,21 IAD is
a rare diagnosis accounting for,2% of all AIS.22,23 However,
IAD is an important consideration in cases of refractory throm-
bectomy secondary to spontaneous or iatrogenic/traumatic etiol-
ogies and is probably under-recognized when superimposed in
the setting of an acutely ruptured atherosclerotic plaque.
Differentiating IAD from ICAD is not always possible during
emergent thrombectomy, with significant imaging overlap of
both vessel wall pathologies. In a French study, spontaneous IAD
was observed in 3% of all mechanical thrombectomy cases; the
authors described complete normalization of vessel caliber after
stent retriever deployment without irregular clot visualization or
extraction as an imaging feature suggestive of IAD pathology.9 In
contrast, Suh et al20 reported the need for angioplasty and/or
stent placement to achieve vessel recanalization, persistent resid-
ual stenosis (.70%), and the absence of a dissection (intimal)
flap on final angiography as imaging criteria indicative of ICAD.
While these paradigms may differentiate uncomplicated cases,
not all refractory thrombectomy cases conform to a binary classi-
fication. In our study, we developed comprehensive criteria,
including patient demographics, clinical risk factors, and addi-
tional imaging criteria, to improve the assessment and diagnosis
of refractory thrombectomy etiologies, including recalcitrant
emboli. Cases with overlapping findings were deemed superim-
posed IAD in the setting of ICAD. Twenty of 25 (80%) refractory
thrombectomy cases were attributable to either IAD or ICAD; 6
were diagnosed as combined IAD/ICAD pathology.

Two large cohort Korean studies by Baek et al18 and Kang et
al24 studied the management of refractory thrombectomy sec-
ondary to ICAD, demonstrating that .70% of patients initially
fail stent retriever thrombectomy and require adjunctive treat-
ment. Both antiplatelet GPI and intracranial angioplasty/stenting
were shown to be safe and effective with equivalent rates of suc-
cessful reperfusion, functional clinical outcomes, sICH, and mor-
tality in comparison with patients negative for ICAD undergoing
standard thrombectomy. Patients treated with GPI required res-
cue stenting in 9%–46% of cases, and angioplasty and/or stenting
groups underwent permanent stenting in 64%–94% of cases.
Balloon angioplasty alone in the treatment of symptomatic ICAD
is controversial, with some studies suggesting that it is a safe and
effective alternative that obviates the need for dual-antiplatelet
therapy in the immediate postthrombectomy period of intracra-
nial hemorrhage risk.25,26 Other studies compared the durability
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of endovascular treatment strategies for symptomatic ICAD and
identified higher rates of immediate lesion recoil, delayed reste-
nosis (50% versus 7.5%), and iatrogenic dissections with angio-
plasty alone versus angioplasty in conjunction with stenting.27 In
our cohort, 14 patients experiencing refractory thrombectomy
with underlying ICAD (including 6 patients with superimposed
IAD) were equivocally salvaged with either GPI or angioplasty
and/or stenting. However, in 3 patients who underwent angio-
plasty alone, 2 required rescue stent placement for immediate or
delayed restenosis/occlusion.

Few studies have evaluated treatment options for spontaneous
IAD in the setting of ELVO, and suggest the superiority of intra-
cranial stenting over mechanical thrombectomy alone.9,28,29

Labeyrie et al9 demonstrated improved recanalization rates and
lower rates of residual dissection–related stenosis with intracra-
nial stenting, but.50% rescue recanalization in patients man-
aged conservatively. In our study, 9 patients with IAD (6 with
underlying ICAD, 2 iatrogenic, and 1 spontaneous) were man-
aged equivocally with antiplatelet GPI or intracranial stenting
and no patients treated with GPI required rescue stenting.

Another less common cause of intracranial ELVO and refrac-
tory thrombectomy is recalcitrant/calcified emboli that may be
spontaneous or iatrogenic with increasing cardiovascular cathe-
terization procedures in patients with calcified aortic/cervical
atherosclerotic plaques or cardiac valves.30 In a large multicenter
European retrospective study, Maurer et al31 reported a 1.3% (40/
2969) prevalence for calcified emboli and noted worse angio-
graphic TICI$ 2b reperfusion rates (57.5%), functional out-
comes (mRS 0–2, 26.5%), and mortality (55.9%) at 90 days. These
recalcitrant/calcified emboli are less likely to respond to standard
mechanical thrombectomy techniques and often require adjunc-
tive intracranial stenting for successful revascularization.10,11 In
fact, all 4 patients who were eligible for salvage interventions in
our cohort of 5 patients with recalcitrant emboli etiologies
required intracranial stenting. We suspect that the prevalence of
recalcitrant emboli causing refractory thrombectomy may con-
tinue to decline with advancements in the technology of flexible
distal guide sheaths, large-bore aspiration catheters, and clot-re-
trieval devices.32

Using GPI or thienopyridine P2Y12 inhibitors during or after
stroke thrombolysis/thrombectomy is concerning, with a risk of in-
tracranial hemorrhagic complications from reperfusion or core
infarct transformation. However, single (aspirin) and often dual-
antiplatelet loading (for intracranial stenting) are mandatory after
adjunctive interventions for refractory thrombectomy to maintain
vessel recanalization and prevent in-stent thrombosis or reocclu-
sion via platelet aggregation across an acutely ruptured atheroscler-
otic plaque or dissection flap. In our study, 2/12 patients treated
with intracranial stents reoccluded, possibly due to in-stent throm-
bosis complications from inadequate or delayed antiplatelet
loading. This is consistent with previously published literature sug-
gesting an 87% patency rate for rescue stenting after failed me-
chanical thrombectomy.33 Immediate and adequate antiplatelet
loading should be initiated in refractory thrombectomy interven-
tions, with early P2Y12 testing recommended to confirm antiplate-
let efficacy. Furthermore, novel intravenous P2Y12 inhibitors such
as cangrelor may offer improved therapeutic transition to oral

antiplatelet loading agents and safety over GPI. Several studies
have shown no increased incidence of sICH after intracranial
stenting and suggest that the benefit of recanalization outweighs
the risk of hemorrhage.8,12,34 Although no patients in our refrac-
tory thrombectomy cohort developed sICH complications, the risk
should not be underestimated. This may have been partly due to
our patient or imaging selection of small-core infarct volumes,
intraprocedural cone beam CT scanning to exclude hemorrhagic
complications prior to adjunctive interventions with GPI or intra-
cranial angioplasty and/or stenting, and strict hemodynamic con-
trol afterwards to limit reperfusion complications.

Our study had several limitations, due to the inherent meth-
odologic weaknesses of retrospective and small sample size studies,
to assess rare pathologies such as ICAD, IAD, and recalcitrant/cal-
cified emboli presenting with ELVO. Furthermore, patients experi-
encing refractory thrombectomy were managed at the discretion of
treating neurointerventionalists without a formal protocol or ran-
domization to adjunctive interventions of GPI versus intracranial
angioplasty and/or stenting. Hence, we deferred direct compari-
sons of either underlying etiologies or treatment protocols for re-
fractory thrombectomy. We limited our aims to assessing the
prevalence of refractory thrombectomy in a North American pop-
ulation not previously described in the literature and identifying
specific etiologies using a comprehensive diagnostic clinical and
imaging evaluation. Finally, we compared the safety and efficacy of
adjunctive interventions for vessel salvage in patients experiencing
refractory thrombectomy with the standard thrombectomy cohort.

CONCLUSIONS
Refractory stroke thrombectomy occurs with a prevalence of�8–
9% in a North American population, less than in reported Asian
populations. Various cerebrovascular risk factors have been asso-
ciated with refractory thrombectomy. In the current study, diabe-
tes mellitus was shown to be associated with and an independent
predictor of refractory thrombectomy and its underlying vessel
wall pathologies. ICAD and/or IAD are presumably the most
common etiologies for ELVO presentations refractory to me-
chanical thrombectomy and, less commonly, recalcitrant/calcified
emboli. Both antiplatelet GPI and intracranial angioplasty/stent-
ing are safe and effective adjunctive interventions for vessel sal-
vage in the refractory thrombectomy setting, with equivalent
clinical outcomes to standard thrombectomy.
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Carotid Stenting without Embolic Protection Increases Major
Adverse Events: Analysis of the National Surgical Quality

Improvement Program
P. Nazari, P. Golnari, M.C. Hurley, A. Shaibani, S.A. Ansari, M.B. Potts, and B.S. Jahromi

ABSTRACT

BACKGROUND AND PURPOSE: Published data regarding embolic protection device efficacy is mixed, and its use during carotid ar-
tery stent placement remains variable. We, therefore, examined the frequency of embolic protection device use and its association
with outcomes after carotid artery stent placement using a national quality improvement data base.

MATERIALS AND METHODS: Patients undergoing carotid artery stent placement with or without embolic protection devices were
identified in the American College of Surgeons National Surgical Quality Improvement Program data base. The primary outcome
was the incidence of major adverse cardiovascular events (defined as death, stroke, or myocardial infarction/arrhythmia) within
30 days. Propensity scoring was used to create 2 matching cohorts of patients using demographic and baseline variables.

RESULTS: Between 2011 and 2018, among 1200 adult patients undergoing carotid artery stent placement, 23.8% did not have embolic
protection devices. There was no trend toward increased embolic protection device use with time. Patients without embolic protec-
tion device use received preoperative antiplatelets less frequently (90.6% versus 94.6%, P¼ .02), underwent more emergent carotid artery
stent placement (7.2% versus 3.6%, P¼ .01), and had a higher incidence of major adverse cardiovascular events (OR ¼ 1.81; 95% CI, 1.11–
2.94) and stroke (OR ¼ 3.31; 95% CI, 1.71–6.39). After compensating for baseline imbalances using propensity-matched cohorts (n¼ 261 for
both), carotid artery stent placement without an embolic protection device remained associated with increased major adverse cardiovas-
cular events (9.2% versus 4.2%; OR ¼ 2.30; 95% CI, 1.10–4.80) and stroke (6.5% versus 1.5%; OR ¼ 4.48; 95% CI, 1.49–13.49).

CONCLUSIONS: Lack of embolic protection device use during carotid artery stent placement is associated with a 4-fold increase
in the likelihood of perioperative stroke. Nevertheless, nearly one-quarter of patients in the American College of Surgeons
National Surgical Quality Improvement Program underwent unprotected carotid artery stent placement. Efforts targeting improved
embolic protection device use during carotid artery stent placement are warranted.

ABBREVIATIONS: ACS-NSQIP ¼ American College of Surgeons National Surgical Quality Improvement Program; CAS ¼ carotid artery stent placement; EPD ¼
embolic protection device; MACE ¼ major adverse cardiovascular events

Carotid artery stent placement (CAS) has developed rapidly dur-
ing the past 30 years to become a viable option for carotid re-

vascularization, especially in patients at high-risk for carotid
endarterectomy.1 One of the major remaining concerns about CAS
is the risk of embolic stroke caused by mobilization and migration
of plaque fragments during stent placement.2 Embolic protection

devices (EPDs) have been developed to reduce the risk of distal

embolization.3 In 2011, guidelines from the American Stroke

Association suggested that the use of EPDs during CAS can be ben-

eficial to reduce the risk of stroke when the risk of vascular injury is

low.4 Nevertheless, randomized trials, systematic reviews, and meta-

analyses offer conflicting evidence regarding the frequency and

efficacy of EPD use, with some showing diminished rates of

postoperative stroke and death when an EPD was used,5-8

whereas others have not supported the benefit of an EPD dur-

ing CAS.9-12 We, therefore, examined the American College

of Surgeons National Surgical Quality Improvement Program

(ACS-NSQIP) data base to determine the frequency of EPD

use during CAS and compared preoperative and postopera-

tive characteristics, complications, and outcomes of patients

undergoing CAS with and without an EPD.
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MATERIALS AND METHODS
Our retrospective observational study did not require institu-
tional review board approval or patient consent because the ACS-
NSQIP is a publicly available, de-identified data base.

Data Base
Patients who underwent CAS were identified using the vascular-
targeted ACS-NSQIP Participant Use Data Files from 2011
(when targeted data bases were introduced) to 2018 (the latest
data base available at time of analysis, spanning 98 hospitals).
The ACS-NSQIP is a multi-institutional collaboration that col-
lects information, including preoperative risk factors, intraopera-
tive variables, and 30-day morbidity and mortality. The CAS-
targeted module provides additional information including
symptom status, anatomic and physiologic high-risk factors, pre-
operative antiplatelet medications, and the degree of carotid ar-
tery stenosis. Previous studies have shown the reliability of this
data base.13,14 Patients with complete ipsilateral carotid occlusion
and patients who underwent thrombectomy at the same admis-
sion were excluded. Included patients were divided into 2 groups
(CAS with EPD and CAS without EPD). General risk factors
such as age, sex, race, body mass index, smoking, diabetes melli-
tus, preoperative dialysis, hypertension, history of chronic ob-
structive pulmonary disease and congestive heart failure,
preoperative functional status, and emergency procedure status
were obtained from the main ACS-NSQIP dataset. Anatomic
high-risk factors were defined by the ACS-NSQIP to include
recurrent stenosis, radical neck dissection, contralateral occlu-
sion, prior neck radiation, contralateral laryngeal nerve injury/
palsy, and a high anatomic lesion (C2 or higher). Physiologic
high-risk factors were defined by the ACS-NSQIP as New York
Heart Association congestive heart failure class III/IV, left ven-
tricular ejection fraction,30%, unstable angina, and recent
(within 30days) myocardial infarction. Ipsilateral carotid stenosis
was divided into 3 groups based on the baseline Doppler sonogra-
phy or angiography: mild (estimate of,50%), moderate (esti-
mate of 50%–79%), and severe (estimate of 80%–99%) stenosis. A
list of all variable definitions captured by the ACS-NSQIP can be
found in the data user guides.15,16

Outcomes
The primary outcome was the occurrence of major adverse cardi-
ovascular events (MACE), defined as the composite of death,
stroke, and myocardial infarction/arrhythmia. Secondary out-
comes included individual components of MACE as well as TIA,
length of stay. 2 days, nonroutine discharge, and unplanned
readmission within 30days postoperatively. Discharge disposi-
tion to any hospital or facility other than home was designated as
nonroutine discharge. All outcomes used prespecified variables
in ACS-NSQIP.

Missing Data and Propensity Matching
The percentage of missing values across all variables varied
between 0% and 4.9%. In total, 184 of 1200 records (15%) were
incomplete. We used multiple imputation with fully-conditional
specification using all covariates and outcome variables to create
and analyze 20 multiple imputed datasets. This method is widely

considered to improve accuracy and statistical power relative to
other missing-data techniques.17 To address potential confound-
ing nonrandom differences between patients who underwent
CAS with EPD versus those who underwent CAS without EPD,
we used propensity scoring techniques to create 2 cohorts of
patients from the entire study population who were matched on
their propensity for undergoing CAS with EPD versus without
EPD. In this analysis, a logistic regression model was created for
each of the 20 imputed datasets to estimate the likelihood of
undergoing CAS without EPD (rather than CAS with EPD) using
all demographic and baseline variables as potential predictors.
The logit coefficients from this model were then used to create a
propensity score for undergoing CAS without EPD for each
patient from the entire study population that ranged from 0 to 1
and represented the likelihood of undergoing CAS without EPD
rather than CAS with EPD. We then averaged the 20 propensity
scores for each case across the completed datasets18 and performed
nearest-neighbor matching (with a caliper distance of 0.05) with
these averaged scores to create 2 evenly matched cohorts of CAS
with EPD and CAS without EPD by a caliper-matching algorithm,
with patients being used only once in the matching.

Statistical Analysis
Baseline patient- and procedure-related characteristics of patients
undergoing CAS with and without EPD were compared across
both the entire study population and the propensity score–
matched groups using x 2 and Fisher exact (when appropriate)
tests in the imputed dataset. For comparison, we also performed
the analysis on the subset of available cases before imputation.
The trend of EPD use was assessed during the entire time period
by annual percentage change estimates using the Joinpoint
Regression Program (Version 4.6.0.0; Statistical Methodology
and Application Branch, Surveillance Research Program,
National Cancer Institute, Bethesda, Maryland).19 Logistic regres-
sion was performed on pre- and postmatched imputed datasets
to assess the effect of EPD on postprocedural outcomes.
Propensity score matching was performed using R statistical and
computing software, Version 4.0.2 (http://www.r-project.org)
and the MatchIt20 package for R (https://cran.r-project.org/web/
packages/MatchIt/MatchIt.pdf). Multiple imputation and statisti-
cal analyses were performed using SPSS Statistics for Windows,
Version 26 (IBM), and statistical significance was defined as
P, .05.

RESULTS
Demographics and Clinical Characteristics
Overall, 1200 adult patients undergoing CAS in the vascular-tar-
geted ACS-NSQIP dataset between 2011 to 2018 met the criteria
for analysis, of whom 277 (23.8%) underwent CAS without an
EPD. The frequency of EPD use did not show any significant
trend (annual percentage change, �0.74; 95% CI, �3.61–2.23;
P¼ .56) during the study period (Fig 1). Demographics and char-
acteristics of the study cohorts (before and after propensity score
matching) are shown in the Online Supplemental Data. Use of
multiple imputation to account for missing variables (0%–

4.9% across the dataset) did not significantly affect the results
(Online Supplemental Data); hence, subsequent analyses
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used the imputed dataset. There were no significant differen-
ces between 2 groups in age, sex, race, body mass index, pre-
operative comorbidities, functional dependency, American
Society of Anesthesiologists classification, symptom status, or
anatomic or physiologic high-risk factors before matching.
However, stenosis categories were differently distributed
across the 2 groups (P¼ .02), and preoperative antiplatelet
medication was administered more often in patients who had
CAS with EPD (94.6% versus 90.6%, P¼ .02). Subgroup

analysis showed that the proportion of
patients who did not receive preoperative
antiplatelets was higher in emergency
cases compared with nonemergency cases
(43.4% versus 4.6%, P, .001). Finally,
CAS without an EPD was more likely to
have been performed emergently com-
pared with CAS with an EPD (7.2%
versus 3.6%, P¼ .01). These baseline dif-
ferences were no longer seen after
propensity score matching (Online
Supplemental Data).

Clinical Outcomes before and after
Matching
The 30-day postoperative outcomes of
the entire cohort (before matching) are
shown in Fig 2. The incidence of MACE
was higher in CAS without EPD than in
the group with EPD (OR ¼ 1.81; 95%
CI, 1.11–2.94; P¼ .02), and was unre-
lated to the degree of stenosis being
treated (P¼ .68 and P¼ .16 for CAS with
and without EPD, respectively). Analysis
of secondary outcomes revealed CAS
without an EPD had a higher incidence of
stroke compared with CAS with an EPD
(OR¼ 3.31; 95% CI, 1.71–6.39; P, .001).
Other secondary outcomes did not show
any differences between the 2 groups.

To account for potential confounders
and baseline imbalances when compar-
ing CAS with and without EPD, we
performed propensity score matching
between the 2 groups, yielding 261
patients in each matched cohort. After
propensity score matching, no significant
differences remained in baseline demo-
graphics and characteristics between the
2 cohorts (including stenosis categories,
proportion of CAS performed emer-
gently, and antiplatelet use), confirming
that the cohorts were well-matched
(Online Supplemental Data). Outcomes
after matching are shown in Fig 3. The
incidence of MACE remained higher in
CAS without EPD compared with CAS
with EPD (OR¼ 2.30; 95% CI, 1.10–4.80;

P¼ .03) as did stroke (OR ¼ 4.48; 95% CI, 1.49–13.49; P¼ .008).
Other secondary outcomes were not significantly different between
the matched cohorts.

DISCUSSION
Our analysis of carotid stent placement records from the most
recent 8 years of the ACS-NSQIP data base (2011–2018) found
that approximately one-quarter of CAS was performed without an
EPD each year and that this practice is associated with significantly

FIG 1. Annual proportion of EPD use during CAS (ACS-NSQIP CAS-targeted module, 2011–2018).
Asterisk indicates mean percentage use of an EPD during the entire study period.

FIG 2. OR of outcomes in all patients undergoing CAS with or without EPD (ACS-NSQIP CAS-
targeted module, 2011–2018). LOS indicates length of stay.

FIG 3. OR of outcomes in propensity-matched cohorts of patients undergoing CAS with or
without EPD (ACS-NSQIP CAS-targeted module, 2011–2018). LOS indicates length of stay.
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higher odds of MACE and stroke, even after adjusting for baseline
imbalances between cohorts using propensity-matched analyses.
These conclusions are strengthened by the relative size of the pro-
spective ACS-NSQIP targeted registry being studied (rivaling the
prespecified combined analysis of the Endarterectomy versus
Angioplasty in Patients with Symptomatic Severe Carotid Sten-
osis [EVA-3S], Stent-Protected Angioplasty versus Carotid
Endarterectomy [SPACE], and International Carotid Stenting Study
[ICSS] trials by the Carotid Stenosis Trialists Collaboration)12 and
are in keeping with data from the Vascular Quality Initiative regard-
ing variations in EPD use during CAS,21 despite its efficacy.22 These
findings imply that a substantial portion of CAS remains unpro-
tected (despite the consequences), a practice pattern that runs coun-
ter to the 2011 multisociety consensus guidelines, noting the benefit
of EPD during CAS,4 and to the directions from the US Centers for
Medicare and Medicaid Services,23 which list intraprocedural use of
an EPD as a necessary condition for reimbursement of CAS.

The reasons for lack of EPD use in approximately one-quarter
of CAS cases in the ACS-NSQIP targeted registry are unclear and
do not appear to be explained by any differences in anatomic
high-risk factors in patients undergoing CAS with or without
EPD. One potential reason may be that while EPD use during
CAS has been favored in a number of meta-analyses6,7 and
national data base reviews,8 definitive evidence has not emerged
frommore recent randomized trials to support its use. For example,
of the 5 major recent carotid revascularization trials comparing ca-
rotid endarterectomy with CAS, only 2 (Carotid Revasculariz-
ation Endarterectomy versus Stenting Trial [CREST]24 and
Asymptomatic Carotid Trial [Randomized Trial of Stent versus
Surgery for Asymptomatic Carotid Stenosis - ACT I]25) mandated
EPD use with CAS. Of the remaining 3, the SPACE trial found no
difference in 30-day ipsilateral stroke or death in patients under-
going CAS with and without an EPD (8.3% versus 6.2%; P¼ .40),26

and the ICSS trial found a trend toward more MACE after CAS
with an EPD (8.5% versus 4.6%; P¼ .056).27 Only the EVA-3S trial
found EPD use to be associated with fewer strokes or death (7.9%
versus 20.6%; relative risk, 0.38; 95%CI, 0.17–0.85), though this trial
was criticized for higher complication rates and operator inexper-
ience.28 Finally, a prespecified pooled analysis of individual patient
data from 3 trials (SPACE, EVA-3S, ICSS) found stroke and death
after CAS to be related to stent cell design and unrelated to EPD,
even after adjusting for age, qualifying event, history of prior stroke,
baseline disability, and operator experience.11 Use of DWI as a sur-
rogate measure of EPD efficacy has also not yielded evidence in
favor of its use, with the ICSS trial finding more ischemic brain
lesions on MR imaging after CAS with-versus-without an EPD
(68% versus 35%; P¼ .003)29 and Barbato et al11 similarly finding
more DWI lesions in patients having undergone CAS randomized
to EPD versus to no EPD.

How EPD may counterintuitively increase stroke risk during
CAS or lead to more ischemic changes on MR imaging has not
been fully explained. Thrombus may form on the distal filter sur-
face, on the tip of the EPD wire, or from microtrauma to the vas-
cular wall and plaque during EPD placement, and microemboli
may pass through the micropores of the EPD or through gaps
that exist between the EPD and the vascular wall.30 Other chal-
lenges related to use of an EPD during CAS may be the additional

technical difficulty of EPD navigation and placement, especially
in severely stenotic and/or highly tortuous anatomy. To over-
come some of these issues, a variety of EPDs have been developed
to improve the safety of CAS, including proximal protection devi-
ces represented by proximal balloon occlusion and flow-reversal
devices.31 Nevertheless, even CAS using proximal protection with
flow reversal has been associated with DWI lesions, though fewer
than those seen with traditional distal EPDs.32

Given the above discussion, our finding that CAS without
EPD is associated with a significantly higher risk of stroke and
MACE (in both primary and matched-cohort analyses), while in-
tuitive, may still come as a surprise. For example, a prior analysis
of ACS-NSQIP did not find any significant differences in the
number of major adverse events between CAS with and without
an EPD.33 However, the time span of this prior study (4 years)
was much shorter than that in our dataset, and it is likely that our
use of the largest targeted ACS-NSQIP dataset available to date
may have accounted for our positive results. Most important,
none of the prior studies randomized patients to EPD use, raising
concern for potential confounding differences between cohorts
with and without EPD that might mask significant differences de-
spite multivariable regression analysis. For example, patients
without an EPD in the ACS-NSQIP were more likely to have
CAS performed emergently and less likely to have had preopera-
tive antiplatelets. We, therefore, further adjusted for potential
confounding differences between cohorts with EPD and without
EPD by use of propensity score matching, which further con-
firmed the increased risk of stroke and MACE seen after CAS
without EPD on our primary multivariable analysis.

There are limitations to our study, most important, that mul-
tivariable analysis, with or without propensity score matching,
cannot eliminate biases inherent in retrospective data base analy-
sis or replace a prospective randomized trial of CAS with or with-
out EPD. However, it appears increasingly unlikely that such a
trial will ever be undertaken, and prospective registries such as
ACS-NSQIP, while not as comprehensive as desired, may be the
next best alternative to randomized trial data. Nevertheless, the
ACS-NSQIP does not provide granular periprocedural data that
would permit analysis of factors such as the etiology of stenosis
or the use of pre-/postangioplasty during CAS. Similarly, the
ACS-NSQIP data base may not be representative of national
practice, but it does identify periprocedural stroke more accu-
rately than national administrative datasets.14 Last, the ACS-
NSQIP study population is largely from CAS using a distal rather
than proximal EPD, and transcarotid artery revascularization was
not part of this dataset. Use of transcarotid artery revasculariza-
tion has been associated with exceptionally low rates of stroke
and death after CAS in the Vascular Quality Initiative,34 and
increased use of proximal protection and/or flow-reversal techni-
ques may further increase the performance gap between CAS
with and without an EPD in the future.

CONCLUSIONS
Analysis of the vascular-targeted ACS-NSQIP data base reveals
that nearly one-quarter of CAS is performed without an EPD.
This has not significantly changed between 2011 and 2018 and is
associated with a more than a 2-fold increase in the likelihood of
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MACE, and a 4-fold increase in the likelihood of periprocedural
stroke. Quality improvement efforts targeting increased use of an
EPD during CAS may, therefore, yield substantial benefit toward
patient outcomes.

REFERENCES
1. Lichtman JH, Jones MR, Leifheit EC, et al. Carotid endarterectomy

and carotid artery stenting in the US Medicare population, 1999-
2014. JAMA 2017;318:1035–46 CrossRef Medline

2. Tallarita T, Rabinstein AA, Cloft H, et al. Are distal protection devi-
ces ‘protective’ during carotid angioplasty and stenting? Stroke
2011;42:1962–66 CrossRef Medline

3. Zahn R, Mark B, Niedermaier N, et al. Arbeitsgemeinschaft Leitende
Kardiologische Krankenhausärzte (ALKK). Embolic protection devi-
ces for carotid artery stenting: better results than stenting without
protection? Eur Heart J 2004;25:1550–58 CrossRef Medline

4. Brott TG, Halperin JL, Abbara S, et al. 2011 ASA/ACCF/AHA/
AANN/AANS/ACR/ASNR/CNS/SAIP/SCAI/SIR/SNIS/SVM/SVS
guideline on the management of patients with extracranial ca-
rotid and vertebral artery disease: executive summary—a report of
the American College of Cardiology Foundation/American Heart
Association Task Force on Practice Guidelines, and the American
Stroke Association, American Association of Neuroscience Nurses,
American Association of Neurological Surgeons, American College
of Radiology, American Society of Neuroradiology, Congress of
Neurological Surgeons, Society of Atherosclerosis Imaging and
Prevention, Society for Cardiovascular Angiography and Inter-
ventions, Society of Interventional Radiology, Society of Neuro-
Interventional Surgery, Society for Vascular Medicine, and Society
for Vascular Surgery. Developed in collaboration with the American
Academy of Neurology and Society of Cardiovascular Computed
Tomography. Catheter Cardiovasc Interv 2013;81:E76–123 CrossRef
Medline

5. Mas JL, Chatellier G, Beyssen B, EVA-3S Investigators, et al.
Endarterectomy versus stenting in patients with symptomatic
severe carotid stenosis. N Engl J Med 2006;355:1660–71 CrossRef
Medline

6. Touzé E, Trinquart L, Chatellier G, et al. Systematic review of the
perioperative risks of stroke or death after carotid angioplasty and
stenting. Stroke 2009;40:e683–93 CrossRef Medline

7. Garg N, Karagiorgos N, Pisimisis GT, et al. Cerebral protection devi-
ces reduce periprocedural strokes during carotid angioplasty and
stenting: a systematic review of the current literature. J Endovasc
Ther 2009;16:412–27 CrossRef Medline

8. Knappich C, Kuehnl A, Tsantilas P, et al. The use of embolic protec-
tion devices is associated with a lower stroke and death rate after
carotid stenting. JACC Cardiovasc Interv 2017;10:1257–65 CrossRef
Medline

9. Ringleb PA, Allenberg J, Brückmann H, et al. SPACE Collaborative
Group. 30 day results from the SPACE trial of stent-protected angio-
plasty versus carotid endarterectomy in symptomatic patients: a
randomised non-inferiority trial. Lancet 2006;368:1239–47 CrossRef
Medline

10. Gensicke H, Zumbrunn T, Jongen LM, et al. ICSS-MRI Substudy
Investigators. Characteristics of ischemic brain lesions after stent-
ing or endarterectomy for symptomatic carotid artery stenosis:
results from the international carotid stenting study-magnetic res-
onance imaging substudy. Stroke 2013;44:80–86 CrossRef Medline

11. Barbato JE, Dillavou E, Horowitz MB, et al. A randomized trial of
carotid artery stenting with and without cerebral protection. J Vasc
Surg 2008;47:760–65 CrossRef Medline

12. Wodarg F, Turner EL, Dobson J, et al. Carotid Stenosis Trialists’
Collaboration. Influence of stent design and use of protection devi-
ces on outcome of carotid artery stenting: a pooled analysis of indi-
vidual patient data. J Neurointerv Surg 2018;10:1149–54 CrossRef
Medline

13. Shiloach M, Frencher SK Jr, Steeger JE, et al. Toward robust infor-
mation: data quality and inter-rater reliability in the American
College of Surgeons National Surgical Quality Improvement
Program. J Am Coll Surg 2010;210:6–16 CrossRef Medline

14. Bensley RP, Yoshida S, Lo RC, et al. Accuracy of administrative data
versus clinical data to evaluate carotid endarterectomy and carotid
stenting. J Vasc Surg 2013;58:412–19 CrossRef Medline

15. User Guide for the 2018 ACS NSQIP Participant Use Data File
(PUF). American College of Surgeons National Surgical
Quality Improvement Program. 2019. https://www.facs.org/-/
media/files/quality-programs/nsqip/nsqip_puf_userguide_2018.ashx.
Accessed July 20, 2020

16. User Guide for the 2018 ACS NSQIP Procedure Targeted Participant
Use Data File (PUF). American College of Surgeons National Surgical
Quality Improvement Program. 2018. https://www.facs.org/-/media/files/
quality-programs/nsqip/pt_nsqip_puf_userguide_2018.ashx. Accessed
July 20, 2020

17. Schafer JL, Graham JW. Missing data: our view of the state of the
art. Psychol Methods 2002;7:147–77 CrossRef Medline

18. Mitra R, Reiter JP. A comparison of two methods of estimating pro-
pensity scores after multiple imputation. Stat Methods Med Res
2016;25:188–204 CrossRef Medline

19. Kim HJ, Fay MP, Feuer EJ, et al. Permutation tests for joinpoint
regression with applications to cancer rates. Statist Med
2000;19:335–51 CrossRef Medline

20. Ho D, Imai K, King G, et al. MatchIt: nonparametric preprocessing
for parametric causal inference. J Stat Softw 2011;42:1–28

21. Shean KE, McCallum JC, Soden PA, et al. Society for Vascular
Surgery Vascular Quality Initiative. Regional variation in patient
selection and treatment for carotid artery disease in the Vascular
Quality Initiative. J Vasc Surg 2017;66:112–21 CrossRef Medline

22. Obeid T, Arhuidese I, Gaidry A, et al. Beta-blocker use is associated
with lower stroke and death after carotid artery stenting. J Vasc
Surg 2016;63:363–69 CrossRef Medline

23. Decision memo for carotid artery stenting (CAG-00085R.).
Centers for Medicare and Medicaid Services. https://www.cms.
gov/medicare-coverage-database/details/nca-decision-memo.aspx?
NCAId=157. Accessed July 27, 2020

24. Brott TG, Hobson RW 2nd, Howard G, et al. CREST Investigators.
Stenting versus endarterectomy for treatment of carotid-artery ste-
nosis. N Engl J Med 2010;363:11–23 CrossRef Medline

25. Rosenfield K, Matsumura JS, Chaturvedi S, et al. ACT I Investigators.
Randomized trial of stent versus surgery for asymptomatic carotid
stenosis. N Engl J Med 2016;374:1011–20 CrossRef Medline

26. Jansen O, Fiehler J, Hartmann M, et al. Protection or nonprotection
in carotid stent angioplasty: the influence of interventional techni-
ques on outcome data from the SPACE Trial. Stroke 2009;40:841–
46 CrossRef Medline

27. Doig D, Turner EL, Dobson J, et al. ICSS Investigators. Predictors of
stroke, myocardial infarction or death within 30 days of carotid ar-
tery stenting: results from the International Carotid Stenting
Study. Eur J Vasc Endovasc Surg 2016;51:327–34 CrossRef Medline

28. Young KC, Jain A, Jain M, et al. Evidence-based treatment of ca-
rotid artery stenosis. Neurosurg Focus 2011;30:E2 CrossRef Medline

29. Bonati LH, Jongen LM, Haller S, et al. ICSS-MRI Study Group. New
ischaemic brain lesions on MRI after stenting or endarterectomy
for symptomatic carotid stenosis: a substudy of the International
Carotid Stenting Study (ICSS). Lancet Neurol 2010;9:353–62
CrossRef Medline

30. Vos JA, van den Berg JC, Ernst SM, et al. Carotid angioplasty and
stent placement: comparison of transcranial Doppler US data and
clinical outcome with and without filtering cerebral protection
devices in 509 patients. Radiology 2005;234:493–99 CrossRef
Medline

31. Texakalidis P, Letsos A, Kokkinidis DG, et al. Proximal embolic pro-
tection versus distal filter protection versus combined protection
in carotid artery stenting: a systematic review and meta-analysis.
Cardiovasc Revasc Med 2018;19:545–52 CrossRef Medline

1268 Nazari Jul 2021 www.ajnr.org

http://dx.doi.org/10.1001/jama.2017.12882
https://www.ncbi.nlm.nih.gov/pubmed/28975306
http://dx.doi.org/10.1161/STROKEAHA.110.607820
https://www.ncbi.nlm.nih.gov/pubmed/21566230
http://dx.doi.org/10.1016/j.ehj.2004.06.018
https://www.ncbi.nlm.nih.gov/pubmed/15342175
http://dx.doi.org/10.1002/ccd.22983
https://www.ncbi.nlm.nih.gov/pubmed/23281092
http://dx.doi.org/10.1056/NEJMoa061752
https://www.ncbi.nlm.nih.gov/pubmed/17050890
http://dx.doi.org/10.1161/STROKEAHA.109.562041
https://www.ncbi.nlm.nih.gov/pubmed/19892997
http://dx.doi.org/10.1583/09-2713.1
https://www.ncbi.nlm.nih.gov/pubmed/19702342
http://dx.doi.org/10.1016/j.jcin.2017.03.032
https://www.ncbi.nlm.nih.gov/pubmed/28641848
http://dx.doi.org/10.1016/S0140-6736(06)69122-8
https://www.ncbi.nlm.nih.gov/pubmed/17027729
http://dx.doi.org/10.1161/STROKEAHA.112.673152
https://www.ncbi.nlm.nih.gov/pubmed/23238861
http://dx.doi.org/10.1016/j.jvs.2007.11.058
https://www.ncbi.nlm.nih.gov/pubmed/18295439
http://dx.doi.org/10.1136/neurintsurg-2017-013622
https://www.ncbi.nlm.nih.gov/pubmed/29674483
http://dx.doi.org/10.1016/j.jamcollsurg.2009.09.031
https://www.ncbi.nlm.nih.gov/pubmed/20123325
http://dx.doi.org/10.1016/j.jvs.2013.01.010
https://www.ncbi.nlm.nih.gov/pubmed/23490294
https://www.facs.org/-/media/files/quality-programs/nsqip/nsqip_puf_userguide_2018.ashx
https://www.facs.org/-/media/files/quality-programs/nsqip/nsqip_puf_userguide_2018.ashx
https://www.facs.org/-/media/files/quality-programs/nsqip/pt_nsqip_puf_userguide_2018.ashx
https://www.facs.org/-/media/files/quality-programs/nsqip/pt_nsqip_puf_userguide_2018.ashx
http://dx.doi.org/10.1037/1082-989X.7.2.147
https://www.ncbi.nlm.nih.gov/pubmed/12090408
http://dx.doi.org/10.1177/0962280212445945
https://www.ncbi.nlm.nih.gov/pubmed/22687877
http://dx.doi.org/10.1002/(SICI)1097-0258(20000215)19:3&hx003C;335::AID-SIM336&hx003E;3.0.CO;2-Z
https://www.ncbi.nlm.nih.gov/pubmed/10649300
http://dx.doi.org/10.1016/j.jvs.2017.01.023
https://www.ncbi.nlm.nih.gov/pubmed/28359719
http://dx.doi.org/10.1016/j.jvs.2015.08.108
https://www.ncbi.nlm.nih.gov/pubmed/26526052
https://www.cms.gov/medicare-coverage-database/details/nca-decision-memo.aspx?NCAId=157
https://www.cms.gov/medicare-coverage-database/details/nca-decision-memo.aspx?NCAId=157
https://www.cms.gov/medicare-coverage-database/details/nca-decision-memo.aspx?NCAId=157
http://dx.doi.org/10.1056/NEJMoa0912321
https://www.ncbi.nlm.nih.gov/pubmed/20505173
http://dx.doi.org/10.1056/NEJMoa1515706
https://www.ncbi.nlm.nih.gov/pubmed/26886419
http://dx.doi.org/10.1161/STROKEAHA.108.534289
https://www.ncbi.nlm.nih.gov/pubmed/19150863
http://dx.doi.org/10.1016/j.ejvs.2015.08.013
https://www.ncbi.nlm.nih.gov/pubmed/26602322
http://dx.doi.org/10.3171/2011.3.FOCUS1143
https://www.ncbi.nlm.nih.gov/pubmed/21631221
http://dx.doi.org/10.1016/S1474-4422(10)70057-0
https://www.ncbi.nlm.nih.gov/pubmed/20189458
http://dx.doi.org/10.1148/radiol.2342040119
https://www.ncbi.nlm.nih.gov/pubmed/15616120
http://dx.doi.org/10.1016/j.carrev.2017.12.010
https://www.ncbi.nlm.nih.gov/pubmed/29502959


32. Leal JI, Orgaz A, Fontcuberta J, et al. A prospective evaluation of
cerebral infarction following transcervical carotid stenting with ca-
rotid flow reversal. Eur J Vasc Endovasc Surg 2010;39:661–66
CrossRef Medline

33. Bennett KM, Hoch JR, Scarborough JE. Predictors of 30-day postop-
erative major adverse clinical events after carotid artery sten-
ting: an analysis of the procedure-targeted American College of

Surgeons National Surgical Quality Improvement Program. J Vasc
Surg 2017;66:1093–99 CrossRef Medline

34. Schermerhorn ML, Liang P, Eldrup-Jorgensen J, et al. Association
of transcarotid artery revascularization vs transfemoral ca-
rotid artery stenting with stroke or death among patients with
carotid artery stenosis. JAMA 2019;322:2313–22 CrossRef
Medline

AJNR Am J Neuroradiol 42:1264–69 Jul 2021 www.ajnr.org 1269

http://dx.doi.org/10.1016/j.ejvs.2010.02.006
https://www.ncbi.nlm.nih.gov/pubmed/20303806
http://dx.doi.org/10.1016/j.jvs.2017.04.039
https://www.ncbi.nlm.nih.gov/pubmed/28596038
http://dx.doi.org/10.1001/jama.2019.18441
https://www.ncbi.nlm.nih.gov/pubmed/31846015


ORIGINAL RESEARCH
INTERVENTIONAL

Pressure Cooker Technique for Endovascular Treatment of
Spinal Arteriovenous Fistulas: Experience in 15 Cases

F. Clarençon, C.P. Stracke, E. Shotar, M. Wallocha, P.J. Mosimann, A.-L. Boch, N. Sourour, and R. Chapot

ABSTRACT

BACKGROUND AND PURPOSE: Spinal arteriovenous fistulas are challenging to cure by endovascular means, with a risk of incom-
plete occlusion or delayed recurrence. The authors report herein their preliminary experience using the pressure cooker technique
for the embolization of spinal arteriovenous fistulas.

MATERIALS AND METHODS: Fifteen patients (8 men; mean age, 60.3 years) underwent an endovascular treatment of a spinal arteriove-
nous fistula (12 dural spinal arteriovenous fistulas and 3 epidural spinal arteriovenous fistulas) in 2 different institutions using the pressure
cooker technique. Two microcatheters could be navigated in the segmental artery in all patients using 2 guiding catheters. A proximal
plug was achieved with highly concentrated cyanoacrylate 6 coils. The liquid embolic agent injected to cure the fistula was diluted cya-
noacrylate (n ¼ 11) or ethylene-vinyl alcohol (n ¼ 4). Technical and clinical complications were systematically recorded. Clinical and angio-
graphic outcomes were systematically evaluated at follow-up.

RESULTS:One (6.7%) procedure-related complication was recorded, which consisted of a transient radicular deficit, related to nerve
root ischemia. Clinical improvement was observed in 10/14 (71%) patients for whom clinical follow-up was available. Complete spinal
arteriovenous fistula occlusion on a follow-up angiography was observed in 11/12 patients (91.7%) for whom angiographic follow-up
was available. One patient (8.3%) presented with a delayed recurrence at 29months.

CONCLUSIONS: The pressure cooker technique is feasible, with either glue or ethylene-vinyl alcohol, for the embolization of spinal
arteriovenous fistulas. Our results suggest the safety and effectiveness of this technique.

ABBREVIATIONS: EVOH ¼ ethylene-vinyl alcohol; IQR ¼ interquartile range; PCT ¼ pressure cooker technique; SAVF ¼ spinal arteriovenous fistula

Spinal arteriovenous fistulas (SAVFs) are rare vascular malfor-
mations involving the spinal cord and corresponding to an

abnormal arteriovenous shunt between spinal dural arteries and a
radicular vein or the epidural venous plexus, which “contami-
nates” secondarily the spinal venous drainage.1,2 Most of these
SAVFs are clinically revealed by a venous congestion, responsible
for progressive sensory and/or motor deficits of the inferior
limbs, often associated with sphincter disturbance (ie, urinary/
fecal incontinence, sexual impotence).3

The best treatment option for SAVFs is still a matter of debate
because no randomized controlled trial has compared endovascu-
lar treatment and surgery. Even if it is minimally invasive, the
main drawback of the endovascular treatment is the risk of incom-
plete occlusion of the shunt point, which may lead to treatment
failure or recurrence.4

The pressure cooker technique (PCT) has been developed to
improve the penetration of liquid embolic agents in the emboliza-
tion of brain AVMs, increasing the occlusion rate in the endovas-
cular treatment of brain AVMs.5

The purpose of our study was to report our experience with
the PCT for the endovascular treatment of SAVFs.

MATERIALS AND METHODS
Patient Selection
All patients treated for an SAVF in 2 institutions (Alfried Krupp
Krankenhaus, Essen, Germany, and Pitié-Salpêtrière Hospital,
Paris. France) from 2012 to 2020 by endovascular means were
systematically reviewed. Patient demographics (age, sex) as well
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as clinically revealing symptoms and the time interval between
symptom onset and endovascular treatment were systematically
recorded.

Clinical Evaluation
A pretreatment clinical examination was systematically per-
formed by a neurologist who was not directly involved in the
endovascular treatment. Clinical symptoms, as well as the du-
ration between symptom appearance and SAVF diagnosis,

were systematically recorded. Symp-
tom severity was evaluated using the
Aminoff-Logue distability scale.6

Endovascular Procedures
All patients were treated under general
anesthesia, via a bilateral 5F femoral
access under full anticoagulation. A first
5F catheter (usually a Cobra Small cath-
eter; Cook; or a Simmons [1 or 2] cath-
eter; Merit Medical) was positioned at
the ostium of the segmental artery feed-
ing the SAVF. A microcatheter (1.2F or
0.017 inch) was navigated into the seg-
mental artery. The 5F catheter was then
disengaged from the ostium of the seg-
mental artery but kept at that level. A
second 5F guiding catheter was posi-
tioned at the ostium of the same seg-
mental artery. A second microcatheter
was then navigated into the segmental
and later into the radiculomeningeal ar-
tery as close as possible to the shunt
point. To reduce the risk of emb-
olic agent migration, we placed coils
through the first microcatheter in the
main trunk of the segmental artery, dis-
tal to the origin of the dorsospinal trunk
and/or the dorsal branch of the seg-
mental artery. Afterward, a proximal
plug was performed using high-concen-
trated n-BCA (ie, 50% n-BCA in com-
bination with Lipiodol; Guerbet) (Fig
1). The fistula was then occluded by
injection of low-concentrated n-BCA
(20% n-BCA, 80% Lipiodol) (n¼ 11)
(Fig 2) or an ethylene-vinyl alcohol
(EVOH) copolymer (n¼ 4) (Fig 3)
through the second microcatheter.
Injection was maintained until occlu-
sion of the origin of the draining vein.

For SAVFs embolized with the PCT
using glue as a liquid embolic agent,
microcatheters without detachable tip
were used (Echelon 10 [Medtronic] or
the Marathon [Medtronic]). On the
contrary, when EVOH was used to
occlude the fistula, a detachable-tip

microcatheter was systematically used (Apollo Medtronic).

Feasibility and Safety
Technical failures and complications were systematically recorded.
Complications were systematically assessed and graded using the
Cardiovascular and Interventional Radiological Society of Europe
and Society of Interventional Radiology complication guidelines.7

Briefly, this classification is a 6-scale grading system evaluating the
severity of the complication: grade 3 being a complication requiring

FIG 1. Drawing summarizing the different steps for the PCT in spinal vascular malforma-
tion embolization. A, Positioning the microcatheter No. 1 (for coiling) distally in the main
trunk of the segmental artery, via the guiding catheter No. 1. B, The guiding catheter No. 1
is disengaged from the segmental artery ostium. C, The guiding catheter No. 2 is subse-
quently positioned at the ostium of the segmental artery. D, The microcatheter No. 2
(dedicated to the liquid embolic agent injection for the arteriovenous fistula treatment)
is navigated via the guiding catheter No. 2 as close as possible to the shunt point. E,
Coiling of the main trunk is performed via microcatheter No. 1 until occlusion. F and G,
The dorsal branch and then the dorsospinal trunk are subsequently coiled until occlusion
via the microcatheter No. 1 to obtain the proximal plug of the pressure cooker. H and I,
Liquid embolic injection via the microcatheter No. 2 is performed until the filling of the
origin of the draining vein.
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additional postprocedural therapy
or prolonged hospital stay (48
hours) but with no sequelae; grade 4
being a complication causing per-
manent mild sequelae; and grade 5
being a complication causing per-
manent severe sequelae.

Clinical and Imaging Follow-up
The clinical examination was performed
$3months after the procedure, in most
cases by the operator who performed
the procedure. Spinal DSA was per-
formed systematically at $3months to
rule out a SAVF recurrence.

Statistical Analysis
Data were reported as mean [SD] for
continuous variables and median with
interquartile range (IQR) for noncontin-
uous variables. All tests were calculated
using STATA software (Stata/IC 13.1
for Mac; StataCorp); P values , .05
were considered statistically significant.

Ethics Statement
The choice to treat these patients by
endovascular means was made through
a multidisciplinary meeting, including
neurosurgeons and interventional neu-
roradiologists. Patients were informed
before each treatment of the strat-
egy that was chosen and gave an oral
consent.

This work received approval from
both institutional review board (ins-
titutional review approval No. HH
16_4_20b). The need for patients’
informed consent for retrospective anal-
yses of records and imaging data was
waived by our institutional review board.
This work adheres to theWorld Medical
Association’s Declaration of Helsinki.

RESULTS
Patient Demographics
Among the patients treated for a spinal
arteriovenous fistula in the 2 institutions
during the inclusion period, 15 patients
(8 men [53%]; mean age, 60.3 [SD,
16.7] years) were treated using the PCT
(Online Supplemental Data). The PCT
was chosen in these patients due to the
inability to bring the microcatheter into
a wedge flow position with a risk of
poor progression of the liquid embolic
agent beyond the shunt. In 2/15 cases

FIG 2. Patient in his or her 40’s presenting with lower limb paresthesia, constipation, and bladder dis-
turbance lasting for 36months. A, Spinal cord MR imaging. T2WI, sagittal section, shows the hyperin-
tense signal of the spinal cord extending up to T8 and multiple flow void signals in the enlarged
spinal veins. B, Spinal DSA. Right T11 angiogram in a postero-anterior projection shows a spinal arterio-
venous fistula with both ascending and descending venous drainage. C, Navigation of the microcath-
eter No. 1 (dedicated to the PCT plug) (black arrow). Then, the guiding catheter No. 1 is disengaged
from the right T11 intercostal artery (white arrow). The guiding catheter No. 2 is subsequently posi-
tioned at the ostium of the segmental artery (white arrowhead). D, Navigation of the second micro-
catheter (No. 2) (black arrowhead) from the guiding catheter No. 2 (white arrowhead) as close as
possible to the shunt point. Note the tip of microcatheter No. 1, located proximal to the tip of
microcatheter No. 2. E, Ultraselective angiogram in a postero-anterior projection from microcatheter
No. 2. The origin of the main draining vein (radicular vein) is clearly seen (double white arrow). F, PCT.
Injection of 50% n-BCA through microcatheter No. 1 to create the proximal plug (black arrow). Then,
injection of a 20% dilution of n-BCA is performed to embolize the fistula (white arrow). G, Plain x-ray
in a postero-anterior projection shows the glue cast. Note the filling of the origin of the radicular
vein (white arrows) and also progression of the liquid embolic agent through the retrocorporeal anas-
tomosis (white arrowhead). H, Right T11 angiogram at the end of the procedure shows complete
occlusion of the fistula. I, Spinal cord MR imaging 14months after embolization. T2WI, sagittal section,
shows complete resolution of the spinal cord edema.
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(13.3%), the embolization was per-
formed after a recurrence in patients
previously treated by n-BCA injection
without the PCT. Most interesting, 2
patients (13.3%) were previously treated
surgically for a spinal canal stenosis.

In 60% of the patients (9/15),
sensory symptoms (paresthesia, dyses-
thesia) were recorded; genitourinary
dysfunction (fecal and/or urinary reten-
tion) was observed in 53.3% of the cases
(8/15). Inferior limb motor weakness
was observed in 40% of the cases (6/15).
Finally, in 2 cases (13.3%), lumbar pain
was recorded, for which there was no
clear relationship with the SAVF.

The median Aminoff-Logue dist-
ability scale6 score before exclusion
treatment was 3 (IQR, 2–4.5) (sensory
signs: median¼ 2 [IQR, 1.5–2.5]; mic-
turion: median¼ 1 [IQR, 0–2]).

Angiographic Features of the
SAVF
Most SAVFs were dural AVFs (12/
15, 80%); the 3 remaining patients
(20%) had epidural AVFs (Online
Supplemental Data). Most SAVFs were
located at the thoracic level (9/15, 60%),
3 SAVFs (20%) were located at the lum-
bar level, and 3 (20%) were sacral dural
AVFs. In 46.7% of the patients (7/15),
the venous drainage was purely ascend-
ing; in 7/15 patients (46.7%), it was
both ascending and descending; and in
the remaining one (7%), it was purely
descending.

Feasibility and Safety
No catheterization failure was recorded.
Two guiding catheters could be succes-
sively placed in the segmental artery, and
a microcatheter was further navigated in
all patients. The embolic agent could be
brought up to the vein in 14/15 patients
(93.3%). The retrieval of all microcath-
eters was uneventful. Specifically, no
glued microcatheter or reflux of embolic
agent in the aorta was reported.

Nomajor complication was recorded
in our series. Only 1 minor complica-
tion (grade 3 in the Cardiovascular
and Interventional Radiological Society
of Europe/Society of Interventional
Radiology classification7) was observed,
which consisted of an L3 nerve root
lesion revealed by pain and motor deficit

FIG 3. Patient in his or her 60’s presenting with a 4-year history of paresthesia of the inferior
limbs, bladder disturbance, and constipation. Spinal cord MR imaging. T2WI, sagittal (A) and
axial (B) slices show a centromedullar hyperintense signal (white arrows) and lumbar spinal
cord enlargement. Spinal DSA. Right L3 selective angiogram in a postero-anterior projection
at an early phase (C) and intermediate phase (D). Numerous dural branches from the right L3
spinal trunk are depicted (C, white arrows), with abnormal connection with the right aspect
of the epidural plexus (C, asterisk). Reflux from the anterior epidural plexus to a radicular vein
is seen (C and D, black arrows), with an ascending drainage. E, Navigation of a 0.017-inch
microcatheter via a 5F Simmons 1 catheter (white arrowhead). The microcatheter is stabilized
by deploying a Catch Mini stent retriever (black arrows); then the guiding catheter is gently
pulled away from the right L3 ostium. F, An Apollo (5-cm detachable tip) microcatheter is
then navigated in the spinal trunk of the right L3 artery, as close as possible to the shunt point
(black arrow). Selective DSA via the Apollo microcatheter in a postero-anterior projection.
Note the guiding catheter (5F Simmons 1) at the ostium of the right L3 artery (black arrow-
head), while the second one is stabilized in front of it (white arrowhead). Note the second
0.017-inch microcatheter that has been left in the main trunk of right L3 artery (white arrows).
Coiling, via the 0.017-inch microcatheter, of the main L3 trunk (G, white arrow), then the dor-
sospinal trunk (G, black arrow) and the arterial segment before arising from the dorsospinal
trunk (H, white arrow) to obtain the proximal plug of the pressure cooker. Finally, a 50% dilu-
tion n-BCA injection was performed at the proximal aspect of the cast of the coils through
the 0.017-inch microcatheter (I, white arrow) to ensure that the proximal plug would be
occlusive. Then, Squid 12 (Balt) was injected under a blank roadmap through the Apollo cathe-
ter until occlusion of the shunt point along the anterior epidural venous plexus (J and K, white
arrows) and filling of the origin of the radicular vein (J, black arrow). L, Plain x-ray in a post-
ero-anterior projection at the end of the Squid 12 injection shows the EVOH cast. M, Final
control DSA in a postero-anterior projection via the common trunk feeding both the right
and left L3 arteries, showing complete occlusion of the fistula. N, Postprocedural unenhanced
CT scan, bone windowing. Sagittal reconstruction shows the EVOH cast in the anterior epidu-
ral venous plexus (white arrows).
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in an L3 epidural AVF. This complication was reversible; the patient
recovered under anti-inflammatory medication with no sequelae.

Immediate Angiographic Outcome/Imaging Follow-up
Immediate complete occlusion of the SAVF was observed in 15/
15 patients. No residual shunt was depicted at the end of the pro-
cedure in any case. Follow-up spinal DSA was available in 12/15
patients (80%) at a mean time interval of 6.7 [SD, 7.6]months
from the procedure (range, 3–29 months). Complete persistent
occlusion of the AVF was observed 11/12 patients (91.7%).

Clinical Follow-up
Clinical follow-up was available in 14/15 patients (93.3%), with a
mean time interval of 7.3 [SD, 8.4]months (range, 3–29 months).
One patient died at 1 month from a myocardial infarction.

Patients experienced clinical improvement in 71.4% (10/14) of
cases. Three patients (21.4%) were stable, and 1 patient (7.2%) pre-
sented with a delayed clinical worsening at 29months, related to a
SAVF recurrence, which was subsequently treated by microsurgery.

The median Aminoff-Logue distability scale6 score at clinical
follow-up was 2.5 (IQR, 1–4.5) (sensory signs: median¼1.5
[IQR, 0.25–2.75]; micturion: median=0 [IQR, 0–1.75]).

DISCUSSION
Embolization of dural/epidural arteriovenous fistulas may be
challenging. The 2 major drawbacks for SAVF embolization are
the following: 1) the noncontrolled embolic agent migration into
a radiculomedullary artery, potentially responsible for neurologic
complications, and 2) incomplete occlusion of the shunt point,
with an unrecognized persistent SAVF and clinical worsening.
This delay may finally hamper the recovery of the patient’s symp-
toms.8 A recent meta-analysis9 showed that among patients
treated for SAVFs, a surgical operation had better results in terms
of complete occlusion and clinical outcome compared with endo-
vascular embolization. Indeed, SAVF recurrence was observed,
ranging up to 3.7% of patients with surgical treatment versus up
to 40% with embolization.9 Additionally, in patients treated by
endovascular means, the same meta-analysis showed that the risk
of failure/late recurrence was higher with EVOH than with n-
BCA (OR ¼ 3.87; 95% CI, 1.73–8.68; P, .001).9 Indeed, the
chance to penetrate distally when using EVOH is lower (without
using a PCT) because important reflux is often seen, toward the
aorta, prompting the operator to stop the injection, despite non-
occlusion of the shunt point. These results lead some interven-
tional neuroradiologists to discourage the endovascular option as
a first-line treatment and to prefer an a surgical operation.10 Our
experience in the embolization of intracranial vascular malforma-
tions using the PCT led us to use this technique in SAVF.

The pressure cooker technique was first described for the
embolization of intracranial vascular malformations.5 Its principle
is to combine 2 liquid embolic agents that do not interact. The goal
is first to avoid an excessive and uncontrolled retrograde reflux of
embolic agent and second to increase the distal diffusion of the em-
bolic agent. The potential of the PCT for the embolization of spinal
vascular malformations (SVM) has been assessed only in oral pre-
sentations up to now.11

Unlike in the initial description of the PCT, we did not use only
EVOH but also low-concentrated n-BCA as an embolic agent for
the SVM. This was left to the discretion of the operator. The
advantage of using the EVOH copolymer is its better visibility
under a blank roadmap. On the other hand, the advantage of using
n-BCA is that there is no need for dimethyl-sulfoxide; thus, non-
dimethyl-sulfoxide-compatible microcatheters like Magic 1.2 (Balt
Extrusion) can be used for embolization. In our opinion, the type
of embolic agent used for the fistula embolization is not of major
importance, as long as it does not dissolve the plug and has a high
ability to diffuse, as with EVOH or low-concentrated n-BCA.

For SAVFs embolized with the PCT using glue as a liquid em-
bolic agent, no detachable-tip microcatheters were used. The re-
trieval of microcatheters in the segmental arteries was uneventful,
without elongation of arteries and high retraction forces. Neither
excessive force nor rupture of the microcatheter tip occurred
when retrieving the nondetachable microcatheters, despite the
proximal plug of polymerized high-concentrated n-BCA. In our
previous experience using the pressure cooker technique outside
pial cerebral vessels, we noticed that retrieval of microcatheters
was uneventful, such as in the meningeal or occipital arteries. We
attribute the ease of retrieval to the combination of a short length
of the plug and a straight course of the microcatheter. The
Echelon microcatheter is braided but the Marathon is not, so ease
of retrieval cannot be attributed to the braiding. On the contrary,
a detachable-tip microcatheter should be used systematically for
PCT in the pial branches. Indeed, the cerebral gyri are responsible
for the tortuous course of the cerebral pial arteries. This course is
straightened during the retraction of a microcatheter, even more
so if its tip has been trapped by EVOH or n-BCA, potentially
inducing bleeding from ruptured transmedullary arteries.

For SAVFs treated with EVOH, detachable-tip microcatheters
were used to avoid trapping, because the EVOHwas injected dur-
ing a long time period, with a significant proximal reflux.

The main technical drawback for the use of the PCT in
SAVFs is the need for 2 microcatheters. Because the segmental
arteries are usually too narrow to allow cannulation with a regular
6F guiding catheter, which would allow 2 microcatheters, two 5F-
guiding catheters are required for the PCT. Thus, after placement
of the first microcatheter in the segmental artery, the guiding
catheter has to be disengaged from the ostium for the second
guiding catheter to be positioned at the origin of the segmental
artery for navigation with the second microcatheter (Fig 1). The
use of a Catch Mini stent retriever (Balt), compatible with a
0.017-inch microcatheter, was helpful to stabilize the first micro-
catheter and the first guiding catheter in some patients (Fig 3).

The use of a dual-lumen balloon may be an alternative to PCT
for SAVF embolization.12 It may help to overcome the limitation
of using 2 guiding catheters. However, the dual-lumen balloons
available on the market may be difficult to navigate in small and
tortuous vessels, as can be the case with the segmental arteries.
Smaller dual-lumen balloons with a low profile may help over-
come this limitation.

Feasibility, Safety, and Effectiveness
Embolization of SAVFs was feasible using the PCT in all cases;
no technical failure was recorded. It was possible to navigate 2
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microcatheters in all patients, including elderly patients up to
91 years of age. It was possible to fill the origin of the main drain-
ing vein in 14/15 patients (93.3%). Only 1 minor complication
(6.6%) was recorded, consisting of a transient nerve root lesion,
probably related to an ischemic mechanism. No major complica-
tion was recorded. Occlusion of the fistula was observed in all
cases (15/15) at the end of the procedure.

At angiographic follow-up (available in 12/15 patients, 80%;
average time interval, 6.7 [SD, 7.6]months), a persistent complete
occlusion was found in 11/12 (91.7%) patients. A recurrence
occurred only in the patient with an epidural SAVF in whom the
embolic agent did not completely reach the vein.

The filling of the origin of the draining vein with embolic
agent seems, therefore, to be the main criterion to assess an endo-
vascular cure.

The avoidance of reflux, as achieved with the PCT, allows an
increased diffusion of the embolic agent. The ability to see the
opening of anastomoses is reduced by respiratory artifacts, which
alter the quality of the blank roadmap used during injection.
Therefore, additional precautions, such as for prolonged apnea,
may be taken during injection. This is especially important in case
of a spinal artery arising from the contralateral segmental artery or
from a segmental artery 1 level below or above the SAVF. In these
situations, migration of embolic agent toward a radiculomedullary
artery may occur because retrocorporeal or intersegmental anasto-
moses are always present.13 To prevent such uncontrolled embolic
agent migration, preventive selective coiling of these anastomoses
may be performed before liquid embolic agent injection.

Limitations of the Study
The main limitations of our study are the retrospective design and
the limited number of patients and centers included. Additionally,
comparison with the standard therapy (ie, microsurgery) for the
curative treatment of SVMs is lacking. Moreover, the SVMs treated
in our series were heterogeneous, including both dural and epidu-
ral AVFs. Techniques used were also slightly heterogeneous
because in some patients, the liquid embolic agent used was diluted
n-BCA and in others, EVOH. Moreover, angiographic follow-up
missing in 20% of the patients is another limitation of our study.

CONCLUSIONS
The PCT to treat spinal arteriovenous fistulas, either with glue or
EVOH, may improve the rate of complete endovascular cure. A
prospective head-to-head comparison with microsurgery appears
warranted.
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ORIGINAL RESEARCH
INTERVENTIONAL

Endovascular Treatment of Small and Very Small Intracranial
Aneurysms with the Woven EndoBridge Device

J.-B. Girot, J. Caroff, J. Cortese, C. Mihalea, A. Rouchaud, V.Da Ros, J.V. Martinez, L. Contreras, L. Ikka,
V. Chalumeau, A. Ozanne, G.B.D. Aguiar, S. Gallas, J. Moret, and L. Spelle

ABSTRACT

BACKGROUND AND PURPOSE: The Woven EndoBridge has proved to be a safe and effective treatment, especially for wide-neck
intracranial aneurysms. The recent fifth-generation Woven EndoBridge came with smaller devices. The purpose of this study was to
assess the safety and efficiency of Woven EndoBridge treatment of small and very small aneurysms.

MATERIALS AND METHODS: Between September 2017 and March 2020, all consecutive patients treated with a 3- or 3.5 mm-
width Woven EndoBridge device were included in this retrospective intention-to-treat study. Clinical and radiologic findings
were evaluated at immediate and last-available follow-up. Angiographic outcome was assessed by an external expert
reader.

RESULTS: One hundred twenty-eight aneurysms were treated with a fifth-generation Woven EndoBridge device including 29 with a
widthof #3.5mm. Ten aneurysms were ruptured (34%). In 3 cases (10%), Woven EndoBridge treatment could not be performed because
the aneurysm was still too small for the smallest available Woven EndoBridge device and another endovascular strategy was chosen. The
median follow-up time was 11.2months. Complete and adequate occlusion was obtained in 71% and 90% of the treated aneurysms,
respectively. Retreatment was needed in 2 cases (10%). Symptomatic ischemic complications leading to transient neurologic deficits
occurred in 2 cases (7%) (1 procedure-related and 1 device-related) but with full spontaneous recovery at discharge.

CONCLUSIONS: The fifth-generation Woven EndoBridge device seems to be a safe and technically feasible treatment for both
ruptured and unruptured small and very small intracranial aneurysms, with satisfactory occlusion rates on midterm follow-up.
However, further study is needed to evaluate longer-term efficiency.

ABBREVIATIONS: SL ¼ single-layer; WEB ¼ Woven EndoBridge

S ince the publications of the results of the International

Subarachnoid Aneurysm Trial (ISAT), in many centers, endo-

vascular therapy has become the first-line treatment for intracranial

aneurysms.1,2 With an annual rupture rate of 0.36% per year, the

treatment of small, unruptured, intracranial aneurysms remains

disputable.3 However, independent predictors of rupture such as a

history of subarachnoid hemorrhage, active smoking, location on

the anterior communicating artery, and aneurysmmultiplicity were

identified, providing selection criteria for potential treatment. 4-7

The treatment of small and very small aneurysms is often chal-
lenging, especially for ruptured cases, in which therapeutic options
are limited.8-10 Conceived as an intrasaccular flow-disruption de-
vice, the Woven EndoBridge aneurysm embolization system (WEB;
MicroVention) has proved to be a safe and effective treatment for
bifurcation aneurysms.11-14 The absence of systematic use of anti-
platelet therapy in a hemorrhagic context makes the WEB therapy
particularly interesting for ruptured wide-neck aneurysms.15-17

Since 2010, the device progressively evolved from an initial

double-layer version to single-layer (SL-WEB) and single-layer

spherical versions. Recently, the fifth-generation WEBs became

available outside the United States,18 compatible with a new and

smaller delivery catheter (VIA 17; MicroVention), facilitating the
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treatment of smaller and more distal aneurysms. The changes in

the braiding design allowed the development of smaller devices

(3- and 3.5-mm width).
The WEB device has been evaluated in many Good clinical

practice (GCP) studies, but the smaller fifth-generation devices
were not included at that time. 11,19,20 The purpose of this study
was to report the follow-up results of ruptured and unruptured
small and very small intracranial aneurysms treated using the
new, smaller fifth-generationWEB devices.

MATERIALS AND METHODS
Between September 2017 and March 2020, all patients treated for
an intracranial aneurysm in Department of Interventional
Neuroradiology (NEURI Brain Vascular Center, Bicêtre Hospital,
Le Kremlin Bicêtre, France) neurovascular center were retrospec-
tively reviewed. All cases that had the intention to treat with a
WEB as a first-line strategy were included. The collected data
base was notified to the French Data Protection Authority. All
patients gave informed consent before inclusion.

Inclusion Criteria
Every patient in whom an SL 3 or SL 3.5 WEB was used to
attempt to treat an intracranial aneurysm was included. Patients
with both ruptured or unruptured aneurysms were included. No

exclusion criteria were defined. Technical failures were included
but were not considered for follow-up evaluations.

Indications
Embolization indications for unruptured small aneurysms were
all discussed in a local multidisciplinary meeting with neuroradi-
ologists and neurosurgeons.

Among the 19 small and very small unruptured aneurysms, 7
were treated due to a personal or familial history of aneurysm rup-
ture; 5 were treated due to multiple aneurysms locations; 2 due to
both personal history of aneurysm rupture and multiple aneurysm
locations, 4 due to irregular aneurysm shape combined with
patient anxiety; and 1, due to aneurysmmodifications with time.

In most cases, the WEB was selected as a first-line strategy
because of wide-neck lesions. Wide-neck aneurysms were defined
as aneurysms with an aspect ratio inferior or equal to 1.2.21

Treatment was performed on a biplane angiographic system
(Azurion; Philips Healthcare).

Antiplatelet Therapy
Patients with unruptured aneurysms were administered a dual-anti-
platelet therapy (acetylsalicylic acid, 160mg, and ticagrelor, 90mg)
24hours before the intervention in case an additional stent place-
ment would be required. No antiplatelet therapy was administered
for patients with ruptured aneurysms. Postoperative antiplatelet

FIG 1. Ruptured anterior communicating artery aneurysm treatment using an SL 3.5 � 2mm WEB. A, Left internal carotid angiogram shows the
aneurysm. B, 3D rotational angiography with aneurysm measurement. C, A postdeployment angiogram shows a good filling of the aneurysmal
sac with persistent opacification inside the WEB. D and E, Three-month follow-up angiogram shows complete exclusion of the aneurysm. F,
Three-month follow-up VasoCT confirms the aneurysm exclusion, with slight WEB compaction.
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therapy was specifically prescribed only in cases of major protrusion
(generally aspirin for 1month).

Procedures
All procedures were performed with the patient under general an-
esthesia and systemic heparinization. After puncture, a long delivery
catheter and a guiding catheter were positioned in the internal ca-
rotid artery or the vertebral artery according to the case. A 3D rota-
tional angiography was then systematically performed for WEB
sizing. TheWEB device was usually slightly oversized in width.

Aneurysm catheterization was then performed using the VIA
17 microcatheter, and the selected WEB was deployed. Prior to
detachment, a control VasoCT (Philips Healthcare)22 was per-
formed to evaluate the WEB positioning (Fig 1). If needed, the
device could then be repositioned or replaced (Supplemental
Online Video).

Follow-up Evaluation
Clinical evaluation was based on the mRS and evaluated before
every follow-up angiography, which were routinely scheduled at
6, 18, and 42months or 3, 15, and 39months after treatment for
unruptured and ruptured aneurysms, respectively.

For every patient, the last available follow-up angiography
was retrospectively reviewed by an external expert neurointerven-
tional radiologist. Angiographic results were classified according
to the Bicêtre Occlusion Scale Score.23 Complete occlusion was
defined as grades 0 or 00; adequate occlusion was defined as
grades 0, 00, 1, or 2; and other grades were considered to be aneu-
rysm remnants. Aneurysms that required retreatment were sys-
tematically considered to be aneurysm remnants, irrespective of
Core Lab evaluation.

RESULTS
Patients
Between September 2017 and March 2020, one hundred twenty-
eight aneurysms were embolized in our center with a fifth-genera-
tion WEB device. Twenty-seven patients with 29 aneurysms were
treated using an SL 3 or a SL 3.5 WEB. Two patients were treated
for 2 distinct aneurysms. Ten (34%) of the 29 aneurysms were rup-
tured aneurysms. The mean age was 54years (median, 55 years;
range, 32–90years of age), and 18 (67%) patients were women. A
history of hypertension and dyslipidemia was found in 7 (26%) and
4 (15%) patients, respectively. Eight (30%) patients were active
smokers, and 6 (22%) had a history of smoking.

Aneurysm locations were the following: middle cerebral artery
(15 aneurysms, 52%), anterior communicating artery (8 aneur-
ysms, 28%), basilar tip (3 aneurysms, 11%), carotid tip (1 aneu-
rysm, 3%), anterior cerebral artery (1 aneurysm, 3%), and
posterior communicating artery (1 aneurysm, 3%). The overall
mean width and height were 2.8mm (range, 1.7–4.8mm) and
2.9mm (range, 2.1–4.4mm), respectively. Eighteen aneurysms
(62%) were considered wide-neck. The mean aspect ratio was 1.2
(range, 0.7–2.0) (Table).

Technical Results and Adverse Events
Technical success with satisfactory WEB deployment was achieved
in 26 aneurysms (90%). In 2 cases, even the SL 3WEB (the smallest

existing WEB) was considered too large on the control VasoCT
before detachment, with device protrusion inside the parent artery.
In 1 anterior communicating artery aneurysm, the angulation did
not allow proper deployment of the WEB. These 3 patients were
successfully treated using coils.

Among patients successfully treated with a WEB, no perioper-
ative rupture was reported. Thromboembolic complications
occurred in 4 cases, of which 3 were intraoperative thromboemb-
olism. Of those 3, complete recanalization was achieved during
the final angiography in 2 patients after intra-arterial abciximab
injection. In the third case, owing to the excellent leptomeningeal
collateral circulation, we decided not to perform any endovascu-
lar treatment and no deficit was observed after the intervention.

A postoperative neurologic deficit was depicted in 2 cases,
and DWI revealed small punctiform ischemic spots. The first
patient was treated with abciximab, and DWI spots were located
in the territory of the branch where the clot had been seen. In the
second case, no intraoperative thromboembolic complications
were depicted, and MR imaging revealed 4 DWI spots in the mid-
dle cerebral artery territory. Deficits were all completely regres-
sive at the patients’ discharge.

Baseline characteristics and angiographic outcomesa

Treated Intracranial Aneurysms All (n= 29)
Baseline demographic characteristics All (n ¼ 27)
Age (mean) (yr) 54 (SD, 11.5)
Female 18 (67)
Hypertension 7 (26)
Dyslipidemia 4 (15)
Smoking
Global 14 (52)
Active 8 (30)
History 6 (22)

Baseline aneurysm characteristics All (n¼ 29)
Aneurysm location
Middle cerebral artery 15 (52)
Anterior communicating artery 8 (28)
Basilar tip 3 (11)
Carotid tip 1 (3)
Anterior cerebral artery 1 (3)
Posterior communicating artery 1 (3)
Acutely ruptured 10 (34)
Maximum diameter (mean) (mm) 3.8 (SD, 0.9)
Aneurysm height (mean) (mm) 2.9 (SD, 0.6)
Aneurysm width (mean) (mm) 2.8 (SD, 0.6)
Aneurysm neck (mean) (mm) 2.6 (SD, 0.5)
Aspect ratio (height/neck) (mean) 1.2 (SD, 0.4)
Width/neck ratio (mean) 1.1 (SD, 0.2)
Wide neck 18 (62)

Baseline treatment characteristics All (n¼ 29)
WEB
SL 3 17 (59)
SL 3.5 9 (31)

Technical failure 3 (10)

Angiographic outcomes All (n¼ 21)
Adequate occlusion 19 (90)
Complete occlusion 15 (71)
Aneurysm remnant 2 (10)

a Data are number of subjects (and percentage) for qualitative variables, and mean
(and standard deviation) for quantitative variables.
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Clinical Outcome
Clinical worsening defined as a higher mRS score at the final con-
trol than before treatment was observed in 3 patients (10%).
These patients were treated for ruptured aneurysms. In 2 of these
patients, initial subarachnoid hemorrhage was associated with
intraparenchymal hematoma, resulting in a persistent neurologic
deficit in 1 patient and a persistent psychomotor slowdown in the
other. In the latter case, clinical worsening was due to persistent
asthenia and headache at 11months after the initial rupture. At
discharge, no procedure-related morbidity or mortality was
reported. During the follow-up period, none of the ruptured
aneurysms treated with a WEB rebled.

Angiographic Outcome
Twenty-one aneurysms (72%) had at least 1 angiographic evalua-
tion at the time of this study. Mean follow-up was 10.9months
(range, 3.1–22.3months). Complete occlusion was obtained in 15
aneurysms (71%), and adequate occlusion, in 19 aneurysms
(90%). Retreatment was needed in 2 patients (Table).

DISCUSSION
Twenty-nine individual aneurysms were treated using 3- and 3.5-
mm SL WEBs in this retrospective study. The median follow-up
was 11.2months. Technical success was achieved in 90% of the
cases, with complete and adequate occlusion rates in 71% and 90%

of aneurysms, respectively. Four patients experienced periproce-
dural thrombotic events, with 2 ischemic complications leading to
full recovery at discharge. No perioperative rupture was reported.

Treatment Feasibility and Angiographic Efficiency
Technical success was achieved in 90% of the treatments. However,
the WEB could not be deployed in 3 cases. In 2 of the 3 technical
failures, successful treatment could not be achieved owing to the
WEB size. With an average aneurysm width of 1.7 and 2.2mm and
an average height of 2.3 and 2.1mm, respectively, the SL 3 size was
chosen. In each case, the WEB was protruding into the parent ar-
tery and had to be removed. Indeed, in some cases and especially in
small, irregular aneurysms, the choice of the device size can be chal-
lenging. A postoperative evaluation using the IDsize software
(Sim&Cure) showed that this situation could have been predicted
(Fig 2). In the future, a systematic preoperative software simulation
might improve device selection and success rates.

Previous studies reported increased difficulties for endovascu-
lar treatment of smaller aneurysms using only coils. With less
space in the aneurysmal sac for a proper placement of the micro-
catheter, coil deployment is indeed more challenging with an
increased risk of protrusion into the parent artery and aneurys-
mal rupture. Thus, in the prospective Analysis of Treatment by
Endovascular Approach of Nonruptured Aneurysms (ATENA)
multicenter study, the rate of technical failure was significantly

FIG 2. Technical failure in a left superior cerebellar artery with an SL 3 � 2 WEB. A, A left vertebral angiogram shows the left cerebellar aneu-
rysm. B, 3D rotational angiography with aneurysm measurement. C, WEB deployment attempt, with the proximal marker (white arrow) protrud-
ing into the basilar trunk. D, Final angiogram after coiling. E, Retrospective Sim&Cure simulation showing SL 3 WEB protrusion into the superior
cerebellar artery and basilar trunk.
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different in 1- to 6-mm aneurysms (5.7%) and in 7- to 15-mm
aneurysms (2.3%).8 In a 2016 meta-analysis evaluating endovas-
cular treatment with coils for#3mm aneurysms, technical suc-
cess was obtained in 92% of the coiled intracranial aneurysms,
fairly close to the results obtained in this study.24 The 91% rate of
“complete and near-complete” occlusion reported in this meta-
analysis was also quite similar to the adequate occlusion rate of
90% described in this study. The technical success and angio-
graphic efficiency of coil treatment in the 2016 meta-analysis
were improved using stent-assisted techniques in 8% of the
aneurysms, particularly in wide-neck lesions.25 However, with
mandatory postoperative antiplatelet therapy, stent-assisted tech-
niques are limited by hemorrhage risk in ruptured cases.
Applicable in both wide-neck and ruptured small aneurysms,
WEBs seem to be a viable alternative treatment.

Treatment Safety
Small and very small ruptured aneurysms have been associated
with higher procedure-related rupture when treated by coils.26

The 2016 meta-analysis24 of endovascular treatment for #3-mm
aneurysms found intraprocedural rupture rates of 7% of the coil-
ing procedures, while thromboembolic events occurred in 4%.
No perioperative rupture was reported in this study. Ischemic
complications occurred in 2 patients (7%) (1 device-related and 1
procedure-related); however, neurologic deficits were spontane-
ously completely regressive at discharge, and no clinical worsen-
ing was attributed to WEB embolization on long-term follow-up.
However, considering the risk associated with endovascular treat-
ment and the 0.36% annual rupture rate in unruptured intracra-
nial small aneurysms, treatment should be performed only in
selected cases, taking into account the history of SAH, age, hyper-
tension, or location of the aneurysm.3,6

Limitations
We decided not to perform a case-control study comparing WEB
treatments with coiling because of potential biases. Indeed, most
of the aneurysms treated here were wide-neck and ruptured so
that endovascular coiling might not have been a feasible option.
Also, since 2017, the WEB device is our favored first-line strategy
so that our physician team has grown in experience since older
coiling was performed.

This study is limited by its retrospective design and the small
number of patients included, but until now, only a few articles
have reported the use of the fifth-generation WEB device, includ-
ing very few of the smallest WEBs.18,27

CONCLUSIONS
The fifth-generation WEB seems to be a technically feasible treat-
ment for both ruptured and unruptured small and very small in-
tracranial aneurysms, with satisfactory occlusion rates on
midterm follow-up and acceptable complication rates. However,
further study is needed to evaluate longer-term efficiency.
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BRIEF/TECHNICAL REPORT
INTERVENTIONAL

Arterial and Venous 3D Fusion AV-3D-DSA: A Novel
Approach to Cerebrovascular Neuroimaging

E. Raz, M. Shapiro, O. Mir, E. Nossek, and P.K. Nelson

ABSTRACT

SUMMARY: DSA is the standard imaging technique for evaluation of cerebrovascular conditions. However, One drawback is its limi-
tation in depicting a single angiographic phase at a time. We describe a new 3D-DSA algorithm, which we call arterial and venous-
3D-DSA, which allows the concurrent yet distinct display of the arterial and venous structures, which may be useful for different
clinical and educational purposes.

ABBREVIATION: AV-3D-DSA ¼ arterial and venous 3D-DSA

DSA is the gold standard imaging technique for evaluation
of cerebrovascular diseases.1 The 3D reconstructions of the

vasculature acquired with rotational DSA are a routine tool
used by neurointerventionalists for multiple purposes, enabling
improved interpretation of complex vascular lesions, particu-
larly before endovascular or surgical management.2,3 One limi-
tation of traditional 3D-DSA is the ability to visualize only 1
angiographic phase. Recently, 4D-DSA was implemented, ena-
bling visualization of different temporal phases from different
angles; however, this technique does not allow proper separa-
tion of normal phase arteries and veins and their anatomic
relationships.4 We describe a new 3D-DSA acquisition and
reconstruction protocol, which we call arterial and venous-3D-
DSA (AV-3D-DSA). This allows concurrent yet separate display
of arterial and venous cerebral vasculature.

Technical Report
After obtaining institutional review board approval, we retrospec-
tively reviewed the angiograms performed in our institution, in
which we obtained the AV-3D-DSA as part of routine care.

Acquisition
We used a routine arterial approach with 5F diagnostic catheters
and a biplane DSA machine (Artis Q pure VD11C biplane,
Siemens), and nonionic iodinated contrast agent (Isovue 300,

Bracco Diagnostics) injected through a Mark V ProVis injector
(Medrad). Rotational angiographic data were obtained with 2 sepa-
rate (arterial and venous) 5-second DSA protocol acquisitions by
using 42-cm FOV with 200° rotation of the anteroposterior x-ray
tube around the patient’s head (angular velocity, 40° per second).
Arterial acquisition parameters for the 3D rotational angiography
were as follows: internal carotid artery (flow: 3mL/s; volume:
18mL; delay: 1.5 seconds) and vertebral artery (flow: 3mL/s; vol-
ume: 18mL; delay: 1.5 seconds). Venous rotational acquisition pa-
rameters were as follows: internal carotid artery (flow: 3.5mL/s;
volume: 15mL; delay: 5 seconds); vertebral artery (flow: 3mL/s;
volume: 18mL; delay: 5 seconds). The datasets were then recon-
structed using Syngo X-workplace VD20B (Siemens), a commer-
cially available 3D angiography software.

Postprocessing
From each 3D-DSA, 3 volume datasets are obtained: the mask,
fill, and subtracted-fill volumes. The 2 subtracted volumes of
both injections (called “3D Head Sub Full EE Smooth Mo
[AX3D]” in Syngo) are selected and loaded together into the
Syngo via the Inspace 4D module. The 2 subtracted-fill arterial
and venous datasets then are optimized separately by choosing
the best contrast, windowing, and color coding. Based on tradi-
tion, we chose red for arteries and blue for veins. Subsequently,
the 2 subtracted datasets were merged and the fused AV volume
was obtained, similar to what would be used to obtain dual-vol-
ume images.

Case Illustrations
1) In a woman presenting with subarachnoid hemorrhage, DSA
revealed a right carotid terminus aneurysm. Rotational angiogra-
phy of the right ICA was performed as part of routine preoperative
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evaluation of the aneurysm (Fig 1A). Given the patient’s preference
to be treated with clipping, venous 3D also was obtained (Fig 1B) to
demonstrate the venous anatomy, especially around the Sylvian fis-
sure, for surgical planning. The 2 subtracted volumes were then
fused to show concomitant representation of the arteries and veins
(Fig 1C).

2) In a woman presenting with small centrum semiovale hem-
orrhage, arterial DSA with rotational angiography revealed no
evidence of aneurysm or AVM. Rather, it showed a large develop-
mental venous anomaly and, for better visualization, a venous 3D
DSA was also obtained. The 2 subtracted volumes were then fused
to show concomitant representation of the arteries and veins (Fig
2).

3) In a man presenting with Moyamoya disease, full arterial and
venous angiography was performed for surgical planning in antici-
pation of a possible direct bypass. As part of the cerebral angiogram,
a vertebrobasilar AV-3D-DSA was obtained (Fig 3).

DISCUSSION
In this technical note, we describehow to obtain simultaneously
merged AV-3D-DSA visualization by using 2 separate, appropri-
ately timed, rotational acquisitions with postprocessing. While
there has been description of concomitant arterial and venous-3D
reconstruction in cross-sectional imaging by using 2 separate CTA
acquisitions, this has not previously been done by using DSA to
our knowledge.5,6 Our protocol can be considered a variant of the
2-color 3D-3D fusion of selective rotational cerebral angiograms
used to visualize concurrently 2 different arterial territories.7

Notably, this technique can be applied to any volume of interest as
demonstrated by the insert in the case 1 illustration.

Other DSA methods to examine concomitant vessels in differ-
ent phases are, for example, the acquisition of 4D-DSA, which is
excellent to analyze the fast inflow and outflow of AVMs, but has
the limitation of not distinctly separating arteries and veins in the
same volume.4 Another method is the so-called “sequential

FIG 1. A, Frontal view arterial 3D-DSA of the right internal carotid artery injection demonstrating a multilobulated carotid terminus aneurysm. B,
Frontal view venous 3D-DSA of the right internal carotid artery injection showing the venous outflow of the right hemisphere using mainly a
deep middle cerebral vein draining toward the pterygoid plexus through the foramen ovale. C, Fused AV-3D-DSA demonstrating the relation-
ship between the arteries and the veins. Specifically, note the presence of a vein running adjacent to the anterior aneurysm dome (arrow) better
demonstrated in the insert (D).

FIG 2. Left lateral (A), right anterior oblique (B), and right lateral (C) views of AV-3D-DSA of the left internal carotid artery injection demonstrat-
ing a large developmental venous anomaly draining most of the left frontal hemisphere toward the left internal cerebral vein, which likely devel-
oped in association with atretic anterior superior sagittal sinus. Notice also the hypertrophied right inferior petrosal sinus and the plexus of
Rektorzik surrounding the left ICA.
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subtraction,” which uses 2 different masks, one for the bone and a
negative one for the veins. Described in 1974, this is a useful tech-
nique to show the relationships between the arteries and veins but
is limited only to 2D-DSA.8 With another technique, cone beam
CT, the 20sDSA DynaCT (Siemens) protocol is long enough to
depict both arteries and veins in the same volume, but the tech-
nique is not able to separate them for differential visualization.

Obtaining AV-3D-DSA has multiple potential purposes.
Because it allows depiction of the relationship between the arteries
and the veins in a 3D environment, the technique can be useful in
planning open cerebrovascular surgery. It can help the surgeon
understand the relevant “angioarchitecture” of a particular situation
(depicting arteries and veins in their relationship to one another
from the perspective of the surgical window) to better prepare for
surgical exploration of cerebrovascular lesions, such as dissection
and a clip reconstruction of a complex cerebral aneurysm. Other
potential specific applications are its use to distinguish the venous
drainage of an AVM or dural AVF from the venous drainage of the
adjacent normal parenchyma. Moreover, it has also been extremely
useful as a teaching tool for residents and fellows allowing a better
understanding of neurovascular anatomy.

In this report, we demonstrate the technique used for the in-
ternal carotid and vertebrobasilar territories, but theoretically this
can be applied to any vascular territory, granted that the arterial
and venous injection protocols are appropriately modified to bet-
ter set the pertinent flow, volume, and delay of the contrast injec-
tion. 2D-DSA images are used to establish appropriate rate,
volume, and injection delay settings.

While volumetric MR imaging with 3D-T1 and 3D-T2 can
demonstrate the vasculature, both sequences are poor in terms of
differentiating arteries compared with veins, and the differentiation
may be important for the surgical planning or other purposes.

The method is simple and the main disadvantage is the need to
obtain 2 separate 3D-DSAs to obtain the dataset, which means dou-
ble the amount of radiation and double the contrast volume. For
this reason, we recommend strategic use of this technique when
clinically necessary to answer specific questions. Theoretically, to

obtain the dataset, the 2 phases may potentially be acquired with the
same contrast injection, but that is not possible with the software/
hardware capability of current Siemens angiographic equipment.
Current protocol requires the subject not to move between and dur-
ing acquisitions. We have obtained excellent quality images in coop-
erative subjects who were awake (images from Fig 2 were obtained
in an awake patient) and patients under general anesthesia.

To conclude, in this technical note we describe how to obtain a
simultaneous arterial and venous 3D-DSA visualization by using 2
separate, appropriately timed rotational acquisitions followed by
dedicated, straightforward postprocessing, the results of which
may be useful for different clinical and educational purposes.
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Carotid Intraplaque Hemorrhage and Stenosis: At What
Stage of Plaque Progression Does Intraplaque Hemorrhage
Occur, and When is It Most Likely to Be Associated with

Symptoms?
A.S. Larson, W. Brinjikji, L. Savastano, A.A. Rabinstein, L. Saba, J. Huston, and J.C. Benson

ABSTRACT

BACKGROUND AND PURPOSE: The relationship between carotid intraplaque hemorrhage and luminal stenosis severity is not well-
established. We sought to determine whether intraplaque hemorrhage is related to carotid stenosis and at what degree of stenosis
intraplaque hemorrhage most likely contributes to ischemic symptoms.

MATERIALS AND METHODS: Consecutive patients who underwent MR carotid plaque imaging with MPRAGE sequences to identify
intraplaque hemorrhage were retrospectively reviewed. Degrees of stenoses were categorized as minimal (,30%), moderate (30%–
69%), and severe (.70%). Arteries were categorized into 2 groups: symptomatic (ipsilateral to a cerebral ischemic event) and
asymptomatic (from a patient without an ischemic event). Multiple regression analyses were used to determine independent associ-
ations between the degree of stenosis and intraplaque hemorrhage and the presence of intraplaque hemorrhage with symptoms
among categories of stenosis.

RESULTS: We included 449 patients with 449 carotid arteries: Two hundred twenty-five (50.1%) were symptomatic, and 224 (49.9%)
were asymptomatic. An increasing degree of stenosis was independently associated with the presence of intraplaque hemorrhage
(OR ¼ 1.02; 95% confidence interval, 1.01–1.03). Intraplaque hemorrhage was independently associated with ischemic events in
arteries with ,30% stenosis (OR ¼ 5.68; 95% CI, 1.49–21.69). No such association was observed in arteries with .30% stenosis. Of
symptomatic arteries with minimal stenosis, 8.7% had intraplaque hemorrhage versus 1.7% of asymptomatic arteries (P ¼ .02). No
differences in intraplaque hemorrhage prevalence were found between symptomatic and asymptomatic groups with moderate
(P ¼ .18) and severe stenoses (P ¼ .99).

CONCLUSIONS: The presence of intraplaque hemorrhage on high-resolution plaque imaging is likely most useful in identifying
symptomatic plaques in cases of minimal stenosis.

ABBREVIATION: IPH ¼ intraplaque hemorrhage

Carotid artery disease is a well-known risk factor for cerebral is-
chemic events such as stroke, transient ischemic attack, and

retinal ischemia. It has been estimated that 18%–25% of all strokes
result from carotid artery atherosclerotic disease.1 Conventional
features of carotid atherosclerosis, such as the degree of luminal
stenosis and surface irregularities, have been used as predictors of
ischemic events.2-4 The severity of luminal narrowing, specifically,
has long served a central role in determining whether medical or
surgical intervention is indicated to treat such lesions.5-7 However,

in recent years, attention has been drawn to strokes in patients

with mild or moderate carotid artery stenosis, calling into question
the reliance on luminal stenosis as the primary prognosticator for

ischemic events.8,9 Instead, interest has turned to the morphologic
characteristics of plaques, with the presumption that identifiable

vulnerable features may provide crucial information regarding the
stability of a plaque.10,11

The advent of high-resolution MR plaque imaging has enabled

the detection of various carotid plaque components, including

intraplaque hemorrhage (IPH), lipid-rich necrotic core, and

various plaque characteristics, including neovascularization and

inflammation.12 Of these, IPH is a particularly well-documented

risk factor for stroke.13-15 Prior studies have found patients with ca-

rotid IPH to be at increased risk of thromboembolic events in the

context of both mild-to-moderate13,16,17 and severe arterial steno-

sis.15 Nevertheless, the degree of stenosis at which IPH is likely to
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contribute most to ischemic symptoms remains largely uncertain.

This information would provide clinicians with the ability to iden-

tify symptomatic IPHs that are likely contributing to ischemic

events.
The objective of this study was to determine the relationship

between IPH and the degree of carotid stenosis by answering fol-
lowing questions: 1) Are increasing degrees of stenosis independ-
ently associated with the presence of IPH, and 2) does the
prevalence of IPH vary across categories of luminal stenosis?
Furthermore, we also sought to determine whether carotid IPH
was independently associated with ipsilateral ischemic events
among varying degrees of luminal stenosis and to compare the
prevalence of IPH between symptomatic and asymptomatic
arteries on the basis of the degree of stenosis.

MATERIALS AND METHODS
Study Population and Patient Groups
This was a cross-sectional, retrospective study. Mayo Clinic
Institutional review board approval was obtained before the initia-
tion of this study. All patients provided written informed consent
for participation in research activities at our institution. All patients
from our institution who had a neckMRA with high-resolution ca-
rotid vessel wall imaging with MPRAGE sequences from 2015 to
2020 were retrospectively reviewed. Patients were excluded for the
following reasons: 1) The MRA protocol did not include
MPRAGE sequences, 2) acquired images were of poor quality and/
or substantially degraded by artifacts (eg, motion), and 3) radiology
reports were incomplete (ie, did not comment on the presence of
atherosclerotic plaque) or were unavailable.

All patients underwent an initial evaluation by a staff neurolo-
gist, cardiologist, or neurosurgeon at our institution. Neck MRAs
with MPRAGE sequences were performed within 6 weeks after
an initial evaluation. This evaluation included an assessment for
clinical signs of cerebral ischemic events including stroke or TIA
as well as any ischemic ophthalmologic events, including retinal
artery occlusion or amaurosis fugax. In cases in which patients
were found to have an ischemic event (as described below), an
assessment for potential cardioembolic sources was pursued with
an electrocardiogram, telemetry monitoring, echocardiogram,
and Holter monitoring.

Next, patients were first categorized into 2 groups: symptomatic
and asymptomatic. Symptomatic patients were defined as those
having one of the following unilateral anterior circulation ischemic
events: ischemic stroke diagnosed with either MR imaging or CT
perfusion studies, TIA as diagnosed by a neurologist, ophthalmo-
logically diagnosed central or branch retinal artery occlusion, or
amaurosis fugax as diagnosed by a neurologist or ophthalmologist.
Patients with posterior circulation strokes and bilateral anterior
circulation strokes were excluded from analysis. Patients with a
documented history of atrial fibrillation were excluded from the
symptomatic group. Asymptomatic patients were those without a
history of one of the preceding ischemic events. Most asymptomatic
patients underwent neck MRA for symptoms thought to possibly
be related to carotid artery pathology but were ultimately not diag-
nosed with ischemic stroke, TIA, retinal artery occlusion, or amau-
rosis fugax. Other indications for neck MRA in asymptomatic
patients included follow-up for connective tissue diseases (Ehlers-

Danlos syndrome, Marfan syndrome, and so forth), a history
of neoplasm of the neck, fibromuscular dysplasia, or dissection.
Patients with connective tissue diseases underwent neck MRAs
with MPRAGE sequences at our institution to more thoroughly
assess any potential carotid vessel wall abnormalities.

To determine the potential association between carotid steno-
sis and IPH with ischemic events, we analyzed carotid arteries
from each patient group on a per-artery basis. In symptomatic
patients, only the artery located ipsilateral to the anterior circula-
tion ischemic event was considered. In asymptomatic patients,
the carotid artery with the highest degree of stenosis was selected
for analysis. In cases of asymptomatic patients with equivalent
degrees of stenosis in each carotid artery (including those without
any stenosis at all), an artery was randomly selected using the
RANDBETWEEN function in Excel (Microsoft), in which each
patient was assigned a number at random (0 or 1). The right ca-
rotid artery was used in patients who were assigned a value of 0,
and the left was used in patients assigned a value of 1.

MR Imaging Protocol
Neck MR imaging was performed similar to a previously reported
protocol.18 Carotid vessel wall imaging was performed on a 3T
MR imaging scanner (750; GE Healthcare) using a 16-channel
head/neck/spine coil and included 3 sequences: 1) 2D TOF; 2)
3D inversion recovery fast-spoiled gradient recalled imaging
acquired in the coronal plane; and 3) gadolinium bolus carotid
MR imaging acquired in the coronal plane. A 3D MPRAGE
sequence was used as previously described.19 The parameters
were the following: TR/TE= 13.2/3.2ms, flip angle ¼ 15°, in-
plane spatial resolution ¼ 0.63 �0.63mm, reconstructed resolu-
tion ¼ 0.31 �0.31mm, section thickness ¼ 1mm, number of
excitations ¼ 2, TI ¼ 304ms, TR with respect to the nonselective
inversion¼ 568ms, acquisition time¼ 3minutes 50 seconds.

MR Imaging Review Criteria
Data relating to neck MRAs were abstracted from the original ra-
diology reports. Reports were made by multiple neuroradiologists
from our institution who were blinded to the research question,
but not to the clinical scenario. Carotid arteries were assessed
for the presence and laterality of atherosclerotic plaques, the pres-
ence or absence of IPH, and the degree of carotid stenosis.
Atherosclerotic plaque was identified on the basis of the presence
of circumferential or eccentric wall thickening. Intraplaque hem-
orrhage was defined as being hyperintense on MPRAGE, with
intralesional signal intensity .150% of the ipsilateral sternoclei-
domastoid muscle. The degree of carotid stenosis was calculated
on the basis of the NASCET criteria and was categorized as mini-
mal (,30%), moderate (30%–69%), or severe (.70%).5

Statistical Analysis
To determine whether the degree of carotid stenosis was independ-
ently associated with the presence of IPH, we performed multiple
regression analysis that used several vascular risk factors as inde-
pendent variables in addition to the degree of ipsilateral luminal ste-
nosis. The outcome variable was the presence or absence of IPH.

To elucidate any potential independent associations with ische-
mic events, we performed 3 separate multiple logistic regression
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analyses in which arteries were stratified by the following degrees
of ipsilateral stenosis:,30%, 30%–69% stenosis, and.70%. Input
variables were those that differed between symptomatic and
asymptomatic patients, with a P value of# .30 on univariate analy-
sis. The outcome variable was a unilateral anterior circulation is-
chemic event as described above. The prevalence of IPH in each
category of luminal stenosis was calculated for all patients included,
as well as symptomatic and asymptomatic patients separately.

Means (SDs) were calculated for
continuous variables including age and
body mass index. Percentages were cal-
culated for binary variables including
sex, comorbidities, the prevalence of is-
chemic symptoms, the prevalence of
each degree of carotid stenosis, and the
prevalence of IPH. Each of the afore-
mentioned descriptive statistics was
calculated in Excel. The Fisher exact
probability test was used to determine
the significance among categoric base-
line variables between asymptomatic
and symptomatic patients and to de-
termine the difference in prevalence
of IPH in each category of stenosis
between symptomatic and asymptom-
atic patients. The Student 2-tailed t test
was used to determine significance
among continuous variables. Any P val-
ues , .05 were considered statistically
significant. Each of the aforementio-
ned statistical tests was calculated using
STATA statistical software, Version
14.1 (StataCorp).

RESULTS
Patients
Our patient and artery-selection proc-
ess is outlined in the Figure. The final
patient cohort comprised 449 patients,
yielding 449 carotid arteries. There were
224 asymptomatic patients (49.9%) and
225 symptomatic patients (50.1%).
Accordingly, there were 224 asymptom-
atic carotid arteries (49.9%), and 225
symptomatic arteries (50.1%).

Baseline data from symptomatic
and asymptomatic patients are sum-
marized in Table 1. The mean age of
all included patients was 66.4 (SD,
16.3) years, and 245 (54.6%) were
men.

Regarding ischemic symptoms,
171 of 225 patients (76.0%) were diag-
nosed with an ischemic stroke; 69
(30.7%), with a TIA; 16 (7.1%), with
retinal artery occlusion; and 20 (8.9%),
with amaurosis fugax (these numbers

do not add up to 100% because multiple patients had multiple
events).

Intraplaque Hemorrhage and Degree of Stenosis
Increasing degrees of carotid stenosis were independently associ-
ated with the presence of ipsilateral IPH (OR ¼ 1.02; 95% CI,
1.01–1.03). Other variables that were independently associated
with carotid IPH were male sex (OR ¼ 2.7; 95% CI, 1.43–5.04)

FIGURE. Patient- and artery-selection process.

Table 1: Patient characteristicsa

Overall Symptomatic Asymptomatic
P

Value
Total patients included 449 225 224
Total arteries included 449 225 224
Mean age (SD) (yr) 66.4 (16.3) 67.2 (13.1) 65.6 (18.9) .30
Male (No.) (%) 245 (54.6) 150 (66.7) 95 (42.4) ,.0001
Comorbidities
Coronary artery disease (No.) (%) 110 (24.5) 69 (30.7) 41 (18.3) .003
Hypertension (No.) (%) 269 (59.9) 154 (68.4) 115 (51.3) .0002
Hyperlipidemia (No.) (%) 287 (63.9) 177 (78.7) 110 (49.1) ,.0001
Diabetes mellitus (No.) (%) 82 (18.3) 56 (28.9) 26 (11.6) .0003
Peripheral artery disease (No.) (%) 29 (6.5) 17 (7.6) 12 (5.4) .44
Obstructive sleep apnea (No.) (%) 85 (18.9) 17 (7.6) 12 (5.4) .44
Ever smoker (No.) (%) 203 (45.2) 125 (55.6) 78 (34.8) ,.0001
Current smoker (No.) (%) 45 (10.0) 29 (12.9) 16 (7.1) .06
Mean body mass index (SD) 28.3 (5.3) 28.5 (4.8) 28.1 (5.7) .39
Imaging characteristics
Arteries without presence of
atherosclerotic plaqueb (No.) (%)

202 (45.0) 47 (20.9) 155 (69.2) ,.0001

Mean degree of stenosisc (SD) 23.8 (33.6) 33.5 (35.2) 14.0 (28.8) ,.0001
Presence of IPHd (No.) (%) 71 (15.8) 55 (24.4) 16 (7.1) ,.0001

aP values pertain to the differences in values between asymptomatic and symptomatic groups.
bAs mentioned by radiology reports.
cDegrees of stenosis were based on NASCET criteria.5
dIntraplaque hemorrhage was defined as being hyperintense on MPRAGE with intralesional signal intensity of
.150% of the ipsilateral sternocleidomastoid muscle.
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and hyperlipidemia (OR ¼ 4.03; 95% CI, 1.58–10.32). These data
are further summarized in Table 2.

On stratified multiple regression analysis, ipsilateral carotid
IPH was found to be independently associated with ipsilateral an-
terior circulation ischemic events in arteries that had ,30% ste-
nosis (OR ¼ 5.68; 95% CI, 1.49–21.69). This association was not
observed in arteries with 30%–69% or .70% stenosis. In arteries
with ,30% stenosis, male sex (OR ¼ 1.92, 95% CI, 1.12–3.32),
and hyperlipidemia (OR ¼ 2.1; 95% CI, 1.17–3.79) were also
found to be independently associated with ischemic events. These
data are summarized in Table 3.

The prevalence of IPH in the setting of varying degrees of ca-
rotid stenosis is summarized in Table 4. Intraplaque hemorrhage
was identified in 71 arteries in total (15.8%), 55 of which (77.5%)
were ipsilateral to an ischemic event; 8.7% of symptomatic
arteries with minimal (,30%) stenosis had IPH, compared with
1.7% of asymptomatic arteries with minimal stenosis (P ¼ .02).

Symptomatic arteries with moderate stenosis (30%–69%) had an
IPH prevalence of 46.7%, compared with a prevalence of 26.3%
in the asymptomatic group, though this finding did not reach sta-
tistical significance (P ¼ .18). In arteries with severe (.70%) ste-
nosis, there was no difference in the prevalence of IPH between
symptomatic (34.0%) and asymptomatic groups (32.0%, P¼ .99).

DISCUSSION
The current study has 2 primary findings: First, increasing degrees
of carotid stenosis were found to be independently associated with
the presence of IPH. This finding corresponds to a higher preva-
lence of IPH that was observed in all arteries with .30% stenosis
compared with arteries with,30% stenosis. Second, ipsilateral IPH
was independently associated with symptoms in carotid arteries
with ,30% stenosis, a finding that was accompanied by a higher
prevalence of IPH in symptomatic-versus-asymptomatic patients
with ipsilateral stenosis of ,30%. Such findings were not observed
for arteries with .30% stenosis. Taken together, these results sug-
gest that first, carotid IPH is more likely to be observed in arteries
with increasing degrees of luminal stenosis. However, the presence
of IPH may be less useful in differentiating symptomatic from
asymptomatic plaques in the context of greater degrees of luminal
stenosis: IPH is likely most useful in distinguishing between symp-
tomatic and asymptomatic plaques in cases of ,30% stenosis.
However, large differences were evident in the number of arteries
between each degree of stenosis. For example, there were 295 total
arteries in the,30% category, while only 154 arteries made up the
total of the remaining categories. These smaller sample sizes in
arteries with greater degrees of stenosis may have precluded statisti-
cal significance from being reached.

Already, IPH is a known risk factor
for symptomatic ischemic events in the
context of less severe degrees of carotid
stenosis. Altaf et al13 performed a longi-
tudinal prospective study involving a
total of 64 symptomatic patients with
30%–69% carotid artery stenosis during
a mean follow-up period of 28months.
Fourteen ipsilateral ischemic events
were noted on follow-up, 13 of which
occurred in patients found to have ipsi-
lateral IPH. Similarly, Singh et al16

reported a case-control study in which
36 of 98 carotid arteries with 50%–70%
stenosis had IPH (75 patients in total).
At a minimum follow-up of 1 year,
6 ipsilateral ischemic events occurred
in patients with IPH, and no events
occurred in patients without evidence
of IPH.

The results of this study have a ra-
tionale based on the expected histopa-
thologic progression of most plaques.
IPH represents a well-described vulner-
able feature of atherosclerotic plaques
and is associated with a sudden incr-
ease in plaque size, thrombosis, and

Table 2: Multiple regression analysis to determine independent
associations with the presence of carotid intraplaque
hemorrhagea

Variable OR (95% CI)
Ipsilateral stenosis 1.02 (1.01–1.03)
Male sex 2.70 (1.43–5.04)
Coronary artery disease 1.24 (0.68–2.25)
Hypertension 1.21 (0.61–2.42)
Hyperlipidemia 4.03 (1.58–10.32)
Diabetes mellitus 0.89 (0.47–1.70)
Current smoker 1.16 (0.47–2.83)
Ever smoker 1.06 (0.58–1.94)

a All independent variables are listed in the table. The outcome variable was the
presence or absence of carotid intraplaque hemorrhage.

Table 3: Stratified multiple regression analyses to determine independent associations
with the presence of an anterior circulation ischemic eventa

Variable
OR (95% CI)

<30% Stenosis 30%–69% Stenosis >70% Stenosis
Ipsilateral IPH 5.68 (1.49–21.69) 2.38 (0.67–8.43) 0.95 (0.32–2.80)
Age 0.99 (0.97–1.0) 0.99 (0.95–1.03) 1.02 (0.98–1.06)
Male sex 1.92 (1.12–3.32) 1.64 (0.46–5.90) 2.04 (0.69–6.06)
Coronary artery disease 0.74 (0.33–1.66) 0.75 (0.24–2.35) 0.68 (0.21–2.19)
Hypertension 0.93 (0.50–1.70) 0.93 (0.09–2.95) 0.82 (0.20–3.35)
Hyperlipidemia 2.10 (1.17–3.79) 0.57 (0.05–6.45) 1.25 (0.26–6.02)
Diabetes mellitus 1.51 (0.66–3.49) 1.56 (0.43–5.92) 2.34 (0.59–9.24)
Current smoker 1.68 (0.66–4.28) 1.82 (1.68–19.83) 1.07 (0.25–4.53)
Ever smoker 1.59 (0.87–2.91) 1.33 (0.41–4.41) 0.65 (0.17–2.43)

a All independent variables are listed in the table.

Table 4: Degree of carotid artery stenosis and prevalence of intraplaque hemorrhage in
asymptomatic-versus-symptomatic arteriesa

Degree of Stenosisc

Prevalence of Intraplaque Hemorrhageb (%)
All (n= 449

Total)
Asymptomatic
(n= 224 Total)

Symptomatic
(n= 225 Total)

P
Value

,30% (n = 295 total) 13/295 (4.4) 3/180 (1.7) 10/115 (8.7) .02
30%–69% (n = 79 total) 33/79 (41.8) 5/19 (26.3) 28/60 (46.7) .18
70%1 (n = 75 total) 25/75 (33.3) 8/25 (32.0) 17/50 (34.0) .99

aP values pertain to the difference in the prevalence of IPH between asymptomatic and symptomatic groups and
were calculated using the Fisher exact test. Data are number of arteries per group with intraplaque hemorrhage.
bIntraplaque hemorrhage was defined as being hyperintense on MPRAGE with intralesional signal intensity of
.150% of the ipsilateral sternocleidomastoid muscle.
cDegrees of stenosis were based on the NASCET criteria.5
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embolism. Such changes in the setting of nonsevere stenoses
might be expected to contribute to symptoms in previously
asymptomatic lesions. Plaques resulting in severe stenosis but
without IPH, conversely, are often symptomatic likely due to the
presence of additional vulnerable characteristics such as increased
plaque volume, lipid-rich necrotic core, neovascularization, or
inflammation. Hence, it stands to reason that IPH has a larger
impact on the development of neurologic symptoms in less severe
plaques. Thus, dedicated MR plaque imaging in symptomatic
patients with milder stenoses may be particularly useful.

Because IPH was found to be prevalent in a wide range of
luminal stenoses, the results of this study provide imaging evi-
dence that plaques of higher histologic grades (and therefore
increased vulnerability) do not always exist exclusively in the con-
text of higher degrees of luminal stenosis. Such findings are con-
sistent with several prior reports that have demonstrated the
imaging evidence of IPH across the spectrum of carotid sten-
oses.13,15,16 This phenomenon is further supported by histologic
evidence. A postmortem histopathologic study of specimens with
carotid artery disease by Svindland and Torvik20 noted the pres-
ence of IPH in various degrees of carotid stenosis, ranging from
35% to 88%, and they also found that hemorrhage was more
commonly seen in arteries with greater stenosis. Albuquerque
et al21 found IPH to be equally prevalent across varying degrees
of stenosis ranging from 50% to .90%. Taken together with the
results of the current study, these data indicate that IPH may be
present in all severities of carotid artery stenosis. Although MR
plaque imaging protocols are likely useful in detecting sympto-
matic plaques with IPH in cases of less-than-severe stenosis, fur-
ther study is necessary for confirmation.

The current study is limited in its single-center, retrospective
design. It is uncertain how many patients from our institution did
not provide informed consent for involvement in research; therefore
this potential for selection bias cannot be excluded. It is possible that
arteries with minimal atherosclerotic plaque may have been
excluded from the study on the basis of radiology reports because
this may not have been commented on by the reading radiologist.
Other, noncarotid sources of cerebral ischemia were not explicitly
ruled out in each symptomatic patient, though this potential con-
founding factor was mitigated by excluding patients with atrial fibril-
lation. Most cases of IPH were detected within 4 weeks of the
ischemic event; however, we did not control for the timeframe of
IPH detection relative to the ischemic event in each case, nor was
the age of the IPH considered. Prior studies have implied that IPH
signals may persist for up to 24months.22 It is, therefore, uncertain
how the age and evolution of IPHmay contribute to ischemic symp-
toms, and further study is required to address these issues. We used
a definition of carotid IPH as being a hyperintensity that is .150%
of the adjacent musculature in accordance with prior reports.13,16

However, other studies have used a hyperintensity threshold of
200%, which may increase the specificity of carotid IPH detection.23

In this study, IPH and carotid stenosis were the sole plaque features
that were evaluated, and other important plaque features such as
ulceration, cap thickness, or the presence of a lipid-rich necrotic
core were not evaluated, all of which may play confounding roles.
Future studies may also consider the size of the plaque because
larger plaques are likely at higher risk of developing IPH.

CONCLUSIONS
Carotid artery IPH is independently associated with the degree of
arterial stenosis. Carotid IPH is also independently associated
with the presence of ipsilateral symptoms in cases of minimal ar-
terial stenosis. Symptomatic carotid arteries with minimal steno-
sis also tended to have a higher prevalence of IPH compared with
asymptomatic arteries. The presence of IPH on high-resolution
plaque imaging is likely most useful in identifying symptomatic
plaques in cases of minimal stenosis. However, carotid artery IPH
was observed in all degrees of luminal stenosis. High-resolution
carotid plaque imaging should, therefore, be considered in
patients with suspected carotid artery atherosclerosis regardless
of the degree of stenosis.

Disclosures: Alejandro Rabinstein—UNRELATED: Royalties: Elsevier, Wolters
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COMMENTARY

Another Step toward the Understanding of
Carotid Artery Pathology

Approximately 18%–25% of strokes are caused by atheroscler-
otic carotid disease.1 For the past 20 years, we have wit-

nessed substantial technological progress resulting in a paradigm
shift for carotid artery imaging.1 Using carotid sonography with
Doppler to assess the degree of arterial stenosis is still the primary
technique used in everyday clinical practice because of the low
cost and the low risk-to-benefit ratio. However, different imaging
modalities exploring carotid plaque in-depth have identified a
few features that may be connected to the high risk of plaque rup-
ture and consequential ischemic events.1

Currently, MR imaging is the technique of choice for direct
plaque imaging.2 The best-known vulnerable plaque character-
istic is the presence of intraplaque hemorrhage (IPH). The
individual patient data meta-analysis of 696 patients with ca-
rotid stenosis (560 symptomatic and 136 asymptomatic) con-
cluded that IPH is an independent predictor of ipsilateral
stroke (hazard ratio = 11.0; 95% CI, 4.8–25.1), which is more
robust than any known clinical risk factor.3 Currently, it is
clinically feasible to add the MPRAGE sequence for visualizing
carotid plaque in detail to the standard vessel/neck imaging
protocol, as it adds only 4–6minutes to the scan time and
requires neither nonstandard coils nor additional contrast
agent.2

The natural history of asymptomatic carotid atherosclerotic
disease is not yet fully understood; thus, it can be a problem to
stratify the prognosis and guide treatment (optimized medical
therapy, carotid endarterectomy, or carotid stent placement). A
recent meta-analysis, including more than 20,000 participants
from 64 studies, showed that the vulnerable plaque detected by
MR imaging increased the risk of an ipsilateral stroke (OR ¼3.0;
95% CI, 2.1–4.3) during a median observation period of 3 years.4

The OR was similar (3.2; 95% CI, 1.7–5.9) among patients with
severe stenosis. It suggests that the plaque characteristics visual-
ized by advanced imaging may play a more important role than
the degree of stenosis severity.4,5

In this issue of the American Journal of Neuroradiology,
Larson et al6 describe a cohort of 449 patients with or without
ischemic events who underwent risk stratification with both the
assessment of carotid stenosis degree and the presence of IPH.

First, they found that the IPH is independently associated with
carotid stenosis—the narrower the vessel, the more unstable the
plaque. Second, they have observed among a group with mild
stenosis (, 30%) that IPH was more frequently present in the
symptomatic than the asymptomatic group. This led to the hy-
pothesis based on the available data that the presence of IPH is
particularly relevant for ischemic events risk prediction among
patients with mild stenosis.

It is important to recognize the existing research and imple-
ment it into current guidelines. For example, the European
Society of Cardiology recommended in their 2017 Guidelines
to consider revascularization of the carotid artery for patients
without prior symptoms, with moderate-to-severe stenosis
(60%–99%), with a life expectancy of more than 5 years, and
the presence of vulnerable plaque characteristics on advanced
imaging (IPH or lipid-rich necrotic core).7 It reinforces the
message that plaque composition should be considered in clin-
ical decision-making. With their latest revision in February
2021, the US Preventive Services Task Force advised against
asymptomatic carotid artery screening in the general popula-
tion because of possible harm.8 Although we would support
their call for rigorous up-to-date trials with long-term follow-
up, we would argue that screening itself is not harmful, and
rather than directly guiding a patient toward the invasive pro-
cedure, it should lead to the multidisciplinary team discus-
sion.9 Moreover, a lack of carotid artery disease recognition in
the first place leads to a lack of any treatment, including opti-
mized medical therapy.

The question is not if we should screen for asymptomatic ca-
rotid stenosis, but rather how to establish the most effective
multimodal screening protocol. There is an urgent need for col-
lective work and randomized clinical trials selecting patients for
different treatment modalities so that we can understand their
efficacy and safety based on carotid plaque MR imaging or other
extended imaging. The work by Larson et al6 further supports
the use of MR plaque imaging in this endeavor. For now, we
need to embrace available evidence with its inherent limitations
and treat our patients the best we can with an individual
approach.5
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ORIGINAL RESEARCH
FUNCTIONAL

Asynchrony in Peritumoral Resting-State Blood Oxygen
Level–Dependent fMRI Predicts Meningioma Grade and

Invasion
P.B. Wu, D.S. Chow, P.D. Petridis, M.B. Sisti, J.N. Bruce, P.D. Canoll, and J. Grinband

ABSTRACT

BACKGROUND AND PURPOSE: Meningioma grade is determined by histologic analysis, with detectable brain invasion resulting in a
diagnosis of grade II or III tumor. However, tissue undersampling is a common problem, and invasive parts of the tumor can be
missed, resulting in the incorrect assignment of a lower grade. Radiographic biomarkers may be able to improve the diagnosis of
grade and identify targets for biopsy. Prior work in patients with gliomas has shown that the resting-state blood oxygen level–de-
pendent fMRI signal within these tumors is not synchronous with normal brain. We hypothesized that blood oxygen level–depend-
ent asynchrony, a functional marker of vascular dysregulation, could predict meningioma grade.

MATERIALS AND METHODS:We identified 25 patients with grade I and 11 patients with grade II or III meningiomas. Blood oxygen level–
dependent time-series were extracted from the tumor and the radiographically normal control hemisphere and were included as predic-
tors in a multiple linear regression to generate a blood oxygen level–dependent asynchrony map, in which negative values signify synchro-
nous and positive values signify asynchronous activity relative to healthy brain. Masks of blood oxygen level–dependent asynchrony were
created for each patient, and the fraction of the mask that extended beyond the contrast-enhancing tumor was computed.

RESULTS: The spatial extent of blood oxygen level–dependent asynchrony was greater in high (grades II and III) than in low (I) grade
tumors (P , 0.001) and could discriminate grade with high accuracy (area under the curve ¼ 0.88).

CONCLUSIONS: Blood oxygen level–dependent asynchrony radiographically discriminates meningioma grade and may provide tar-
gets for biopsy collection to aid in histologic diagnosis.

ABBREVIATIONS: AUC ¼ area under the curve; BOF ¼ BOLD outside fraction; BOLD ¼ blood oxygen level–dependent; FOF ¼ FLAIR outside fraction

The 2016World Health Organization guidelines for meningio-
mas were notable for the inclusion of brain invasion as a cri-

terion sufficient for assignment to “high-grade” status (ie, grade
II or III) and may explain the greater incidence of high-grade me-
ningiomas since 2016.1 In addition to brain invasion, a meningi-
oma is considered grade II or III if it demonstrates an elevated
mitotic index and $3 aggressive histologic features or demon-
strates a loss of meningothelial differentiation.2 While roughly
80% of all meningiomas are grade I, with excellent prognosis

following surgical resection, the remaining 20% are grade II or III

and more likely to recur.3 Furthermore, grade I tumors have a
10-year survival of 83%, compared with 61% for grade II and III

tumors,4 making the accurate determination of meningioma
grade important for both prognostic and treatment purposes.

Histologic assessment remains the criterion standard for grad-

ing meningiomas; however, an accurate noninvasive prediction of

tumor grade could benefit both clinicians and patients by improv-

ing preoperative planning and patient counseling and potentially

guiding difficult management decisions. Furthermore, routine sur-

gical biopsy may undersample regions that have histologic features,

such as invasion, that are diagnostic for grade II or III meningioma,

resulting in possible misdiagnosis. Identifying radiographic features

that correlate with tumor invasion would, therefore, be useful for

guiding biopsy location. Prior studies using standard-of-care struc-

tural imaging have attempted to predict meningioma grade by eval-

uating a mix of objective radiographic features, such as mean voxel

intensity, and subjective radiographic features, such as the presence

of hyperostosis.5 Peritumoral edema detected by T2-FLAIR has also
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been associated with higher-grade meningiomas.6,7 Additionally,

histogram analysis of diffusion tensor imaging has also been shown

to correlate with tumor grade and tumor subtype in meningiomas.8

However, it would be beneficial to develop a single, simple, visual

criterion that could be easily applied by radiologists and surgeons

to predict meningioma grade with high accuracy.
Prior work using resting-state blood oxygen level—de-

pendent (BOLD) fMRI in diffuse glioma has revealed that
the BOLD signal in and around the tumor is temporally
asynchronous with radiographically normal parts of the
brain.9 BOLD asynchrony maps provide a quantitation of
this phenomenon and are generated by comparing each
voxel with the mean global signal intensity of both the con-
tralesional hemisphere and the contrast-enhancing tumor.
Stereotactically localized biopsies collected from peritumoral
regions have demonstrated that the degree of BOLD asyn-
chrony correlates with local tumor burden.10 Furthermore,
the spatial extent of the asynchrony can discriminate IDH
wild-type and IDH-mutated gliomas with high fidelity.11

Meningiomas have also been shown to cause disruptions in vas-
cular function observable with resting-state BOLD fMRI.11 We,
therefore, hypothesized that brain invasion, a common feature of
high-grade meningiomas, would be detectable using BOLD asyn-
chronymaps derived from resting-state BOLD fMRI and that the spa-
tial extent of BOLD asynchrony could be used to discriminate
meningioma grade. Furthermore, we evaluated whether combining
the spatial features of BOLD asynchrony and T2-FLAIR hyperinten-
sity could improve tumor grading accuracy over either measure
alone.

MATERIALS AND METHODS
Patient Selection and Clinical Data Acquisition
All aspects of this single-center study were conducted in compli-
ance with the Health Insurance Portability and Accountability
Act regulations and approved by the institutional review board of
Columbia University. Demographic and clinical data were retro-
spectively collected from the medical records of patients diag-
nosed with meningiomas and treated at our institution between
2010 and 2020. Pathology reports generated before the release of
the 2016 World Health Organization criteria were re-evaluated
to ensure that all tumors were graded correctly according to
the updated 2016 criteria. Patients were included in the study
if they were at least 18 years of age, had histologically proved
meningiomas, and had preoperative structural MR imaging
and resting-state BOLD fMRI available. The reported patient
age was dated from the time the BOLD fMRI scan was
acquired. Because our cohort included only a single patient
with grade III, this patient was grouped with grade II patients
into a “high-grade” meningioma group. All patients had pre-
operative standard-of-care T1 postcontrast and T2-FLAIR
sequences, in addition to resting-state BOLD fMRI. Imaging
parameters are listed in the Online Supplemental Data.
Contrast-enhanced images were obtained with intravenous
gadobenate dimegulmine (MultiHance; Bracco Diagnostics)
dosed by weight at 0.2mL/kg. BOLD images were obtained
before contrast administration.

Structural ROIs
Tumor masks were defined by contrast enhancement on T1-
weighted imaging and were hand-drawn by a board-certified
neuroradiologist with 10 years of experience (D.S.C.) as described
previously in Chow et al.9 In this study, normal brain comprised
the cerebral hemisphere contralateral to the tumor with any con-
trast enhancement or T2-FLAIR hyperintensity crossing the mid-
line removed. Masks of peritumoral edema were also drawn from
each patient’s corresponding T2-FLAIR imaging after being
affine-registered with 6 df to their corresponding T1-post-
contrast image using the FMRIB Linear Image Registration
Tool, Version 5.0.6 (FLIRT; http://www.fmrib.ox.ac.uk/
fslwiki/FLIRT).12 Registrations were visually inspected to
ensure high-quality alignment. All masks were drawn in a
blinded manner with the neuroradiologist unaware of the
histologic subtype of the tumor or the radiographic features
present on other sequences.

BOLD Asynchrony Maps
Overview. Global signal intensity refers to the mean BOLD signal
across the entire brain and is related to cardiac pulsations and res-
piration-related changes in arterial carbon dioxide (CO2)

12-14 as
well as whole-brain neural fluctuations.15 Vascular sources account
for �25%–27% of the variance, and neural sources account for
�5%–6% of the variance in the global signal.16,17 Also, by means
of functional connectivity measures, the 2 hemispheres are .95%
symmetric.18 This signal is often considered a nuisance variable
that is removed as part of standard BOLD preprocessing.19,20 In
the current study, the global signal of the control mask is used as a
temporal signature of healthy hemodynamics reflecting normal
responses to cardiac pulsatility, respiration-related CO2 changes,
and neuronal fluctuations common across the whole brain. The
mean signal from the tumor mask produces a temporal signature
of unhealthy hemodynamics. Voxelwise regression using these 2
signatures produces 2 Z-statistic maps that represent the similarity
of each voxel to tumor and normal brain. Furthermore, because
the tumor and control time-series are temporally uncorrelated,
subtracting the 2 maps further enhances the difference between the
2 tissue types and results in a map of BOLD asynchrony.9 The
degree of asynchrony has been shown to predict tumor burden,
thus providing an indirect measure of glioma brain invasion.10

Preprocessing. Resting-state BOLD fMRI data were preprocessed
as previously described.9 Briefly, the imaging data were brain-
extracted, motion-corrected, slice timing–corrected, spatially
smoothed (Gaussian filter, full width at half maximum ¼ 5
mm), high-pass-filtered, and coregistered (linear, 6 df) to the
T1-postcontrast image using FSL (http://www.fmrib.ox.ac.uk/
fsl).21 Independent-components analysis (MELODIC-FIX;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC; https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FIX) was used to remove artifacts
due to scanner noise and head motion.

Mask Generation. Multiple linear regression was performed on
each subject’s native resting-state BOLD data using time-series
extracted from the contrast-enhancing tumor mask and control
hemisphere mask. The model also included 6 motion confound

1294 Wu Jul 2021 www.ajnr.org

FLIRT; http://www.fmrib.ox.ac.uk/fslwiki/FLIRT
FLIRT; http://www.fmrib.ox.ac.uk/fslwiki/FLIRT
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIX
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIX


regressors (3 translations and 3 rotations). Two Z-statistic images
were then generated, indicating the similarity of each voxel’s dy-
namics to the dynamics of the contrast-enhancing mask and the
control hemisphere mask. Because the time-series from the 2 masks
are uncorrelated, they can be combined to improve the signal-to-
noise properties of the BOLD asynchrony metric.9 Thus, BOLD
asynchrony was defined as the difference of the 2 Z-statistic images
(ztumor – zcontrol) so that values are negative (blue) in normal brain
and positive (red) in regions of tumor-related vascular dysregula-
tion. Moreover, a positive BOLD asynchrony value in a voxel
denotes BOLD dynamics that are asynchronous with normal cardi-
ovascular fluctuations. BOLD asynchrony maps were thresholded
at Z . 1.68 (corresponding to a P value , .05 on a standardized
normal distribution) to denote voxels with abnormal values, as
described previously.9

Spatial Decay
To compute the spatial rate of change in the BOLD asynchrony
and T2-FLAIR images, we extracted all voxels within a 3-cm ra-
dius of the contrast-enhancing tumor and contained within the
skull and fit them to an exponential decay of the form

N tð Þ ¼ N0e
�l t;

where N represents BOLD asynchrony or T2-FLAIR values.

BOLD and FLAIR Outside Fraction
The BOLD outside fraction (BOF) represents how much of the
BOLD asynchronous region is found outside the contrast-enhanc-
ing tumor and is calculated by dividing the volume of the BOLD
asynchrony mask that extends outside the region of contrast
enhancement by the total volume of the BOLD asynchrony mask,

BOF ¼ jBOLD 62 TUMORj
jBOLDj :

FLAIR outside fraction (FOF) was computed in a similar way,
denoting the fraction of T2-FLAIR hyperintensity outside the
contrast-enhancing tumor.

Statistical Analysis
All statistical tests were performed in Matlab 2019a (MathWorks)
and thresholded for significance at P, .05. The Pearson correlation
was calculated using a linear model. Two-tailed Student t tests were
used for all paired comparisons. All proportion data were first
transformed using the arcsine transform for fractions.

RESULTS
Patient Demographics
We identified 36 patients who underwent standard-of-care imaging
with additional resting-state BOLD fMRI before a histologic tumor
diagnosis of meningioma. Of these patients, 25 (69%) were diagnosed
with grade I meningioma and 11 (31%) were diagnosed with grade II
or III meningioma. For this study, the grade II and III meningiomas
were grouped together as “high-grade” meningiomas, while grade I
tumors were considered “low-grade.” The median age of the patients
with low-grade tumors was 67years (range, 29–85 years), and 72%

were women; the median age of patients with high-grade tumors was
59years (range, 41–78 years), and 45%were women.

Spatial Decay of BOLD Asynchrony Differs between Low-
and High-Grade Meningiomas
We first tested whether there were objective differences in the spa-
tial extent of BOLD asynchrony between low- and high-grade me-
ningiomas. Tumor-related disruption of vascular function in
surrounding tissue should result in higher BOLD asynchrony val-
ues. To this end, we plotted the BOLD asynchrony signal in each
voxel as a function of distance from contrast-enhancing tumor or
all brain voxels in a 3-cm radius around the tumor. BOLD asyn-
chrony decreased as a function of distance for all patients (Fig 1A)
but decreased faster in low-grade tumors (Fig 1B). A comparison
of decay rates showed a significant difference between the 2
groups, with high-grade meningiomas showing a smaller rate (ie,
slower spatial decay) than low-grade tumors (high-grade: �0.25;
low-grade: �0.49; t test, P¼ .045) (Fig 1C). The T2 FLAIR signal
also showed a slower decay in high-grade tumors, though this dif-
ference was not significant (high-grade: �0.25; low-grade: �0.45; t
test, P¼ .42) (Fig 1D–F).

Extent of BOLD Asynchrony and T2-FLAIR Hyperintensity
Discriminate Meningioma Grade
Although the spatial-decay analysis is objective, an arbitrary 3-cm
margin is likely to include voxels affected and unaffected by

FIG 1. BOLD asynchrony decreases with distance from the tumor. A,
Exponential fits were made to BOLD asynchrony values across all vox-
els within a 3-cm radius as a function of distance from the tumor for
each patient. Blue lines represent individual patients with low-grade
tumors; red lines represent individual patients with high-grade tumors.
B, The mean BOLD asynchrony is greater for high-grade than low-grade
tumors at comparable distances from the tumor. Shading represents
standard error of the mean. C, Bars represent the median spatial decay
for the low- (blue) and high-grade (red) tumors; dots represent decay
constants for individual patients. High-grade meningiomas have signifi-
cantly slower spatial decay rates, indicating that high-grade tumors
caused a larger disruption to surrounding vasculature. D–F, FLAIR signal
did not differ significantly between groups. Note, the error bars are
very large and extend beyond the visible range.
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tumor, resulting in a mixture of low and high decay rates,
which may underestimate differences between groups. To
address this issue, we used subjective, expert-drawn masks of
the elevated BOLD asynchrony to estimate the size of the tu-
mor-related increases in BOLD asynchrony and determine
whether it differed across grades. Sample T1-weighted post-
contrast, T2-FLAIR, and BOLD asynchrony images from
patients with grade I and II tumors are shown in Fig 2. The
BOF and FOF are greater in the high-grade tumor than in the
low-grade tumor.

The mean BOF across subjects was significantly greater in
the high-grade than the low-grade meningiomas (high-grade:
0.33; low-grade: 0.17; t test, P , .001) (Fig 3A). We also found
that the mean FOF was higher in the high-grade tumors (0.43
versus 0.23, P¼ .092), though this did not reach significance
(Fig 3B). A receiver-operating characteristic curve was gener-
ated for the BOF (Fig 3C) and FOF (Fig 3D) to assess how well
these 2 measures can discriminate between the 2 groups. The
area under the curve (AUC) for the BOF was 0.88, while for
FOF, it was 0.67. Sample cases in which BOF and FOF were dis-
cordant in their tumor-grade prediction are shown in the
Online Supplemental Data.

Combining Structural and Functional Imaging Improves
Discrimination
BOLD asynchrony and T2-FLAIR hyperintensity discriminate
meningioma grade through fundamentally different processes, ie,

vascular function versus edema, and in fact, the 2 measures were
not significantly correlated (r¼ 0.12, P¼ .50). This finding sug-
gests that combining the 2 measures could improve discrimina-
bility over either measure alone. A weighted mean fit showed that
the best model (0.86 � BOF10.14 � FOF) resulted in a modest
improvement in discriminability (high-grade mean: 0.34; low-
grade mean: 0.18; t test, P , .001) (Fig 4A) with an area under
the curve of 0.90 (Fig 4B).

DISCUSSION
Accurate preoperative prediction of tumor grade enhances
patient counseling and may inform clinical decision-making
regarding treatment of patients when there is clinical equipoise.
For instance, a suspected high-grade meningioma may merit
more aggressive treatment than a suspected low-grade meningi-
oma and advanced knowledge that a tumor shows brain invasion
might alter the surgical approach. Furthermore, current patho-
logic diagnosis of brain invasion is limited by sampling error. A
radiographic biomarker of brain invasion could greatly increase
the likelihood of successfully sampling invasive tissue and cor-
rectly grading the tumor.

In this study, we looked at the patterns of BOLD asyn-
chrony and T2-FLAIR hyperintensity in grade I, II, and III me-
ningiomas. The spatial decay rate of BOLD asynchrony was
significantly different in low- and high-grade meningiomas.
Furthermore, because brain invasion is often focal and not
uniformly distributed, we used expert-drawn masks to

FIG 2. Representative axial slices from a 77-year-old male patient (A) with a grade I meningioma and a 75-year-old male patient (B) with a grade
II meningioma. The first 3 columns show the T1-weighted postcontrast image, the T2-FLAIR, and the T2-FLAIR with overlaid masks representing
the contrast enhancement (green) and the T2-FLAIR hyperintensity outside the tumor (white). The fourth and fifth columns show the BOLD
asynchrony map and the BOLD asynchrony map with overlaid masks representing the contrast enhancement (green) and the BOLD asynchrony
outside the tumor (white). The high-grade tumor (B) has BOLD asynchrony extending further outside the region of contrast enhancement than
the low-grade tumor.
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measure the extent of BOLD asynchrony outside the contrast-
enhancing tumor (BOF) and found even better discriminabil-
ity between low- and high-grade meningiomas. Previous
work6,7 has suggested that peritumoral edema is associated
with high-grade meningiomas; however, in our sample, the
FOF was not significantly different between the 2 tumor
groups.

BOF and FOF have areas under the
curve of 0.88 and 0.67, respectively, sug-
gesting that BOLD asynchrony is supe-
rior to T2-FLAIR hyperintensity for
discriminating tumor grade. When
combining the 2, the area under the
curve improves slightly to 0.90. This
outcome is consistent with our under-
standing that T2-FLAIR and BOLD
asynchrony measure independent phys-
iologic processes—edema for T2-FLAIR
hyperintensity and abnormal vascular
function for BOLD asynchrony. This
discrimination accuracy is comparable
with previously published values of
AUC¼ 0.946 for DTI histogram analy-
sis and AUC¼ 0.86 for multiple st-
andard-of-care imaging features.5,8

Although generating a weighted mean
estimate would likely be impractical for
a typical clinician, visual inspection of
the T2-FLAIR and BOLD asynchrony
maps may allow a fast and accurate
determination of tumor grade by a
trained neuroradiologist or neurosur-
geon. Prospective application of this
methodology for predicting grade will
be needed to determine its true efficacy,
accessibility, and value to clinicians.

Prior work in glioma has shown that
BOLD asynchrony correlates with tu-
mor burden in gliomas, suggesting that
the presence of local tumor cells causes
vascular dysregulation.10 However, all
patients with grade I meningiomas in
our cohort had a BOF greater than 0,
despite having no evidence of histologic
brain invasion. Although the lack of de-
tectable invasion may be at least partly
due to tissue-sampling error, the posi-
tive BOFs suggest that BOLD asyn-
chrony outside of the region of contrast
enhancement is not solely caused by
local tumor burden but also by other
physiologic mechanisms such as the
compression of peritumoral small ves-
sels, compression of large vessels that
supply peritumoral small vessels, or
compression of local neurons that lead
to vascular dysregulation.

One limitation of this study is its retrospective nature and rel-
atively small sample size, which prevented the use of a subset of
patients as an independent validation set. Furthermore, due to
their rarity, grade III meningiomas could not be analyzed
separately from grade II tumors; thus, it is unknown
whether BOLD asynchrony can differentiate grade II and
III tumors. Finally, future studies using MR imaging–

FIG 3. Boxplots demonstrate that high-grade meningiomas are characterized by greater BOF val-
ues than low-grade meningiomas (A). B, FOF values were higher in high-grade meningiomas,
though this did not reach significance. Receiver operating characteristic curves for BOF show
high discriminability for grade (C), while FOF demonstrates marginal discriminability (D).

FIG 4. A, The weighted mean of BOF and FOF shows a difference comparable with the BOF
alone. B, The discriminability of the weighted model is better, though only marginally, than the
BOF alone.
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localized biopsies will be necessary to assess how accu-
rately BOLD asynchrony can predict local tumor burden
and whether it can be used as a tool for identifying the
locations of putative invasion.

CONCLUSIONS
This study provides preliminary evidence that BOLD asynchrony
maps are a useful adjunct for discriminating grade and brain
invasion in meningiomas through both the spatial decay rate and
BOF.
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Resting-State Functional MRI for Determining Language
Lateralization in Children with Drug-Resistant Epilepsy

N.L. Phillips, A.S. Shatil, C. Go, A. Robertson, and E. Widjaja

ABSTRACT

BACKGROUND AND PURPOSE: Task-based fMRI is a noninvasive method of determining language dominance; however, not all chil-
dren can complete language tasks due to age, cognitive/intellectual, or language barriers. Task-free approaches such as resting-state
fMRI offer an alternative method. This study evaluated resting-state fMRI for predicting language laterality in children with drug-re-
sistant epilepsy.

MATERIALS AND METHODS: A retrospective review of 43 children with drug-resistant epilepsy who had undergone resting-state
fMRI and task-based fMRI during presurgical evaluation was conducted. Independent component analysis of resting-state fMRI was
used to identify language networks by comparing the independent components with a language network template. Concordance
rates in language laterality between resting-state fMRI and each of the 4 task-based fMRI language paradigms (auditory description
decision, auditory category, verbal fluency, and silent word generation tasks) were calculated.

RESULTS: Concordance ranged from 0.64 (95% CI, 0.48–0.65) to 0.73 (95% CI, 0.58–0.87), depending on the language paradigm, with
the highest concordance found for the auditory description decision task. Most (78%–83%) patients identified as left-lateralized on
task-based fMRI were correctly classified as left-lateralized on resting-state fMRI. No patients classified as right-lateralized or bilat-
eral on task-based fMRI were correctly classified by resting-state fMRI.

CONCLUSIONS:While resting-state fMRI correctly classified most patients who had typical (left) language dominance, its ability to cor-
rectly classify patients with atypical (right or bilateral) language dominance was poor. Further study is required before resting-state fMRI
can be used clinically for language mapping in the context of epilepsy surgery evaluation in children with drug-resistant epilepsy.

ABBREVIATIONS: ACT ¼ auditory category task; ADDT ¼ auditory description decision task; DRE ¼ drug-resistant epilepsy; IC ¼ independent component;
ICA ¼ independent component analysis; LI ¼ laterality index; rs-fMRI ¼ resting-state fMRI; SWG ¼ silent word generation; tb-fMRI ¼ task-based fMRI; VF ¼
verbal fluency.

Pediatric drug-resistant epilepsy (DRE) is defined as poorly con-
trolled seizures despite treatment on $2 appropriately used

antiseizure medications.1 Surgery is recommended when seizures
have not responded to treatment with antiseizure medications.

Surgery could result in seizure freedom in up to 90% of children

with DRE.2,3 The risk of language impairment is a key considera-

tion in determining surgical candidacy and surgical planning. In

neurologically intact individuals, language is supported by a pre-

dominantly left-lateralized frontal-temporal network. Up to 25% of

children and adults with epilepsy have atypical language dominance

(ie, language lateralized to the right hemisphere or bilaterally across

both the left and right hemispheres) compared with only 3% of

healthy children and adults.4 Hence, determining hemispheric lan-

guage dominance during presurgical evaluation is critical in pre-

venting postsurgical language deficits in children with DRE.
The intracarotid amobarbital procedure, previously known as

the Wada test, is currently the criterion standard for determining
language laterality. Electrical stimulation mapping is also consid-
ered the criterion standard for functional localization. More
recently, however, task-based fMRI (tb-fMRI) has been com-
monly used for establishing language laterality in clinical practice
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because it is less invasive and carries less risk. Tb-fMRI has shown
good concordance with the intracarotid amobarbital procedure,
with concordance rates of 87% and 81% in adults with medial-
temporal and extratemporal epilepsy, respectively.5 Concordance
rates in pediatric epilepsy have been slightly lower, with a recent
meta-analysis of 21 studies finding an overall concordance rate
between the intracarotid amobarbital procedure and tb-fMRI of
76% and sensitivity and specificity of 0.72 and 0.60, respectively,
in correctly classifying typical-versus-atypical language lateraliza-
tion.6 However, not all children are suitable for tb-fMRI.
Children who are very young or have cognitive/intellectual dis-
abilities cannot always complete the tasks necessary for tb-fMRI.
Task-free approaches such as resting-state fMRI (rs-fMRI) may
offer an alternative to task-based approaches, especially for chil-
dren in whom tb-fMRI is contraindicated.

Preliminary evidence suggests that rs-fMRI is promising for
lateralizing language in healthy7,8 and clinical populations of
adults with tumor9,10 and epilepsy,11,12 though concordance rates
are highly variable across studies. Only 2 studies have examined
the use of rs-fMRI to determine language dominance in children
with epilepsy compared with tb-fMRI,13,14 and these 2 studies
were limited by the use of visual assessment for classifying lan-
guage laterality and/or small sample size, and in 1 study, bilateral
language lateralization was excluded. This study aimed to evalu-
ate the validity of rs-fMRI in predicting language laterality com-
pared with tb-fMRI in children with DRE.

MATERIALS AND METHODS
Participants
This retrospective study included 51 children with DRE (7–
18 years of age) who were undergoing epilepsy surgery evaluation
at the Hospital for Sick Children, Toronto, Ontario, Canada. We
excluded 8 children: Seven did not have tb-fMRI, and in 1 case,
the rs-fMRI data were excluded due to motion. This study
included 43 children who had data on rs-fMRI and at least 1 of 4
language tb-fMRI paradigms. Ethics approval was obtained from
the local research ethics board. The baseline characteristics of the
sample are shown in the Online Supplemental Data.

MR Imaging
MR imaging was performed using a 3T scanner (Achieva, Philips
Healthcare, n¼ 27, or Magnetom Skyra, Siemens, n¼ 16). The
rs-fMRI and tb-fMRI were acquired using gradient EPI. The scan

parameters for rs-fMRI and tb-fMRI on the Achieva scanner were
the following: TR¼ 2000 ms, TE¼ 30 ms, flip angle¼ 90°, FOV¼
220mm, voxel size¼ 2.5 � 2.5 � 3.5mm, and 180 volumes. The
scan parameters for rs-fMRI and tb-fMRI on Magnetom Skyra
were the following: TR¼ 2000 ms, TE¼ 30 ms, flip angle¼ 90°,
FOV¼ 220mm, voxel size ¼ 2.3 � 2.3 � 2.0mm, and 180 vol-
umes. Rs-fMRI required children to lie still with their eyes closed
for the duration of the 6-minute scan. All patients also underwent
volumetric T1-weighted imaging. Rs-fMRI was acquired before the
tb-fMRI.

A block design consisting of alternating 30-second blocks of
experimental and control conditions was used. Each task con-
sisted of 12 blocks (6 task blocks and 6 control blocks) with a total
task time of 6 minutes. Auditory stimuli were presented via head-
phones. Visual stimuli were presented via MR imaging goggles.

Tb-fMRI Language Paradigms
The tb-fMRI involved 4 standard language paradigms: verbal flu-
ency (VF), silent word generation (SWG), auditory description de-
cision task (ADDT), and auditory category task (ACT) (Table 1).

Rs-fMRI Data Preprocessing
Rs-fMRI images were processed with FSL software (http://www.
fmrib.ox.ac.uk/fsl). Nonbrain regions including the skull were
removed from all structural T1 images by the FSL Brain
Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET)15 with
a fractional intensity threshold of 0.1. Images were motion-cor-
rected using the FSL motion correction of functional images
using the Linear Image Registration Tool (FLIRT; https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FLIRT).16 Data were scrubbed by
removing images showing root mean square relative dis-
placement of .0.25 mm or root mean square absolute dis-
placement of .2.5 mm.17 All scrubbed data were post-
processed using the MELODIC 3.0 tool (https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/MELODIC).18 To eliminate noise due to
slow temporal drifts, we used a high-pass filter with the
default cutoff value 100 seconds (0.01 Hz). Spatial smoothing
was performed by the full width at half maximum Gaussian
kernel of 5 mm. All functional images were linearly coregis-
tered to the structural image using FLIRT16,19 affine trans-
formation with 7 degrees of freedom (df). Later, spatial
registration of fMRI to the high-resolution standard
Montreal Neurological Institute 152 T1 template was per-
formed with 12 df.

Table 1: Language task-based fMRI tasks
Language Task Description (Task and Control Condition)
ADDT Task: decide whether a sentence is true or false and taps leg if correct.

Control: listen to reverse speech and taps leg each time in response to hearing a beep
ACT Task: decide whether a list of words falls into a previously presented category (eg, animals) and taps leg when target

word matches category.
Control: listen to reverse speech and taps leg each time in response to hearing a beep

VF Task: generate words from a series of letters, ie, must generate as many words covertly/silently in head that begin
with a particular letter (5 letters presented per task block via MR imaging goggle system).
Control: constant right hand tapping during each 30-minute control block

SWG Task: generate verbs from a series of nouns, ie, must generate as many verbs covertly/silently from each noun
presented (5 nouns presented per task block via MR imaging goggle system).
Control: constant left hand tapping during each 30-minute control block
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Independent Component Analysis
Single-subject independent component analysis (ICA) was per-
formed to extract language networks from resting-state data. For
each subject, the maximum (mean ¼ 51 [SD, 10]) possible inde-
pendent components (ICs) were extracted. IC spatial maps were
thresholded with the alternative hypothesis tested at a voxel-
based P value. .5 for true activation (signal) versus null (noise).
An automated algorithm was used to select “signal” from “noise”
ICs. First, an expert (N.L.P.) manually hand-labeled IC maps
from 23 subjects as signal or noise based on overlap with gray
matter, number, and dimensions of clusters; extent of overlap
with brain boundaries; and temporal features of the ICs.20

Labeled signal ICs were then used to train the FMRIB ICA-based
X-noiseifier (FIX; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIX) hier-
archical classifier.21,22 Using the study-specific training dataset,
we chose a threshold of 40 for categorizing the ICs in the remain-
ing 20 subjects, accurately based on 2 accuracy parameters: the
highest true-positive rate (proportion of signal components cor-
rectly labeled) and the lowest true-negative rate (proportion of
noise components correctly labeled). The ICs that were selected
as signal by the algorithm were visually inspected to confirm that
they were signal ICs.

To select the language IC from denoised data, we calculated9

Dice coefficients—ie, Dice ¼ jX\Yj
XþY were used to measure the

degree of overlap between ICs and language regions, including
the inferior frontal gyrus, middle temporal gyrus, superior tem-
poral gyrus, angular gyrus, and supramarginal gyrus, identified
using the Willard atlas.23,24 The IC with the highest Dice coeffi-
cient (range, 0–1, with 1 indicating the greatest spatial overlap)
was selected as the language IC for each participant. These com-
ponents were then converted into z score maps using the follow-
ing thresholds: z¼ 1.5, 2.5, and 3 (ie, P¼ .05, .01, and .001).
Visual identification of noise components and subsequent identi-
fication and ranking of language ICs were conducted by 2 authors
(N.L.P. and E.W., k ¼ 0.84), to validate and ensure the accuracy
of the automated procedures described above.

Tb-fMRI Analysis
Tb-fMRI images were processed using Analysis of Functional
Neuro Images (AFNI; http://afni.nimh.nih.gov/afni). Preprocessing
included registering the raw EPI volumes to the EPI base volume,
outlier detection and censoring outlier time points, and section-tim-
ing correction. The images were then smoothed with a 5.0-mm full
width at half maximum Gaussian kernel. For each task, activation
maps were generated using the FSL General Linear Model (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/GLM) analysis.

Language Laterality
The laterality index (LI) was calculated for rs-fMRI and tb-fMRI
data using the standard formula, LI ¼ (Left – Right) / (Left 1
Right),25 where Left and Right are the number of voxels in the
left and right hemispheres in the given ROIs for each threshold,
respectively. The LI values ranged from �1 (right-dominant) to
11 (left-dominant) with a cutoff of60.2. The LIs of selected ICs
from rs-fMRI were calculated at a z-threshold (z¼ 1.5, 2.5, and
3). The LI for tb-fMRI was first calculated at 3 thresholds: t¼ 2
(P¼ .05), t¼ 2.5 (P¼ .01), and t¼ 3.5 (P¼ .001). If laterality

differed across the 3 thresholds for a task, the most common clas-
sification was chosen (eg, if a subject was classified as bilateral on
the ADDT language paradigm at t¼ 2 but left-lateralized at
t¼ 2.5 and t¼ 3.5, he or she was classified as left-lateralized for
the ADDT paradigm). This approach is consistent with that of a
previous study.26

Statistical Analysis
Data were analyzed using SPSS Statistics (Version 26.0; IBM).
Concordance between the 4 tb-fMRI language paradigms and rs-
fMRI at each threshold was calculated using the following: 1) de-
scriptive statistics (frequencies) by laterality (left, right, bilateral),
and 2) the overall agreement rate with 95% CIs. Subgroup analy-
ses were conducted comparing the agreement between rs-fMRI
and tb-fMRI based on scanner type, age (younger than 13 years
of age or 13 years of age or older), sex, side of seizure onset, and
handedness. The agreement between the LI and visual inspection
of rs-fMRI language hemispheric dominance was also assessed.

RESULTS
Language laterality findings for tb-fMRI and rs-fMRI are pre-
sented in Table 2.

Across the 4 language tasks, tb-fMRI suggested left domi-
nance in 80%–90%, right dominance in 2% to 5%, and bilateral
language dominance in 8%–14% of patients. Rs-fMRI suggested
left dominance in 79%–84%, right dominance in 7%, and bilateral
language dominance in 9%–14% of patents, depending on the z-
threshold.

The Online Supplemental Data show concordance between
the 4 language tb-fMRI paradigms and rs-fMRI at each z-thresh-
old. Overall, concordance rates for language laterality between rs-
fMRI and tb-fMRI were highest for the ADDT paradigm and
ranged from 0.73 (95% CI, 0.58–0.87) to 0.70 (95% CI, 0.55–
0.85), with higher concordance rates found at rs-fMRI thresholds
of z¼ 1.5 and z¼ 3, compared with z¼ 2.5. With respect to the
ACT paradigm, concordance was highest with rs-fMRI at a
threshold of z¼ 1.5, with an agreement rate of 0.70 (95% CI,
0.55–0.84). Concordance rates for the VF paradigm were the low-
est of the tb-fMRI paradigms and ranged from 0.64 (95% CI,
0.48–0.80) to 0.65 (95% CI, 0.50–0.80). Last, concordance
between the rs-fMRI and SWG paradigms, which was highest at

Table 2: Language laterality based on resting-state and task-
based fMRI

Study

Laterality

Left Right Bilateral
No. % No. % No. %

Rs-fMRIa

z¼ 1.5 36 84% 3 7% 4 9%
z¼ 2.5 34 79% 3 7% 6 14%
z¼ 3 35 81% 3 7% 5 12%
Tb-fMRIa

ADDT, n¼ 40 36 90% 1 3% 3 8%
ACT, n¼ 43 36 84% 2 5% 5 12%
VF, n¼ 40 32 80% 1 3% 7 18%
SWG, n¼ 42 35 83% 1 2% 6 14%

a LI calculated with a cutoff score 6 0.2.
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the most stringent rs-fMRI threshold of z¼ 3, ranged from 0.69
(95% CI, 0.54–0.84) to 0.66 (95% CI, 0.52–0.8)

Between 78% and 83% of patients identified as left-lateralized
on tb-fMRI were correctly classified as left-lateralized on rs-
fMRI. In contrast, no patients identified as right-lateralized on
tb-fMRI were correctly classified. Instead, all patients were classi-
fied as left-lateralized on rs-fMRI. No patients identified as bilat-
eral on tb-fMRI were classified correctly. Most were classified as
left-lateralized (80%–100%) (Figure), while the rest were classified
as right-lateralized (0%–20%; Online Supplemental Data).

Subgroup analyses showed that there were no significant dif-
ferences in agreement between rs-fMRI and tb-fMRI based on
scanner type, age, sex, side of seizure onset, or handedness (all
P. .05) (Online Supplemental Data).

Concordance between the LI and visual inspection of rs-fMRI
language hemispheric dominance was highest at a threshold of
z¼ 2.5; (0.79; 95% CI, 0.78–0.80), followed by z¼ 3 (0.73; 95%
CI, 0.72–074) and lowest at z¼ 1.5 (0.66; 95% CI, 0.65–0.67).
Four patients identified as left-lateralized on rs-fMRI LI were
classified as bilateral on visual inspection.

DISCUSSION
This study examined the validity of rs-fMRI for predicting lan-
guage laterality in children with DRE by comparing rs-fMRI with
a panel of established tb-fMRI language paradigms. We found
concordance rates of 64%–73% between rs-fMRI and tb-fMRI.
While rs-fMRI correctly identified most patients with left-laterali-
zation, it did not correctly classify those with bilateral or right

dominance. A small group of patents was classified as having lan-
guage dominance in the contralateral hemisphere on rs-fMRI
compared with tb-fMRI. Specifically, all patients classified as
right-lateralized for language on tb-fMRI were classified as left-
lateralized on rs-fMRI, and those who were classified as left-later-
alized on tb-fMRI were right-lateralized on rs-fMRI, albeit the
number of cases was small.

Earlier studies13,14 involving pediatric DRE found higher con-
cordance rates between rs-fMRI and tb-fMRI compared with our
study. Desai et al13 found a concordance rate of 93% in 28 chil-
dren with DRE. Rs-fMRI correctly classified 23 (92%) patients as
left- and 3 (100%) patients as right-lateralized for language.
However, the authors relied on visual inspection by a neuroradi-
ologist to make a clinical judgment regarding the following: 1)
identification of each patient’s rs-fMRI language networks
extracted using ICA, and 2) classification of language laterality on
tb-fMRI and rs-fMRI. Visual inspection of individual ICs is time-
and labor-intensive and potentially less replicable. In contrast, we
have developed an automated approach for selecting signal from
noise ICs and then used a data-driven approach to select the IC
that contained the language network by comparing our signal ICs
with a standard language network template using the Dice coeffi-
cient measure. This approach is automated and can be consis-
tently and objectively applied across studies and clinical samples.
Nath et al14 found a concordance rate of 80% between rs-fMRI
(using a seed-based approach to identify language networks) and
traditional methods of language lateralization (tb-fMRI, intracar-
otid amobarbital procedure, or cortical-stimulation mapping) in
children with epilepsy. Nevertheless, the sample size was small,
and patients with bilateral language lateralization were excluded.
Hence, the results do not extend to children with bilateral lan-
guage lateralization. In addition, language lateralization for tb-
fMRI was based on frontal (Broca) seed regions rather than fron-
tal-temporal seed regions, and only 5 participants had tb-fMRI
data, which was based on only 1 language paradigm (verb genera-
tion). This finding is important because language lateralization
determined across several paradigms is considered more reliable,
especially in those with bilateral lateralization.27

A recent study of adults with DRE11 found that language
dominance was less lateralized on seed-based rs-fMRI data com-
pared with tb-fMRI. The authors also found concordance rates of
between 20% and 63%, with the highest concordance rate found
when using a frontal-temporal mask (compared with just frontal
or temporal) and at the top 10% threshold of connections.11

Furthermore, they showed that the method for calculating LI for
rs-fMRI influenced the classification of language lateralization,
with concordance of dominance classifications ranging from 20%
to 30% for the intrahemispheric LI method and 50%–63% for the
intrahemispheric-minus-interhemispheric difference LI method.
We have used the commonly used intrahemispheric LI method
to evaluate language laterality. While we found higher concord-
ance rates using the intrahemispheric LI approach compared
with Rolinski et al,11 our overall concordance rate was within a
similar range. Rolinski et al also found that 40% of patients who
were left-dominant on tb-fMRI showed bilateral language domi-
nance on rs-fMRI. While we found similar numbers of bilateral
language dominance on rs-fMRI relative to tb-fMRI, all of those

FIGURE. An 11-year-old child (A and B) with left-lateralized language
on tb-fMRI and bilateral language on rs-fMRI. A 14-year-old adoles-
cent (C and D) with bilateral language on tb-fMRI and left-lateralized
language on rs-fMRI.
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that were found to have bilateral dominance on rs-fMRI were
left-lateralized on tb-fMRI, and most who were bilateral-domi-
nant on tb-fMRI were left-lateralized on rs-fMRI.

In our study, the concordance rate between rs-fMRI and tb-
fMRI was variable, depending on the tb-fMRI language para-
digm, with the highest concordance rates found for ADDT. Most
previous studies have compared rs-fMRI with just 1 language
paradigm.

However, different language paradigms have been shown to
activate different brain regions, possibly accounting for the vari-
able concordance rates. The ADDT is the most reliable activator
of the frontal (inferior frontal gyrus, prefrontal cortex) and tem-
poral (superior and middle temporal gyri) language networks,28

possibly explaining the higher concordance rate found in our
study. In contrast, the remaining language paradigms were largely
frontal- or temporal-dominant tasks. Our results highlight the
need to validate rs-fMRI against a battery of tb-fMRI language
paradigms in research as well as clinical practice because results
may vary.

This study has important clinical implications for the use of
rs-fMRI in presurgical planning for children with DRE. There is a
growing trend of using rs-fMRI to lateralize language in patients
who are not cooperative or may require light sedation. We found
that there was greater agreement with typical language lateraliza-
tion but high discordance for atypical language lateralization with
tb-fMRI. Our findings suggest that rs-fMRI should not be used
as the sole method for lateralizing language in uncooperative
or sedated patients in clinical practice and should not replace
tb-fMRI for lateralizing language. Further work is required to
compare rs-fMRI language lateralization with the intracaro-
tid amobarbital procedure and to validate our findings across
institutions.

The 2 commonly used methods for analyzing rs-fMRI to later-
alize language are ICA9,12,13,29 or seed-based11 approaches. ICA is
data-driven and can be performed without any a priori assump-
tions. A disadvantage of the ICA approach is that individual IC
maps may not depict the entirety of a network if the ICA order is
too high—that is, splitting of a network into subnetworks tends
to occur at a high ICA order. It is possible that different ICs
depicted right- and left-lateral aspects of the language network.
We have used the IC with the highest Dice coefficient as the
language IC, which could potentially have failed to identify addi-
tional ICs that represent language subnetworks, thereby misclas-
sifying language laterality. However, this approach has been used
by several investigators for assessing language IC.3,12,29 Branco et
al9 have extracted a mean of 66.3 ICs, which was higher than the
number of ICs in our study, and showed that for each subject, 1
IC was identified as the language component with high confi-
dence by an expert. They also found that there was good agree-
ment between the IC with the highest ranked Dice coefficient and
the expert-selected language component. The main advantage of
a seed-based approach is that the computation is simple and the
interpretation of the results is intuitive.30 However, the position
of the seed region could affect the resulting patterns of the func-
tional system such as the language network. Studies using a seed-
based approach have reported lower concordance rates compared
with those using the ICA approach. However, there has been no

direct comparison of ICA and seed-based methods. Future study
comparing different methods of analyzing rs-fMRI, including-
but-not-limited-to seed-based and ICA approaches, may clarify
the optimum approach for language lateralization using rs-fMRI.

We compared rs-fMRI with tb-fMRI as the reference stand-
ard, but there are limitations with tb-fMRI. A meta-analysis
found that tb-fMRI correctly classified 94% of patients with epi-
lepsy as having typical language lateralization based on the intra-
carotid amobarbital procedure, but only 51% of patients were
correctly classified as having atypical language lateralization.31

Hence, tb-fMRI works well when patients have typical language
lateralization but not when patients have atypical language later-
alization. While it would have been ideal to compare rs-fMRI
with the intracarotid amobarbital procedure (the criterion stand-
ard) or electrophysiologic mapping with intracranial electrodes,
both procedures are performed only occasionally in clinical prac-
tice in children with DRE. Hence, we were unable to compare
with these 2 methods in the current study. We considered the
whole language network, but a portion of patients with epilepsy
are known to demonstrate cross-dominant language laterality
and, thus, discordant lateralization between expressive and recep-
tive language regions. This finding could impact calculation of
the LI and, therefore, concordance between rs-fMRI and tb-
fMRI. The language network in the Willard atlas does not include
secondary language areas such as the dorsolateral prefrontal cor-
tex, presupplementary motor area, visual word form area, and
basal temporal language area. Hence, these areas were not consid-
ered when assessing language laterality, which may potentially
impact subsequent classification of hemispheric dominance.
Future studies assessing language laterality with rs-fMRI should
consider using a language template that incorporates secondary
language areas. Finally, we did not consider the dynamic func-
tional connectivity of rs-fMRI, which would have accounted for a
time-varying language network connectivity and may impact LI
assessment. Hence, both static and dynamic functional connec-
tivity of language networks should be evaluated in future studies
determining language lateralization.

CONCLUSIONS
The current study found only modest concordance of rs-fMRI
with tb-fMRI in determining language lateralization in children
with DRE. While accuracy rates were reasonably high when chil-
dren were left-lateralized for language, rs-fMRI was poor at cor-
rectly lateralizing language in children who had atypical language
dominance compared with tb-fMRI as the reference standard. As
such, based on the findings of the current study, caution is rec-
ommended if using rs-fMRI to lateralize language function in
children with DRE undergoing presurgical evaluation. Further
studies comparing rs-fMRI with the intracarotid amobarbital
procedure or electrophysiologic mapping, as well as addressing
the limitations of the current study, are required to confirm the
use of rs-fMRI in presurgical mapping of children with epilepsy.
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ORIGINAL RESEARCH
HEAD & NECK

Comparison of Readout-Segmented Echo-Planar Imaging and
Single-Shot TSE DWI for Cholesteatoma Diagnostics

M. Wiesmueller, W. Wuest, M.S. May, S. Ellmann, R. Heiss, M. Saake, R. Janka, M. Uder, and F.B. Laun

ABSTRACT

BACKGROUND AND PURPOSE: The high diagnostic value of DWI for cholesteatoma diagnostics is undisputed. This study compares
the diagnostic value of readout-segmented echo-planar DWI and single-shot TSE DWI for cholesteatoma diagnostics.

MATERIALS AND METHODS: Thirty patients with newly suspected cholesteatoma were examined with a dedicated protocol,
including readout-segmented echo-planar DWI and single-shot TSE DWI at 1.5T. Acquisition parameters of both diffusion-weighted
sequences were as follows: b=1000 s/mm,2 axial and coronal section orientations, and section thickness of 3mm. Image quality was
evaluated by 2 readers on a 5-point Likert scale with respect to lesion conspicuity, the presence of susceptibility artifacts mimick-
ing cholesteatomas, and overall subjective image quality. Sensitivity and specificity were calculated using histology results as the
gold standard.

RESULTS: Twenty-five cases of histologically confirmed cholesteatomas were included in the study group. Lesion conspicuity was higher
and fewer artifacts were found when using TSE DWI (both P, .001). The overall subjective image quality, however, was better with read-
out-segmented DWI. For TSE DWI, the sensitivity for readers 1 and 2 was 92% (95% CI, 74%–99%) and 88% (95% CI, 69%–97%), respec-
tively, while the specificity for both readers was 80% (95% CI, 28%–99%). For readout-segmented DWI, the sensitivity for readers 1 and 2
was 76% (95% CI, 55%–91%) and 68% (95% CI, 46%–85%), while the specificity for both readers was 60% (95% CI, 15%–95%).

CONCLUSIONS: The use of TSE DWI is advisable for cholesteatoma diagnostics and preferable over readout-segmented DWI.

ABBREVIATIONS: rsDWI ¼ readout-segmented echo-planar DWI; tseDWI ¼ TSE DWI

Cholesteatoma is a common non-neoplastic disease in otology,
characterized by collections of trapped keratinous debris

within a sack of stratified epithelium, typically found in the middle
ear and capable of causing a progressive inflammatory process.1

Clinical complications include the destruction of adjacent bone
and ossicular structures, which can lead to conductive or senso-
neuronal hearing loss.2,3 Cholesteatoma is commonly treated with

surgery, ranging from focal excision to radical mastoidectomy.4 A
second-look surgery procedure is typically performed within the
first 2 years after the initial surgery to identify residual or recurrent
cholesteatoma foci. Unlike canal wall down mastoidectomy, visual
inspection of canal wall up mastoidectomy can be challenging;
hence, a reliable diagnostic imaging tool is desirable for accurate
follow-up diagnosis and treatment.5–7 Preoperative high-resolution
CT is the method of choice for the detection of osseous disintegra-
tion and is sufficient for diagnosis; however, for recurrent choles-
teatoma after surgery, its role may be more limited.8 MR imaging
is suitable for the assessment pre- and postsurgery using DWI and
delayed postcontrast T1-weighted spin-echo imaging, which ena-
ble differentiation between keratinous debris and noncholestea-
toma findings such as granulation tissue or scar.9

The value of DWI in cholesteatoma diagnostics was initially

shown using echo-planar DWI sequences.10-12 Alternative

approaches have been proposed for cholesteatoma diagnostics

such as diffusion-sensitized driven-equilibrium DWI13 and

PROPELLER TSE DWI (tseDWI).14 Notably, tseDWI techniques

introduce radiofrequency refocusing pulses between the k-space
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lines and are, therefore, not able to easily fulfill the Carr-Purcell-

Meibom-Gill Sequence condition if diffusion encoding is

applied—an issue that must be addressed in the sequence

design and essentially often degrades the image quality.15

Nonetheless, several studies have suggested single-shot

tseDWI to be superior in terms of diagnostic accuracy com-

pared with single-shot echo-planar DWI.16-18 The image

quality of EPI in the temporal region is often degraded due to

the inhomogeneous magnetic environment at the skull base.

Moreover, regions adjacent to bone- or air-filled spaces can

artificially appear hyperintense, which can be misleading and

result in false-positive findings.
Readout-segmented echo-planar DWI (rsDWI)19 as a deriva-

tive of conventional echo-planar DWI can be used to minimize
the geometric distortions to improve both image quality and
diagnostic accuracy.20,21 In a recently published work by Algin et
al,21 rsDWI proved to be superior to single-shot EPI sequences
for cholesteatoma diagnostics. Hence, this study sought to com-
pare rsDWI and tseDWI, focusing on image quality and perform-
ance in cholesteatoma diagnostics.

MATERIALS AND METHODS
Patient Population and Study Procedure
On the basis of the findings of a clinical assessment performed by
a consultant physician for otorhinolaryngology, only patients
with a newly suspected cholesteatoma were prospectively
included into this study. In total, 30 patients underwent MR
imaging to detect cholesteatoma and to evaluate its extension.

Patients with contraindications for MR
imaging (such as a pacemaker, metal frag-
ments, unsuitable implants, or claustro-
phobia) were excluded. All patients
underwent an surgery after their respec-
tive MR imaging examinations, and histo-
logic findings served as the gold standard
for the presence of a cholesteatoma.
Institutional review board approval was
obtained, and all patients gave written
informed consent.

Image Acquisition
All MR imaging examinations were per-
formed on a 1.5T MR imaging scanner
(Magnetom Aera; Siemens) with a dedi-
cated 20-channel head and neck coil using
a routine examination protocol for choles-
teatoma and additional rsDWI sequences
as stated below.

Our routine examination protocol for
cholesteatoma of the temporal region
consists of a T1-weighted sequence in
axial-section orientation with a 2-mm sec-
tion thickness; a T2-weighted CISS
sequence in axial-section orientation with
an isotropic 0.8-mm voxel size; and a

postcontrast T1-weighted sequence with spectral fat saturation in
axial- and coronal-section orientations, each with a 2-mm section
thickness. The complete neurocranium was imaged with a T2-
weighted FLAIR sequence in an axial-section orientation with a
5-mm section thickness.

A HASTE DWI sequence (tseDWI) and a rsDWI (readout
segmentation of long variable echo trains19) sequence of the tem-
poral region were measured in axial- and coronal-section orienta-
tions (see Table 1 for detailed sequence parameters). The tseDWI
sequence is part of our institution’s routine cholesteatoma proto-
col. The rsDWI sequence was added at the end of the protocol.
The vendor-provided prescan normalize option was used for
both DWI sequences to correct for spatially varying coil-sensitiv-
ity profiles and to ensure homogeneous image signal intensity.
The tseDWI was interpolated to a doubled matrix size using the
vendor-provided standard settings.

Image Analysis
The image analysis was independently performed by 2 experi-
enced radiologists (reader 1 with 6 years of experience and reader
2 with 9 years of experience in head and neck MR imaging,
respectively) who were blinded to information on patient status
and additional imaging data. First, each reader evaluated only
tseDWI data in a random order. Then, a few days later, rsDWI
data were assessed in a different order to avoid recall bias. In the
readers’ opinions, if both ears were affected, further documenta-
tion referred to only the left ear. The histopathologic reference
was unknown at the time of assessment.

Both readers rated the image quality for each of the 4 diffu-
sion-weighted sequences (ie, tseDWI axial, tseDWI coronal,

Table 1: DWI sequence parameters
Sequence tseDWI rsDWI

TR (ms) 2000 4000
TE (ms) 103 66 (and 91 for

phase-correction scan)
Voxel size (mm3) 1.1� 1.5� 3 1.4� 1.4� 3
FOV (mm2) 220 230
FOV in-phase direction 100% 65%
Phase direction Anterior-posterior (axial),

right to center (coronal)
Right to center
(axial and coronal)

Phase resolution 75% 100%
Partial Fourier 50% (phase) 87.5% (readout)
Matrix 192� 144 160� 104
Section distance 10% 10%
No. of slices 13 (axial)

11 (coronal)
13 (axial)
11 (coronal)

Parallel imaging GRAPPA�2 GRAPPA�2
Bandwidth (Hz/pixel) 554 977
Echo spacing (ms) 4.48 0.36
Readout segments 1 5
Flip angle 150° 180°
b-values (s/mm2) 1000 0, 1000
Averages 10 1 (for b=0 s/mm2),

2 (for b=1000 s/mm2)
Diffusion mode 3D diagonal 4-scan trace
Diffusion scheme Bipolar Bipolar
Acquisition time (minute:second) 4:22 (axial), 3:42 (coronal) 3:06

Note:—GRAPPA indicates generalized autocalibrating partially parallel acquisition.
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rsDWI axial, and rsDWI coronal) using the following categories
on a 5-point Likert scale:

1) Prominence of geometric image distortions in the relevant
temporal region, ie, inner ear, middle ear, and outer auditory
canal (1 ¼ very strong, 2 ¼ strong, 3 ¼ medium, 4 ¼ small, and
5¼ negligible).

2) Prominence of ghosting artifacts in the relevant temporal
region (1¼ very strong, 2 ¼ strong, 3 ¼ medium, 4 ¼ small, and
5¼ negligible).

3) Prominence of signal voids or other artifacts in the relevant
temporal region (1 ¼ very strong, 2 ¼ strong, 3 ¼ medium, 4 ¼

small, and 5 ¼ negligible)—notably, sig-
nal voids might originate from pulsatile
motion.

4) Presence of bright-appearing
regions that might be mistaken for a
true lesion (1 ¼ present and not distin-
guishable from a true lesion, 2¼ present
and hardly distinguishable from the true
lesion, 3 ¼ present but clearly distin-
guishable, 4 ¼ hardly present, and 5 ¼
not present).

5) Subjective rating of image resolu-
tion (1 ¼ very low, 2 ¼ low, 3 ¼ me-
dium, 4¼ good, and 5¼ very good).

Additionally, the readers evaluated
the diagnostic properties of the datasets
(ie, lesion conspicuity) as follows, also
using a 5-point Likert scale:

6) Lesion conspicuity (1 ¼ very bad,
2 ¼ bad, 3 ¼ medium, 4 ¼ good, 5 ¼
very good). Each reader provided 1 rat-
ing each for the axial and coronal data-
sets, respectively.

Then, the readers rated the 2 tseDWI
datasets (axial and coronal combined)
and the 2 rsDWI datasets (axial and cor-
onal combined):

7) Diagnostic confidence (1 ¼ very
low, 2 ¼ low, 3 ¼ medium, 4 ¼ high,
and 5¼ very high).

8) Each reader had to decide whether
a cholesteatoma was present or not (yes/
no). This decision was made on the basis
of the signal intensity in a supposed
lesion relative to that of the adjacent
brain tissue. The decision was “yes” if a
hyperintense signal could be detected
and “no” otherwise.

Subsequently, in a second independ-
ent assessment cycle, tseDWI and
rsDWI data were simultaneously
compared. The readers rated the 2
tseDWI datasets (axial and coronal
combined) versus the 2 rsDWI data-
sets (axial and coronal combined)
regarding the following:

9) Lesion conspicuity when comparing tseDWI versus rsDWI
(2 ¼ much better with tseDWI, 1 ¼ better with tseDWI, 0 ¼
equal, �1 ¼ better with rsDWI, and �2 ¼ much better with
rsDWI).

10) Subjective diagnostic confidence (2 ¼ much better with
tseDWI, 1 ¼ better with tseDWI, 0 ¼ equal, �1 ¼ better with
rsDWI, and�2¼much better with rsDWI).

Statistics
Statistical analysis was performed individually for each reader
and for each image dataset, calculating (separately for the 2

FIG 1. Histograms displaying Likert scale scores ranging from 1 (worst) to 5 (best) points. The his-
tograms show the combined frequencies of both readers. The frequencies of axial and coronal
images were added.
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groups of patients with histologically proved cholesteatomas
and no cholesteatomas, respectively) the sensitivity and spec-
ificity with 95% confidence intervals using the Clopper-
Pearson method. Furthermore, the McNemar test was
performed to compare the 2 MR imaging sequences per these

measures of diagnostic accuracy,
while interrater agreement was eval-
uated using the Cohen k value; in this
context, k was interpreted as follows:
0 ,k � 0.2 indicated slight agree-
ment, 0.2 ,k � 0.4 indicated fair
agreement, 0.4 ,k � 0.6 indicated
moderate agreement, 0.6 ,k � 0.8
indicated substantial agreement, 0.8
,k � 1.0 indicated almost perfect
agreement, and k ¼ 1 indicated
perfect agreement. A comparison
between tseDWI and rsDWI ratings
was performed using a nonpara-
metric Wilcoxon rank sum test.
Significance was accepted for P val-
ues , .05. Statistical analysis was
performed using SPSS Statistics,
Version 24 (IBM) and R statistical
and computing software, Version
3.5.3 (http://www.r-project.org/).

RESULTS
Patient Population
The study population consisted of 13
female and 17 male patients with a mean
age of 46 (SD, 16) years (range, 18–
79 years). Twenty-five of the 30 included
patients (83%) were diagnosed with cho-
lesteatoma after surgical excision and his-
topathologic confirmation, with 22 of 25
patients (88%) with unilateral cholestea-
toma and 3 patients with bilateral choles-
teatoma (12%). The mean lesion

diameter was 0.6 (SD, 0.4) cm (median, 0.5 cm; range, 0.1–1.6 cm).

Diagnostic Performance
Regarding the 25 patients with cholesteatoma, reader 1 found 23
cholesteatomas with tseDWI and 19 with rsDWI, with 18 being

Table 2: Likert score evaluation per reader

Category Coronal/Axial

tseDWI (Likert Categories
4 and 5)

rsDWI (Likert Categories
4 and 5)

Mean Difference
(tseDWI and rsDWI)

Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2
1) Geometric image distortion Cor 97% 97% 0% 0% 1.9 2
1) Geometric image distortion Ax 93% 93% 17% 13% 1.5 1.5
2) Ghosting artifacts Cor 100% 100% 100% 100% 0 0
2) Ghosting artifacts Ax 100% 100% 100% 100% 0 0
3) Signal voids or other artifacts Cor 100% 100% 100% 100% 0 0
3) Signal voids or other artifacts Ax 100% 100% 100% 100% 0 0
4) Bright-appearing region Cor 97% 97% 0% 0% 2 2
4) Bright-appearing region Ax 100% 100% 13% 13% 1.7 1.8
5) Subjective image resolution Cor 3% 3% 90% 90% –1.6 –1.7
5) Subjective image resolution Ax 3% 3% 90% 93% –1.5 –1.6
6) Lesion conspicuity Cor 97% 93% 33% 23% 1.6 1.7
6) Lesion conspicuity Ax 90% 90% 20% 17% 1.5 1.5
7) Diagnostic confidence Cor/Ax 93% 93% 7% 3% 1.8 1.8

Note:—Cor indicates coronal; Ax, axial.

FIG 2. Images of a 20-year-old patient with a left-sided cholesteatoma (white arrows). A,
tseDWI. B, rsDWI. The lesion can be seen clearly in tseDWI and rsDWI. It is, however, not spheric
in the coronal rsDWI but rather is elongated and tilted due to image distortions in phase direc-
tions. Field inhomogeneities generate a bright spot in the rsDWI that might be mistaken for a
lesion (arrowheads). The tseDWI displayed in A is more blurred than the rsDWI and shows less
contrast in the brain. For example, unlike in the rsDWI, both white matter and gray matter are
not discernible in the tseDWI.
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concordantly found with both sequences. The sensitivity for
tseDWI and rsDWI in this case was 92% (95% CI, 74%–99%) and
76% (95% CI, 55%–91%) (McNemar P¼ .22). Reader 2 correctly
found 22 cholesteatomas with tseDWI and 17 with rsDWI, with
16 being concordantly found with both sequences. The sensitivity
for tseDWI and rsDWI was 88% (95% CI, 69%–97%) and 68%
(95% CI, 46%–85%) (McNemar P= .13).

Regarding the 5 patients without cholesteatomas, reader 1
negatively diagnosed 4 patients by tseDWI; 3 patients were ulti-
mately also classified correctly by rsDWI, leading to specificities
of 80% (95% CI, 28%–99%) and 60% (95% CI, 15%–95%), respec-
tively (McNemar P¼ 1). Reader 2 classified 2 patients concord-
antly correctly negative with both sequences. Meanwhile, 2
patients were correctly classified with tseDWI but not with
rsDWI, and 1 patient was correctly classified by rsDWI but not
by tseDWI. Thus, the specificity for tseDWI was 80% (95% CI,
28%–99%), and for rsDWI, it was 60% (95% CI, 15%–95%)
(McNemar P¼ 1).

The overall agreement between both readers concerning the
presence of a cholesteatoma was 97% (k ¼ 0.9) for tseDWI and
87% (k ¼ 0.7) for rsDWI, respectively.

Likert Score Ratings
Frequencies of Likert scores per
category are summarized in Fig 1
and Table 2. Relevant ghosting arti-
facts and signal voids were not
observed by the readers for both
rsDWI and tseDWI. rsDWI out-
performed tseDWI only in terms of
the subjective image resolution,
while tseDWI performed much
better in terms of handling image
distortions and lesion conspicuity.
For rsDWI, the readers more fre-
quently observed the presence of
bright-appearing regions outside
the lesion that might be mistaken
for a true lesion. The diagnostic
confidence was higher for tseDWI.
Representative images are provided
in Figs 2–4.

Figure 5 shows the comparative
reader evaluations performed with
possible Likert scores ranging from
–2 to 2 points (categories 9 and 10).
Notably, tseDWI always performed
equal to or even better than rsDWI;
the readers assigned better lesion
conspicuity in 91% of cases and
better diagnostic confidence in 95%
of cases for tseDWI, respectively.

The differences between tseDWI
and rsDWI were significant
(P, .001) in all cases, ie, for all
section orientations and both
readers, except with regard to
signal voids and ghosting arti-

facts (P = 1). Table 3 summarizes the k values. A moderate-
to-perfect degree of interreader agreement was observed
for all evaluations.

DISCUSSION
In this study, we found that single-shot tseDWI outperformed
rsDWI with respect to diagnostic performance, lesion conspicu-
ity, the presence of false-positive findings, and subjective diagnos-
tic confidence for imaging cholesteatomas. tseDWI showed
greater sensitivity and specificity compared with rsDWI, albeit
without verifiable statistical significance. Notably, the better sub-
jective image resolution of rsDWI did not translate into a gener-
ally improved level of performance in comparison with tseDWI.
So far, to our knowledge, only a few studies have evaluated the
impact of rsDWI in cholesteatoma diagnostics.

The reductions in susceptibility artifacts that we observed
with tseDWI in comparison with rsDWI are in line with the tech-
nical considerations that can be made for the 2 sequences. For
multishot EPI, the susceptibility-induced distortion is
DrEPI ¼ tline�D�

Nshot
� FoVphase, with the acquisition duration of 1 k-

space line reflected as tline, the susceptibility-induced off-

FIG 3. Images of a 55-year-old patient with a left-sided cholesteatoma (white arrows). A, tseDWI. B,
rsDWI. The lesion can be seen clearly in the tseDWI. In the rsDWI, however, the lesion is displayed
with reduced contrast and is hardly visible; therefore, both readers did not diagnose a cholesteatoma
in this case in the rsDWI dataset. Again, a bright spot is present in the coronal rsDWI next to the tem-
poral bone on the right side due to field inhomogeneities, which might be mistaken for a true lesion
(arrowhead).
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resonance stated as D�, and the number of shots represented as
Nshot.

22 This relation highlights the advantage of multishot EPI
techniques in comparison with single-shot EPI, for which
Nshot ¼ 1. Meanwhile, the susceptibility-induced distortion in
tseDWI is DrtseDWI ¼ tline�D�

Nvoxel; read
� FoVread, with the number of

voxels in the read direction being Nvoxel; read:
23 Because

Nvoxel; read is less than Nshot in our setting, the image distortions
for tseDWI are technically expected to be much smaller than
those for rsDWI. We used a longer TE value for tseDWI
(103ms), which might explain the better visibility of lesions
assessed with tseDWI than with rsDWI. This setting for rsDWI
was chosen using the vendor-provided standard option for
rsDWI, which minimizes the TE and is not variable. This contrast

issue might be addressed by prolonging
the TE for rsDWI, but this would not
solve the problem of false-positive
hyperintense susceptibility artifacts due
to adjacent bone and air interfaces in
the temporal region in rsDWI. These
are caused by field inhomogeneities and
do not depend on TE.22

We could not confirm the high sen-
sitivity and specificity values for rsDWI
reported by both Fischer et al24 and
Algin et al.21 In contrast to in our study,
Algin et al used longer TEs for rsDWI
(91–124 versus 66 ms). This might
increase the T2 hyperintense signal of
cholesteatomas, which could possibly
lead to a higher detection rate.25

Another difference that might explain a
higher detection rate is the greater size
of cholesteatomas in their study group
(median, 0.8 versus 0.5 cm). Because we
were not able to track and compare all
sequence parameters and lesion sizes of
Fischer et al and Algin et al, we found it
difficult to make statements on the ori-
gin of the observed differences.

Dudau et al26 recently conducted a
similar study comparing tseDWI and
rsDWI, and several of their findings are
in line with ours. In particular, these
authors reported a good overall agree-
ment between the 2 sequences with sim-
ilar levels of diagnostic performance for
rsDWI and tseDWI (positive predictive
value = 93% versus 92.5%, negative pre-
dictive value = 70% versus 80%), while
we observed a drop in the diagnostic
performance for the rsDWI sequence.
Furthermore, concerning discrepancies
between tseDWI and rsDWI, they found
a greater proportion of false-negative
results for rsDWI, which is in line with
our results. Many of the settings that
Dudau et al used are quite similar to

ours (eg, same scanner, sequence, similar TEs). They used a
smaller voxel size for rsDWI acquisitions than we did
(1.2� 1.2� 2mm3 versus 1.4� 1.4� 3mm3). This may have
been beneficial during imaging because it reduces partial vol-
ume effects and thus can make small lesions appear brighter.
However, they did not report the lesion sizes, which might be
different from those in our study. Moreover, their main
detection criterion was also the presence of signal hyperin-
tensity, but perhaps, they also used a better reading strategy,
potentially classifying smaller hyperintensities as lesions. On
the one hand, this could indicate that an improvement of our
reading strategy might be possible, while on the other, it
might also indicate that the diagnostic performance of

FIG 4. Images of a 38-year-old patient with a recurrent cholesteatoma (white arrows). A stapes
prosthesis implant caused major image distortions in the rsDWI (arrowheads).

FIG 5. Histograms displaying the scores obtained with Likert scores ranging from �2 (rsDWI
much better than tseDWI) to 2 points (tseDWI much better than rsDWI). The histograms show
the added frequencies of both readers.
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tseDWI is more robust when used in different centers and
that its use would thus be recommendable.

As stated above, tseDWI revealed more true-positive findings
compared with rsDWI, but we also observed false-negative findings
within the tseDWI datasets. In the literature, this deficiency is
reported to be due to motion artifacts or empty retraction pock-
ets.27,28 According to histopathologic results, all patients with false-
negative MR imaging results in our study had only residual portions
of cholesteatomas measuring,2mm. This is in line with the results
published by De Foer et al,17 who proposed 2mm as a size limit for
accurate diagnosis when using single-shot tseDWI. Furthermore,
the lack of a clear visualization of anatomic landmarks in single-
shot tseDWI sequences can be considered a major limitation that
could prevent the exact spatial description of a cholesteatoma in the
temporal bone.17 Thus, a substantially better depiction of anatomic
details would potentially help to overcome this diagnostic limitation,
especially in patients with residual cholesteatoma before second-
look surgery. In 2 recently published studies, it has been shown that
coregistration of DWI data with CT or T2-weighted cisternography
may help in this regard.29,30 In theory, a promising approach would
be rsDWI, with its better ability to depict anatomic details—if the
drawbacks described in our study can be overcome.

Several possibilities exist to achieve further improvement in
the performance of the rsDWI sequence, which aims to reduce the
susceptibility-induced artifacts. The use of higher parallel imaging
acceleration factors might become possible with the use of head
coils with 64, 96, or more channels,31 which could reduce suscepti-
bility-induced image distortions. These distortions might also be
reduced by involving postprocessing schemes.32 We used a scanner
with a maximal gradient strength of 40mT/m; in comparison,
newer whole-body scanners can provide values of 80mT/m, while
dedicated head scanners offer 300mT/m of gradient strength.33

Using such systems might allow very high-acquisition bandwidths,
which could decrease the severity of susceptibility-induced image
distortions. Also, a further approach to minimize such distortions
may be the use of reduced-FOV excitations.34,35

In our setting, the acquisition time of the rsDWI sequence was
shorter than that of the routine tseDWI sequence. Most important,
we used the vendor-provided setting for tseDWI, which involves
the acquisition of 10 averages and prolongs the acquisition time
more than the acquisition of multiple segments with rsDWI (n=5
in our study).

Our study has several limitations. A quantitative evaluation of
imaging features such as the signal-to-noise ratio was not per-
formed. With multichannel coils, an evaluation of the signal-to-
noise ratio would have necessitated the acquisition of .1 dataset
for each setting,36 which contrasted with our desire to limit the
total acquisition time. Furthermore, we did not run a quality-
assurance program with dedicated phantoms 37 during the study,
and we did not evaluate computed b-value images, possibly con-
stituting additional steps to improve the final diagnostic
performance.38

CONCLUSIONS
In cholesteatoma diagnostics, the use of single-shot tseDWI is
recommended instead of echo-planar rsDWI.
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ORIGINAL RESEARCH
HEAD & NECK

Optimal Duration of MRI Follow-up to Safely Identify
Middle Ear Residual Cholesteatoma

A.-L. Fourez, M. Akkari, G. Gascou, P.-H. Lefevre, C. Duflos, A. Kaderbay, M. Mondain, and F. Venail

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have demonstrated the usefulness of non-EPI DWI for detection of residual cho-
lesteatoma. However, limited data are available to determine the suitable duration of imaging follow-up after a first MR imaging
with normal findings has been obtained. The present study aimed to determine the optimal duration of non-EPI DWI follow-up for
residual cholesteatoma.

MATERIALS AND METHODS: A retrospective, monocentric study was performed between 2013 and 2019 and included all participants
followed up after canal wall up tympanoplasty with at least 2 non-EPI DWI examinations performed on the same 1.5T MR imaging scan-
ner. MR images were reviewed independently by 2 radiologists. Sensitivity and specificity values were calculated as a function of time af-
ter the operation. Receiver operating characteristic curves were analyzed to determine the optimal follow-up duration.

RESULTS: We analyzed 47 MRIs from 17 participants. At the end of the individual follow-up period, a residual cholesteatoma had
been found in 41.1% of cases. The follow-up duration ranged from 20 to 198months (mean, 65.9 [SD, 43.9]months). Participants
underwent between 2 and 5 non-EPI DWI examinations. Analyses of the receiver operating characteristic curves revealed that the
optimal diagnostic value of non-EPI DWI occurred 56months after the operation when the first MR imaging performed a mean of
17.3 (SD, 6.8) months after the operation had normal findings (sensitivity ¼ 0.71; specificity ¼ 0.7, Youden index ¼ 0.43).

CONCLUSIONS: Repeat non-EPI DWI is required to detect slow-growing middle ear residual cholesteatomas. We, therefore, recom-
mend performing non-EPI DWI for at least the first 5 years after the initial operation.

The development of DWI has profoundly changed the man-
agement of middle ear cholesteatomas. An increasing num-

ber of surgeons no longer systematically perform second-look
surgery, and MR imaging follow-up is performed if revision sur-
gery is not needed to treat conductive hearing loss. Numerous
studies have evaluated the sensitivity and specificity of EPI DWI
and non-EPI DWI sequences for the detection of residual choles-
teatoma. Non-EPI DWI sequences offer the best sensitivity and
specificity and are suitable for the detection of residual cholestea-
tomas as small as 2mm.1 A recent meta-analysis of 26 studies
concerning non-EPI DWI showed a pooled sensitivity and

specificity of 0.91 (95% CI, 0.87–0.95) and 0.92 (95% CI, 0.86–
0.96), respectively.1 Another meta-analysis reported a similar
pooled sensitivity and specificity of 0.89 (95% CI, 0.52–0.99) and
0.93 (95% CI, 0.81–0.98), respectively.2

However, data on the diagnostic value of non-EPI DWI
sequences regarding the optimal timing after the initial operation
remain limited. Lingam et al3 reported a sensitivity of 0.91 (95%
CI, 0.79–0.97) and a specificity of 0.88 (95% CI, 0.69–0.97) with a
median time to MR imaging of 5.4 months after the operation.
Khemani et al4 found a sensitivity of 0.82 (95% CI, 0.63–0.94)
and a specificity of 0.90 (95% CI, 0.55–1.00) when MR imaging
was performed 10–24months after the operation.

Most authors agree that imaging follow-up should not start
,12months postsurgery,5-8 to reduce the number of false-nega-
tives due to residual cholesteatomas measuring ,2mm.9

Nevertheless, the optimal duration of follow-up necessary to
exclude the existence of a residual cholesteatoma if the findings
of the first MR imaging are considered normal is unclear. In a
recent retrospective series, follow-up non-EPI DWI detected re-
sidual cholesteatoma in 12 of 88 patients only after a mean inter-
val of 3.8 years after the initial cholesteatoma surgery (median,
3.7 years; range, 1.6–7.9 years).10 Pai et al10 suggested that
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imaging follow-up should be performed for a minimum of
5 years postoperatively, without defining how this was calculated.

To provide more information on the optimal imaging follow-
up duration, we describe the long-term follow-up imaging of par-
ticipants with $2 non-EPI DWI examinations for residual mid-
dle ear cholesteatoma. The sensitivity and specificity values were
calculated as a function of the duration of the follow-up, and the
receiver operating characteristic curves were analyzed to deter-
mine the optimal follow-up time.

MATERIALS AND METHODS
Design and Settings
This retrospective, monocentric study was performed in the Ear,
Nose, and Throat Department of University Hospital Gui de
Chauliac tertiary referral center, with approval from the local ethics
committee of our institution (IRB-MTP_2020_04_202000448).
Data were collected from participants regularly followed up
between January 2003 and December 2019 in our department.

Participants assessed in this study were regularly followed up
for middle ear cholesteatoma and underwent $2 non-EPI DWI
examinations, which were performed with the same 1.5T MR
imaging scanner. All participants underwent canal wall up tym-
panoplasty. Those with incomplete removal of the cholesteatoma
during the first operation or congenital cholesteatomas, or those
having undergone tympanoplasty with the canal wall down tech-
nique without reconstruction or in whom residual cholesteatoma
was suspected on the first MR imaging follow-up were not con-
sidered for the study.

All MRIs were performed in the neuroradiology department
using a 1.5T scanner with a standard head coil. We used the fol-
lowing protocols: axial TSE T2-weighted sequences (TR ¼ 4.56
seconds; TE ¼ 0.097 seconds; section thickness ¼ 5mm; mat-
rix ¼ 426 � 448; FOV ¼ 230mm; total duration 1 minute 2.4
seconds); 3D CISS sequences (TR ¼ 0.01 seconds; TE ¼ 0.005
seconds; section thickness ¼ 0.7mm; matrix ¼ 350 � 448;
FOV ¼ 210mm; total duration ¼ 6 minutes 28.2 seconds); coro-
nal spin-echo T1-weighted sequences (TR ¼ 0.5 seconds; TE ¼
0.009 seconds; section thickness ¼ 2mm; matrix ¼ 128 � 128;
FOV ¼ 190mm; total duration ¼ 2 minutes 25.8 seconds); and
axial HASTE DWI sequences (TR¼ 2.8 seconds; TE¼ 0.122 sec-
onds; b factor¼ 0, 1000 s/mm2; section thickness ¼ 2.5mm; ma-
trix¼ 256 � 256; FOV ¼ 300mm; total duration ¼ 1 minute 8.4
seconds).

The radiologist classified the images as “suspicion” or “no sus-
picion” of residual cholesteatoma based on all imaging sequences
acquired. The surgeon then made a decision as to whether to per-
form revision surgery on the basis of the imaging diagnosis and/
or clinical assessment.

In the event of revision surgery, MR imaging follow-up was
interrupted. If not, additional MRIs could be performed if
requested by the surgeon. Because no official recommendations
are available, the decision regarding the number of MRIs and the
interval between any 2 was left to the surgeon’s discretion.

Data were collected and analyzed 3–12 years after the initial
operation. Non-EPI DWI sequences were retrieved and anony-
mized. Two senior neuroradiologists, blinded to the diagnosis,
retrospectively and independently evaluated all sequences and

classified them as “no residual cholesteatoma” or “residual cho-
lesteatoma.” In cases of disagreement, both neuroradiologists per-
formed a third review of the images until consensus was reached.

Medical charts and surgical records were analyzed; when revi-
sion surgery occurred, any residual cholesteatoma was reported.
If no revision surgery was performed and the imaging showed no
residual cholesteatoma, the patient was considered disease-free.

The initial localization and staging of the cholesteatoma were
assessed with the STAM classification.11

Statistical Analyses
The interobserver agreement between the 2 radiologists was eval-
uated using the k coefficient, computed on the 29 available MR
imaging examinations (second, third, fourth, and fifth MRIs).
Differences in staging and initial localization between residual
and no residual cases were analyzed the using the Fisher exact
test.

Receiver operating characteristic curves were used to deter-
mine the cutoff of the optimal follow-up duration. This cutoff
was then used to optimize the sensitivity and specificity of non-
EPI DWI using the Youden index. The performance associated
with residual cholesteatoma detection was reported in terms of
sensitivity and specificity. Each MR imaging was considered a
separate event and associated with a time point. Due to the reduc-
tion in analyzed participants each time follow-up was discontin-
ued (revision surgery or end of MR imaging follow-up), the
diagnostic values of sensitivity and specificity were recalculated
for every new event. Using this method, we generated sensitivity
and specificity values for censored data as a function of time.

RESULTS
Study Population
The study included 17 participants with a sex ratio of 7:10
(females/males) and a mean age of 30.2 (SD, 22.2) years (range,
6–79 years) at the time of the second MR imaging. Eight (47%)
were pediatric cases. Ten (58.8%) presented with left-ear choles-
teatoma, and 7 (41.2%), with right-ear cholesteatoma at the time
of initial operation. The Online Supplemental Data present clini-
cal, MR imaging, and surgical findings.

The mean time between the initial operation and the first MR
imaging was 17.3 (SD, 6.8)months (range, 9–32 months). The
mean time between the first and second MR imaging was 24.9
(SD, 20.2)months (range, 8–94 months). The mean time between
the initial operation and the second MR imaging was 42.7 (SD,
22.9)months (range, 20–119 months).

MR Imaging Follow-up and Revision Surgery Findings
We analyzed 47 non-EPI DWI MR images from all participants.
Figure 1 presents the flowchart of participant inclusion and MR
imaging follow-up. On the basis of the second MR imaging, 5
participants underwent revision surgery, 3 had residual cholestea-
toma, and the other 2 participants had false-positive diagnoses.
Imaging follow-up was discontinued after the second MR imag-
ing for 3 other participants at 20, 45, and 68months after the ini-
tial operation.

A third MR imaging was performed in 9 participants with a
mean interval of 68.2 (SD, 32.6) months (range, 43–147 months)
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from the initial operation and 24.4 (SD, 12.3)months (range 11–
44 months) between second and third MRIs. Five participants
underwent revision surgery based on the third MR imaging. Four
had residual cholesteatomas, and a fifth had an operation after

conductive hearing loss. One participant ended the follow-up af-
ter the findings of the third MR imaging were considered normal.

A fourth MR imaging was performed in the 3 remaining par-
ticipants with a mean interval of 115 (SD, 72.5)months (range,

FIG 1. Flowchart of patient inclusion and follow-up imaging.
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64–198 months) from the initial operation and 36.7 (SD,
16.3)months (range, 19–51 months) between the third and
fourth MRIs. No MR images from these participants indicated
the need for revision surgery.

Finally, 1 participant underwent a fifthMR imaging 144months
after the initial operation and 60months after the fourth MR imag-
ing. No revision surgery was performed on this participant.

We detected a residual cholesteatoma in 41.1% of all partici-
pants (7/17) after the initial operation. The mean interval
between the initial operation and the MR imaing classified as sus-
picious for residual cholesteatoma was 54.28 (SD, 19.4)months
(median interval, 54months). Among these, 43% were classified
as stage I (1 location) and 57% were classified as stage II (2 loca-
tions) according to STAM classification. The location of the ini-
tial cholesteatoma was the attic in 85.7% of cases, mesotympanic
in 42.8%, retrotympanic in 28.6%, and into the mastoid in 28.6%
of cases. Participants with residual cholesteatomas were 14–
74 years of age (mean, 32.3 years). Participants without residual
cholesteatomas were 6–79 years of age (mean, 28.8 years).
Follow-up duration ranged from 20 to 198 months (mean, 65.9
[SD, 43.9]months). The mean time between initial and revision
surgery (when performed) was 53.8 (SD, 17.4)months (range,
28–85 months). Ten revision surgeries were performed (58.8%)
for 7 residual cholesteatomas and 2 false-positives. The average
follow-up duration from the initial operation to the last MR
imaging was 65.9 (SD, 43.9)months (range, 20–198 months).
The follow-up duration was longer in the group without a resid-
ual cholesteatoma (including false-positive cases with unneces-
sary surgery, 74.1 [SD, 54.7]months) than in the residual
cholesteatoma group (54.3 [SD, 19.4 ] months) (Fig 2).

Three of 7 residual cholesteatomas
were diagnosed on the second MR
imaging (42.9%); the other 4 were dis-
covered on the third MR imaging
(57.1%). The residual cholesteatomas
diagnosed on the second MR imaging
were found 25, 39, and 52months post-
surgery. In those cases, the first MR
imaging, considered to have normal
findings, was performed 14, 12, and
20months, respectively, after the initial
operation. The residual cholesteatomas
diagnosed during the third MR imaging
were found at 54, 56, 69, and 85months.
In these cases, the second MR imaging,
considered to have normal findings, was
performed 29, 45, 37, and 40months,
respectively, after the initial operation.
Their first MR imaging was performed
10, 24, 15, and 32months, respectively,
after the initial operation.

For the participants without identi-
fied residual cholesteatoma (n¼ 10),
30% of initial cholesteatomas were clas-
sified as stage I and 70% were classified
as stage II. Forty percent of the initial
cholesteatomas were (fully or not) in the

attic; 80%, mesotympanic; 20%, retrotympanic; 20%, paratym-
panic; and 40%, located in the mastoid. No differences in stage or
location were found between the residual and no residual groups
(P. .05, Fisher exact test).

Diagnostic Value of Non-EPI DWI as a Function of Time
Interobserver agreement based on the evaluation of non-EPI
DWI MR imaging was high between the 2 senior neuroradiolo-
gists with a k of 1 (perfect agreement).

The sensitivity and specificity of MR imaging were calculated
as a function of time to determine the time at which non-EPI
DWI had the best diagnostic value for detecting residual choles-
teatoma after a first MR imaging showing no sign of residual cho-
lesteatoma (Fig 3). Thus, the calculation was performed from the
second MR imaging, including all subsequent imaging.

The sensitivity increased from 0 to 1 by 85months postopera-
tively. The specificity went from 1 for MRIs performed up to
45months to 0 for those performed from 198months after the
operation. Analyses of receiver operating characteristic curves
showed that non-EPI DWI had the best diagnostic value
56months after the initial operation (sensitivity ¼ 0.71,
specificity ¼ 0.71, Youden index ¼ 0.43).

DISCUSSION
Our results suggest that the optimal diagnostic value of repeat
non-EPI DWI (sensitivity ¼ 0.71 and specificity ¼ 0.71) is
reached 56months (4.7 years) after the initial operation when a
first MR imaging examination performed a mean of 17.3 (SD,
6.8)months after the operation does not detect residual choles-
teatoma. This recommendation is based on analysis of

FIG 2. Duration of follow-up in participants with or without residual cholesteatoma Solid and
dotted lines depict participants with or without residual cholesteatoma, respectively, followed
up across time in months. The mean duration of follow-up is 54.3months in the residual choles-
teatoma group and 74.1months in the no residual cholesteatoma group.
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participants who underwent complete macroscopic removal dur-
ing the first operation. A different follow-up may be relevant in
cases of incomplete removal, but our study did not address this
issue.

This proposal is consistent with that of Pai el al,10 who
reported residual cholesteatoma detection by non-EPI DWI
3.8 years after the initial operation (median, 3.7 years; range, 1.6–
7.9 years) and 2.5 years after the first negative imaging findings
(median, 2.0 years; range, 0.9–5.1 years). Similarly, in a cohort of
45, Steens et al12 reported 8 cases of residual cholesteatoma
detected a mean of 3 (SD, 1.1) years after the initial operation and
2 (SD, 1) years after the first MR imaging; 2 cases were detected
after a third MR imaging. In our study, the mean time between
the first and second MR imaging was 24.9 (SD, 20.2) months or
2.08 (SD, 1.68) years, and between the initial and revision opera-
tions, it was a mean of 53.8 (SD, 17.4) months or 4.5 (SD,
1.4) years.

Knowing the mean interval between the operation and detec-
tion of a residual cholesteatoma is interesting, but the question of
when to start and finish performing repeat MRIs remains
unsolved. Thus, we performed a longitudinal analysis of all par-
ticipants’ MRIs and calculated the sensitivity and specificity val-
ues to optimize the number and the time of repeat MR imaging.
Indeed, our recommendation relies on sensitivity and specificity
analyses that are more robust than calculating the average time of
residual detection, which, by its nature, does not consider cases
without residual cholesteatoma or false-positive cases.

Despite being concordant with other long-term follow-up
imaging studies (Pai et al10 and Steens et al12), our results ended
with lower sensitivity and specificity values than most reported
studies that considered non-EPI DWI performed only once
shortly after the operation.

The difference between short-term studies (using 1.5T or 3T
scanners) and long-term studies (1.5T for Pai et al10 and Steens et

al12 and our study) cannot be explained by the type of MR imag-
ing scanner used. Indeed, Lincot et al,13 in 2015, demonstrated
that 1.5T and 3T scanners could be used with no implications for
diagnostic accuracy during short-term follow-up. The sensitivity
and specificity of non-EPI DWI sequences used alone were
90.5%–100% and 68.4%–100%, respectively, depending on the
reader. Conversely and unexpectedly, Lips et al,14 in 2020, con-
cluded that the sensitivity and specificity were lower at 3T than at
1.5T for non-EPI DWI sequences, irrespective of whether addi-
tional T1- and T2-weighted sequences were used. For non-EPI
DWI sequences used alone, expert readers had a sensitivity and
specificity of 96% and 59% at 1.5T, and 80% and 46% at 3T,
repectively.14

Thus, technical aspects cannot explain the differences in diag-
nostic values obtained in long-term follow-up studies, including
ours, and 2 meta-analyses by Lingam et al1 (26 studies including
1152 participants) and Bazzi et al2 (10 studies including 141 partic-
ipants), which demonstrated very high diagnostic values (sensitiv-
ity = 0.82–0.91 and specificity ¼ 0.88–0.90). Considering that the
size limit for MR imaging detection of cholesteatomas is 2mm,
One main limitation of most of these studies was the lack of sys-
tematic revision surgery to ensure that no small residual cholestea-
toma was left in the middle ear but missed by imaging.

One hypothesis that could explain the differences in diagnos-
tic values is the variable growth rates among residual cholesteato-
mas. In 1976, Gristwood and Venables15 reported varying growth
rates of residual cholesteatomas, depending on the site (epitym-
panic versus mastoid) and other parameters such as tubal func-
tion, vascularization, or size of initial cholesteatoma. Pai et al10

reported growth rates of 0–18mm/year, with a mean of 4mm/
year; data computed by Venail et al16 showed a mean growth rate
of 2.74mm/year. Faster-growing residual cholesteatomas may be
detected during early and first non-EPI DWI; hence, they explain
the high diagnostic values reported in the short term while

FIG 3. Diagnostic value of non-EPI DWI as a function of time. The left panel shows the receiver operating characteristic curve of sensitivity
according to 1-specificity. The best diagnostic values (sensitivity ¼ 0.71, specificity ¼ 0.71, Youden index¼ 0.43) are reached at 56months post-
operatively. The right panel shows the values of sensitivity and specificity as a function of time. Sensitivity increases from 0 to 1 by 85months
postoperatively. Specificity changes from 1 for MRIs performed up to 45months to 0 for those performed from 198months after the operation.
Se indicates sensitivity; sp, specificity.
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supporting the notion that slow-growing lesions require pro-
longed follow-up imaging to be detected.

Our imaging strategy, like those of Pai et al10 and Steens et
al12 (including participants for whom the first MR imaging find-
ings were considered negative) allowed us to rule out including
any residual cholesteatomas with a high growth rate. The popula-
tion remaining after removing those with a fast-growing residual
cholesteatoma identified on the first examination showed high
rates of residual cholesteatomas (31% for Steens et al12 and 41.1%
in our study), even though absolute numbers were limited (12 re-
sidual cholesteatoma cases for Pai et al,10 8 cases for Steens et al,12

and 7 cases in this study).
These data seem to support the need for long-term follow-up.

Pai et al10 and Geven et al17 recommended imaging follow-up of
5 years. Because our participants were followed up with different
numbers of MRIs performed at several timepoints, we were able
to calculate sensitivity and specificity values according to the fol-
low-up duration. Our receiver operating characteristic curve
analysis suggests the need for follow-up for 5 years. Indeed, in
our study, the best diagnostic values of non-EPI DWI occurred
4.7 years after the initial operation.

A main limitation of long-term follow-up studies, including
ours, is the limited number of participants who have undergone
repeat MR imaging. Another limitation of our study is the lack of
systematic surgical revision, which did not allow the accurate
determination of the true sensitivity of MR imaging because late
cholesteatoma recurrence can occur and be missed by imaging.
To reduce limitations relating to technical issues, we chose to
include only those participants operated on in our tertiary care
center (same surgical team) and to use only MR imaging per-
formed on the same device at a tertiary referral center and images
interpretated by the same radiologist team. While this practice
effectively reduced potential technical bias, it also limited the
number of participants eligible for the study. Even if the true sen-
sitivity of non-EPI DWI cannot be calculated using such a study
design, the mean follow-up in the group with no identified resid-
ual cholesteatoma (including false-positive cases with unneces-
sary revision surgery) was 74.1(SD, 54.7)months (6.2 years). This
duration is, thus, longer than the 5-year follow-up suggested on
the basis of our analyses. It would have been interesting to com-
pare initial localization and staging between residual and no re-
sidual groups and late and early residual disease, but our sample
size was too small to address these points.

The cost of repeat MR imaging for cholesteatoma follow-up
has not been considered here. Choi et al18 compared second-look
surgery with a single non-EPI DWI in Canada. The cost analysis
favored non-EPI DWI (difference of CAD$390.66 [95% CI,
CAD$381.52–$399.80]) for a single MR imaging examination,
but this analysis needs re-evaluating for repeat imaging assess-
ments. As we showed, MR imaging 5 years after the initial opera-
tion provides the best diagnostic values, but the question of
whether to add an intermediate MR imaging around 3 years after
the operation remains. Our clinical experience was that a third
MR imaging was performed around 3.5 years after the operation.
The advantage is the potential to prevent excessive growth of a re-
sidual lesion between the first MR imaging and the 5-year MR
imaging, but this additional MR imaging comes with an extra

cost and a risk of poor sensitivity (,0.3) in our study. Indeed, the
MR imaging at 3.5 years was clearly not sufficient for optimal fol-
low-up, and an MR imaging at 5 years was needed. Because no
major complications related to residual cholesteatoma growth
(labyrinthine fistula, meningitis) were observed during our pro-
longed follow-up study, the absolute need for an intermediate
MR imaging before 5 years is questionable and deserves further
investigation, including cost-utility analyses.

CONCLUSIONS
Repeat non-EPI DWI is an effective method to detect middle ear
residual cholesteatoma. Prolonged follow-up is needed to identify
slowly growing lesions. On the basis of our results, we suggest
performing non-EPI DWI at 18months and 3.5 years after the
initial operation. If the second non-EPI DWI shows no sign of
cholesteatoma, a third and last MR imaging should be performed
5 years after the initial operation to safely exclude or identify re-
sidual tumors. Follow-up should be adapted depending on the
initial localization and extent of the cholesteatoma and on the
quality of the initial operation.
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ORIGINAL RESEARCH
HEAD & NECK

Assessment of MR Imaging and CT in Differentiating
Hereditary and Nonhereditary Paragangliomas

Y. Ota, S. Naganawa, R. Kurokawa, J.R. Bapuraj, A. Capizzano, J. Kim, T. Moritani, and A. Srinivasan

ABSTRACT

BACKGROUND AND PURPOSE: Head and neck paragangliomas have been reported to be associated with mutations of the succi-
nate dehydrogenase enzyme family. The aim of this study was to assess whether radiologic features could differentiate between
paragangliomas in the head and neck positive and negative for the succinate dehydrogenase mutation.

MATERIALS ANDMETHODS: This single-center retrospective review from January 2015 to January 2020 included 40 patients with 48
paragangliomas (30 tumors positive for succinate dehydrogenase mutation in 23 patients and 18 tumors negative for the succinate
dehydrogenase mutation in 17 patients). ADC values and tumor characteristics on CT and MR imaging were evaluated by 2 radiolog-
ists. Differences between the 2 cohorts in the diagnostic performance of ADC and normalized ADC (ratio to ADC in the medulla
oblongata) values were evaluated using the independent samples t test. P , .05 was considered significant.

RESULTS: ADCmean (1.07 [SD, 0.25]/1.04 [SD, 0.12] versus 1.31 [SD, 0.16]/1.30 [SD, 0.20]� 10�3 mm2/s by radiologists 1 and 2; P, .001),
ADCmaximum (1.49 [SD, 0.27]/1.49 [SD, 0.20] versus 2.01 [SD, 0.16]/1.87 [SD, 0.20]� 10�3 mm2/s; P, .001), normalized ADCmean (1.40 [SD,
0.33]/1.37 [SD, 0.16] versus 1.73 [SD, 0.22]/1.74 [SD, 0.27]; P, .001), and normalized ADCmaximum (1.95 [SD, 0.37]/1.97 [SD, 0.27] versus
2.64 [SD, 0.22]/2.48 [SD, 0.28]; P, .001) were significantly lower in succinate dehydrogenase mutation–positive than mutation–nega-
tive tumors. ADCminimum, normalized ADCminimum, and tumor characteristics were not statistically significant.

CONCLUSIONS: ADC is a promising imaging biomarker that can help differentiate succinate dehydrogenase mutation–positive
from mutation–negative paragangliomas in the head and neck.

ABBREVIATIONS: nADC ¼ normalized ADC; SDH ¼ succinate dehydrogenase

Paragangliomas are uncommon neuroendocrine tumors with
an estimated annual incidence of 3–8 cases per 1 million

people in the general population.1 They arise from the sympa-
thetic and parasympathetic autonomic system and occur
anywhere from the base of the skull to the pelvis, with 70% of
extra-adrenal paragangliomas arising in the head and neck
region. The typical clinical sites are the carotid artery bifurca-
tion, middle ear, and jugular fossa.1-3 Clinical manifestat-
ions include hypertension, palpitations, headache, excessive

sweating, and pallor, which vary depending on the tumor size,
location, and biochemical activity.1,4

There has been an increasing interest in the genetic basis for

paragangliomas. Although head and neck paragangliomas often

occur as sporadic tumors, it is now recognized that approximately

30%–40% of head and neck paragangliomas are associated with

autosomal dominant hereditary tumor syndromes.1,2,5 Succinate

dehydrogenase (SDH), a multiprotein complex composed of

SDH subunit A, B, C, and D proteins, is an important enzyme in

the Krebs cycle and electron transport chain in the mitochondria

for energy production. The loss of SDH function results in less ef-

ficiency of these processes. Moreover, these altered pathways

allow the tumor cells to grow even in a low-oxygen environ-

ment.6 Therefore, deactivation in any of the subunits will result

in tumors positive for the SDHmutation.
Familial paraganglioma syndromes associated with SDH gene

mutations have now been recognized as the primary cause of he-

reditary paragangliomas in the head and neck. Twenty-five per-

cent of all paragangliomas and pheochromocytomas are related
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to genetic mutations in different subunits of the SDH protein,

each with different tendencies toward different tumor locations,

different numbers of lesions, and different potentials for malig-

nancy.1 For example, familial paragangliomas with SDH subunit

D (SDHD) mutation are more likely to be multifocal in the head

and neck, and paragangliomas with SDH subunit B (SDHB)

mutations are prone to malignant transformation.1 Therefore,

establishment of genetic screening of individuals and life-long

surveillance of patients at high risk for developing paraganglio-

mas are important.
The typical imaging appearances of head and neck paragan-

gliomas on CT and MR imaging include well-circumscribed
lesions showing avid contrast enhancement.7-9 Prior studies have
demonstrated that DWI and ADC parameters can be used for di-
agnosis, staging, and follow-up of head and neck tumors.10 As for
paragangliomas, ADC values have been used in the past to differ-
entiate these tumors from other head and neck lesions, with
variable results.11 Because paragangliomas can have genetic muta-
tions and a variety of histologic patterns,12 the variability of ADC
values on MR imaging studies may be secondary to the heteroge-
neous genotype of these lesions. The aim of our study, therefore,
was to evaluate the differences in ADC values between SDH muta-
tion–positive and SDHmutation–negative head and neck paragan-
gliomas to assess the utility of ADC as an imaging biomarker.

MATERIALS AND METHODS
The institutional review board of University of Michigan
approved this retrospective single-center study and waived the
requirement for informed consent. Data were acquired in com-
pliance with all applicable Health Insurance Portability and
Accountability Act regulations.

Study Population
We retrospectively reviewed 579 consecutive patients from
January 2015 to January 2020 who were suspected of having head
and neck paragangliomas from head and neck CT/MR imaging
findings and clinical information. Among them, 94 patients had
been diagnosed with paragangliomas histopathologically or clini-
cally by elevated plasma fractionated metanephrines or elevated
24-hour urinary fractionated metanephrines, findings of head
and neck CT and MR imaging, and PET with 2-Deoxy-2-[18F]
fluoro-d-glucose integrated with CT or indium-111 (111In) pente-
treotide SPECT. We excluded patients who had previously
undergone an operation, had undergone radiation therapy, did
not have pretreatment CT/MR imaging (n ¼ 28), or did not have
prior genetic testing for SDH mutations (n ¼ 26). Forty patients
(49.3 [SD, 14.9] years of age; 9 men; 31 women) with 48 paragan-
gliomas constituted the final study cohort.

Genetic Testing
Genetic testing was by the PGLNext panel (Ambry Genetics),
which requires collecting blood or saliva samples by an appropriate
kit. PGLNext analyzes 12 genes including SDHA, SDH subunits
AF2 (SDHAF2), SDHB, SDHC, and SDHD. This test is designed
and validated to detect.99% of the gene mutations noted above.

This cohort was further divided into 2 groups: the SDHmuta-
tion–positive group and SDHmutation–negative group.

In the SDH mutation–positive group, there were 30 paragan-
gliomas in 23 patients (mutations of the SDH subunits A, B, C,
and D were n¼ 2, 8, 5 and 15, respectively). Nineteen lesions
were pathologically proved, and 11 lesions were clinically diag-
nosed. Three patients with the SDHD mutation had 2 lesions
each, 1 patient with an SDHD mutation had 4 lesions, and 1
patient with an SDHBmutation had 2 lesions.

In the SDH mutation–negative group, there were 18 paragan-
gliomas in 17 patients. Eleven lesions were pathologically proved,
and 7 lesions were clinically diagnosed. One patient had 2 lesions.

MR Imaging Acquisition
MR imaging studies were acquired on multiple scanners includ-
ing 1.5T scanners (Ingenia, n¼ 10, and Achieva, n¼ 10; Philips
Healthcare; Signa Excite, n¼ 4, and GoldSeal Signa HDxt, n¼ 4;
GE Healthcare) and 3T scanners (Magnetom Vida, n¼ 5;
Siemens; and Ingenia, n¼ 15; Philips Healthcare). MR imaging
sequences and parameters were summarized in the Online
Supplemental Data. These parameters were modified depending
on the field strength and manufacturers.

CT Acquisition
Contrast-enhanced CT neck examinations were acquired on a
multislice 64-detector CT scanners (HD 750; GE Healthcare)
with the following scan parameters: 120–140 kV(peak), 80–
295mA, skull base to thoracic inlet, 125mL of iopamidol
(Isovue 300; Bracco). The parameters of neck CT were as fol-
lows: plane ¼ axial, FOV¼ 96mm, section thickness¼
0.625mm, window level and width¼ 400 and 3200 HU,
phase¼ 45 seconds, delayed phase.

Image Analysis
Conventional Imaging Analysis. Two board-certified neuroradi-
ologists with 6 and 9 years of experience interpreted all radiologic
images independently. They were blinded to the mutation status
of the lesions. Both radiologists recorded the following metrics:

1. Maximum axial diameter of the tumor on postcontrast T1-
weighted images.

2. The presence of necrotic or cystic changes and salt-and-pep-
per appearance (flow voids) evaluated on T2-weighted and
pre- and postcontrast T1-weighted images. These were
recorded as binary variables (yes/no). Cystic changes were
defined as nonenhancing, predominantly T1-hypointense
and T2-hyperintense areas; necrotic changes, as nonenhanc-
ing, predominantly T1-hypointense and heterogeneously
T2-hyperintense areas; and salt-and-pepper appearance, as
nonenhancing T1-hypointense and T2-hypointense vessel
structures within the tumors.

3. Erosions of adjacent bony structures evaluated on CT. The
axial plane was used. These were recorded as binary variables
(yes/no).

4. Glomus jugulare and glomus jugulotympanicum were classi-
fied into head lesions; and carotid body tumors and glomus
vagale, into neck lesion as for location.

ADC Analysis. ADC maps were constructed by a monoexpo-
nential fitting model using the commercially available
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software Olea Sphere (Olea Medical). The 2 neuroradiolo-
gists independently outlined the tumors on an axial post-
contrast T1-weighted image and transposed the freehand
ROI to the ADC map. The axial images that predominantly
showed solid enhancing portions without cystic or necrotic
areas on postcontrast T1-weighted images were selected.
The ROIs spared the peripheral 2-mm margin of the lesions
to avoid volume averaging (Fig 1C).13 When geometric dis-
tortion was observed, the location and size were adjusted on
the ADC map so that the ROI could be included within the
tumor. A separate ROI was placed in the center of the me-
dulla oblongata at the level of the foramen of Lushcka as an
internal reference standard (Fig 1D).14 A normalized ADC
(nADC) ratio was calculated by dividing each ADC value of
the lesion by the mean ADC value of the medulla oblongata.

Statistical Analysis
Patient demographic characteristics including sex (ratio of male
to female) and age, number of lesions, tumor characteristics of
maximum diameter of tumor, presence or absence of salt-and-
pepper appearance, location (ratio of head/neck legion), adjacent
skull destructive changes, and necrotic changes were compared
between the 2 groups. Age was compared by t tests and was
described as mean (SD). The maximum diameter of the tumor

was compared using the Mann-
Whitney U test and described as median
(interquartile range). The categoric varia-
bles such as sex (ratio of male to female),
presence or absence of salt-and-pepper
appearance, adjacent skull destructive
change and necrotic change, and location
(ratio of head/neck legion) were com-
pared using the Fisher exact test.

The ADCmean, ADCmaximum, and
ADCminimum values and nADCmean,
nADCmaximum, and nADCminimum

ratios for the 2 readers were analyzed
separately using the independent sam-
ples t test. For the metrics that showed
a statistically significant difference,
diagnostic performances were calcu-
lated on the basis of receiver operating
characteristic curve analysis. The opti-
mal cutoff values in receiver operating
characteristic analysis were determined
as a value to maximize the Youden
index (sensitivity1 specificity –1).

As for tumor characteristics, inter-
reader agreement was assessed by k

analysis, which was interpreted as fol-
lows: ,0.40, poor-to-fair agreement;
0.41–0.60, moderate agreement; 0.61–
0.80, substantial agreement; and 0.81–
1.00, almost perfect agreement.15

All statistical calculations were
conducted with JMP Pro, Version
15.0.0 (SAS Institute). Variables with

P, .05 were considered statistically significant.

RESULTS
Patient demographics and tumor characteristics are shown in Table
1. Patients who were in the SDHmutation–positive group were sig-
nificantly younger than those in the SDHmutation–negative group
(43.9 [SD, 16.2] years versus 56.9 [SD, 10.7] years; P¼ .007).

In the SDH mutation–positive group, 4 patients with SDHD
mutations had multiple lesions in the head and neck (1 with 4
lesions, 1 with 3 lesions, and 2 with 2 lesions each) and 1 patient with
an SDHBmutation had 2 lesions. There were 13 head lesions (7 glo-
mus jugulare and 6 glomus jugulotympanicum lesions), and 17 neck
lesions (16 carotid body tumors and 1 glomus vagale) in this group.

In the SDH mutation–negative group, there were 13 head
lesions (12 glomus jugulare and 1 jugulotympanicum) and 5 neck
lesions (5 carotid body tumors).

There were no significant differences between the 2 groups in
the maximum diameter of tumor, the presence or absence of salt-
and-pepper appearance, adjacent skull erosions, necrotic changes,
or location (ratio of head/neck region).

Reader 1 Results
ADCmean (1.07 [SD, 0.25] versus 1.31 [SD, 0.16]� 10�3 mm2/s;
P, .001), ADCmaximum (1.49 [SD, 0.27] versus 2.01 [SD,

FIG 1. A 48-year-old woman positive for the SDHCmutation with a paraganglioma in the left jug-
ular foramen. A and B, Axial T2-weighted and contrast-enhanced T1-weighted images demon-
strate a heterogeneously enhancing, irregularly shaped tumor with flow voids in the left jugular
foramen. C, An ROI is placed on the lesion on the ADC map. The mean ADC, maximum ADC, and
minimum ADC values of reader 1 are 1.06, 1.47, and 0.53� 10–3 mm2/s, respectively. D, Another
ROI for an internal standard is placed on the medulla as an internal control (mean ADC, 0.75�
10–3 mm2/s). The mean nADC, maximum nADC, and minimum nADC are 1.41, 1.96, and 0.71� 10–3

mm2/s, respectively.
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0.16 ]� 10�3 mm2/s; P, .001), nADCmean (1.40 [SD, 0.33] versus
1.73 [SD, 0.22]; P, .001), and nADCmaximum (1.95 [SD, 0.37]
versus 2.64 [SD, 0.22]; P, .001) were significantly lower in the
SDH mutation–positive group than in SDH mutation–negative
group (Online Supplemental Data and Fig 2A, -C). The size of
the ROI was 313 (SD, 259) mm.

Reader 2 Results
ADCmean (1.04 [SD, 0.12] versus 1.30 [SD, 0.20]� 10�3 mm2/s;
P, .001), ADCmaximum (1.49 [SD, 0.20] versus 1.87 [SD,

0.20]� 10�3 mm2/s; P, .001), nADCmean (1.37 [SD, 0.16] versus
1.74 [SD, 0.27]; P, .001), and nADCmaximum (1.97 [SD, 0.27] ver-
sus 2.48 [SD, 0.28]; P, .001) were significantly lower in the SDH
mutation–positive group than in SDH mutation–negative group
(Online Supplemental Data and Fig 2B, -D). The size of the ROI
was 291 (SD, 229) mm.

There were no significant statistical differences in ADCminimum

and nADCminimum data for both readers. Representative cases of

an SDH mutation–positive paraganglioma and an SDH mutation–

negative paraganglioma are shown in Figs 3 and 4, respectively.

Table 1: Demographic and tumor characteristics patients with head and neck paragangliomas

SDH Mutation–Positive SDH Mutation–Negative P Value
No. of lesions 30 18 NA
Sex (male/female) 7:16 2:15 .37
Age (mean) (yr) 43.9 (SD, 16.2) (23 patients) 56.9 (SD, 10.7) (17 patients) .007
Maximum diameter (median) (IQR) (mm) 26.5 (20.6–33.0) 24.4 (21.2–36.0) .68
Salt-and-pepper appearance 24/30 13/18 .72
Ratio of head/neck region 13:17 13:5 .07
Adjacent osseous erosive changes of head region 13:13 12:13 1
Necrotic or cystic changes 18/30 10/18 .77

Note:—NA indicates not applicable; IQR, interquartile range.

FIG 2. Comparison of mean and maximum ADC values between the SDH mutation–negative group and the SDH mutation–positive group (A
and C, result of reader 1; B and D, result of reader 2).
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Table 2 depicts the areas under the curve and diagnostic per-
formances of the ADCmean, ADCmaximum, nADCmean, and
nADCmaximum for both readers.

Interreader agreement for tumor characteristics was substan-
tial-to-almost perfect (k ¼ 0.625–1).

DISCUSSION
Our study aimed to evaluate the utility of ADC values and tumor
characteristics on CT and MR imaging in differentiating SDH
mutation–positive versus mutation–negative head and neck para-
gangliomas. While the SDH mutation could not be identified by
tumor characteristics interpreted on the basis of conventional
imaging features, ADC values were significantly different
between the 2 cohorts, with the diagnostic performances of areas
under the curves from 0.87 to 0.94.

Prior studies focusing on ADC values in paraganglio-
mas11,16,17 showed mean ADC values ranging between
0.89� 10�3 and 1.30� 10�3 mm2/s.11,16 Our study revealed
mean ADC values of 1.07/1.04, 1.31/1.30, and 1.16/1.17� 10�3

mm2/s for SDH mutation–positive, mutation–negative, and
total paragangliomas; thus, the relatively wide range of ADC
values reported in past literature may be due to differences in
the proportion of SDHmutations in the study populations.

In our study, the mean and maximum ADC values of the
SDHmutation–positive group were significantly lower than those
of SDH mutation–negative group. It has been recognized that
paragangliomas show different tumor cell morphology and cellu-
larity and various histologic patterns, such as nests of tumor cells
separated by peripheral capillaries (zellballen pattern) or large
and irregular cell nest patterns.12 This histopathologic back-
ground may result in lower mean and maximum ADC values in
the SDH mutation–positive group. A histologic study suggested
that no difference is to be expected in benign and malignant para-
gangliomas,18 but to the best of our knowledge, there have not
been studies about pathologic differences based on SDH-muta-
tion status. In another study, SDH mutation–positive paragan-
gliomas have been reported to show prominent vascularization.6

Prominent signal voids from higher arterial vascularity can result
in T2 blackout on DWI and low ADC values within the high-
flow arteries, which could contribute to a decrease in the overall
ADC values.19 Therefore, differences in vascularity between the
SDH mutation–positive group and the SDH mutation–negative
group may also result in differences of mean and maximum
ADCs.

There was no significant difference in minimum ADC values
between the 2 groups. This can be because paragangliomas have

FIG 4. A 52-year-old woman positive for the SDHDmutation with a paraganglioma in the left carotid space. A, Axial T2-weighted image demon-
strates a heterogeneous tumor with flow voids. B, The freehand ROI is placed on this lesion on the ADC map. The mean ADC, maximum ADC,
and minimum ADC of reader 1 are 1.13, 1.57, and 0.51� 10–3 mm2/s, respectively. C, The resection specimen shows a large and irregular cell nest
and prominent vascularity (H&E,�40).

FIG 3. A 62-year-old woman negative for the SDHmutation with a paraganglioma in the right carotid space. A, Axial T2-weighted image demon-
strates a heterogeneous well-defined tumor with flow voids in the right carotid space. B, The freehand ROI is placed on the lesion on the ADC
map. Mean ADC, maximum ADC, and minimum ADC values of reader 1 are 1.31, 1.61, and 0.71� 10–3 mm2/s, respectively. C, The resection speci-
men shows chief cells forming variable-size clusters in the zellballen pattern (H&E, �40).
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abundant arterial supply. We postulate that the very fast arterial
flow in the lesion could show a signal void in both b ¼ 1000 and
b¼ 0 images, resulting in a very low value on the calculated ADC
map, which affects the minimum ADC values.19 Moreover, in
this study, there was no statistical difference in the presence of
flow voids between the SDH mutation–positive and SDH muta-
tion–negative groups.

Genetic testing is recommended for patients with paragan-
gliomas who are diagnosed at a young age, have a family history,
or demonstrate multifocal paragangliomas. Our results show that
ADC values have high sensitivity and specificity in predicting
SDH-mutation status, thereby suggesting that referring providers
may be able to suggest close follow-up based on the ADC when
genetic testing is not possible or feasible. Moreover, this result of
ADC values may be useful in the early detection of SDH muta-
tions when patients who are SDHmutation–positive do not show
the implication of the mutations such as young age, family his-
tory, and multiplicity. Early detection is important, especially in
the case of SDHBmutation, which is prone to malignant transfor-
mation. Clinicians can also suggest genetic testing to patients
whose mean ADC values are low.

We chose to evaluate the ADC values on a single axial section
instead of the entire tumor volume because prior studies using
volumetric ADC analyses showed no better ability than single-
axial-section evaluations.20,21 The consistency between the results
of both readers further supports the single-section method.
Additionally, we normalized the ADC values of the tumors to
those of the medulla oblongata to minimize variations due to dif-
ferences in scan techniques or imaging platforms. The medulla is
usually visualized within the FOV of head and neck imaging
studies, and it is less affected by intrinsic signal abnormalities due
to changes of chronic microvascular disease or direct tumor inva-
sion. Given our strategy for standardization with ADC values of
the medulla, we believe that our results are validated and robust.

Our study has several limitations. First, this was a retrospec-
tive study with a small cohort of patients from a single institution.
This small cohort was due not only to the low incidence rate but
also to the strict inclusion criteria of patients with genetic testing
results. In our institution, genetic testing is currently recom-
mended for patients who are suspected of hereditary paraganglio-
mas, so prior probability of genetic mutation in our study
population may be higher than that in the overall population of
paragangliomas that have been reported before. Second, we also
included the patients who were not evaluated histopathologically

but were diagnosed on the basis of
accepted and established diagnostic
tests such as elevated plasma or uri-
nary fractionated metanephrines and
findings of head and neck CT and MR
imaging and PET with 2-Deoxy-2-
[18F] fluoro-d-glucose integrated
with CT and 111In pentetreotide
SPECT.1,4,22,23 Therefore, we believe
that despite lack of histopathologic evi-
dence, the diagnosis of paraganglioma
was validated in all our patients. Last,
we included multiple lesions from the

same patients. We believe that this is reasonable according to a pre-
vious study indicating that the ADC value and vascularity of para-
gangliomas may depend on the location of tumor.16

CONCLUSIONS
Our study shows that ADC values can be promising as a noninva-
sive imaging biomarker to predict SDH mutation in head and
neck paragangliomas.
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ORIGINAL RESEARCH
PEDIATRICS

Quantitative Susceptibility Mapping of Venous Vessels in
Neonates with Perinatal Asphyxia

A.M. Weber, Y. Zhang, C. Kames, and A. Rauscher

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral venous oxygen saturation can be used as an indirect measure of brain health, yet it often
requires either an invasive procedure or a noninvasive technique with poor sensitivity. We aimed to test whether cerebral venous
oxygen saturation could be measured using quantitative susceptibility mapping, an MR imaging technique, in 3 distinct groups:
healthy term neonates, injured term neonates, and preterm neonates.

MATERIALS AND METHODS: We acquired multiecho gradient-echo MR imaging data in 16 neonates with perinatal asphyxia and
moderate or severe hypoxic-ischemic encephalopathy (8 term age: average, 40.0 [SD, 0.8] weeks’ gestational age; 8 preterm, 33.5
[SD, 2.0] weeks’ gestational age) and in 8 healthy term-age controls (39.3 [SD, 0.6] weeks, for a total of n¼ 24. Data were postpro-
cessed as quantitative susceptibility mapping images, and magnetic susceptibility was measured in cerebral veins by thesholding
out 99.95% of lower magnetic susceptibility values.

RESULTS: The mean magnetic susceptibility value of the cerebral veins was found to be 0.36 (SD, 0.04) ppm in healthy term neo-
nates, 0.36 (SD, 0.06) ppm in term injured neonates, and 0.29 (SD, 0.04) ppm in preterm injured neonates. Correspondingly, the
derived cerebral venous oxygen saturation values were 73.6% (SD, 2.8%), 71.5% (SD, 7.4%), and 72.2% (SD, 5.9%). There was no statis-
tically significant difference in cerebral venous oxygen saturation among the 3 groups (P¼ .751).

CONCLUSIONS: Quantitative susceptibility mapping–derived oxygen saturation values in preterm and term neonates agreed well
with values in past literature. Cerebral venous oxygen saturation in preterm and term neonates with hypoxic-ischemic encephalop-
athy, however, was not found to be significantly different between neonates or healthy controls.

ABBREVIATIONS: x ¼ magnetic susceptibility; CSaO2 ¼ cerebral arterial oxygen saturation; CSvO2 ¼ cerebral venous oxygen saturation; Hct ¼ hematocrit;
HIE ¼ hypoxic-ischemic encephalopathy; NIRS ¼ near-infrared resonance spectroscopy; QSM ¼ quantitative susceptibility mapping; SSS ¼ superior sagittal
sinus; TRUST ¼ T2-relaxation-under-spin tagging

Perinatal asphyxia is the condition resulting from the depriva-
tion of oxygen to a neonate and can lead to brain tissue dam-

age or death. Asphyxia at birth can affect virtually any organ, but
the brain is of the highest concern because it is the least likely to
quickly or completely heal.1 Hypoxic-ischemic encephalopathy
(HIE) occurs when the entire brain is deprived of an adequate
supply of oxygen and can result in neurologic disability, such as
cerebral palsy, mental retardation, and epilepsy. HIE occurs in

1.5 per 1000 live births2 and is the fifth leading cause of death
worldwide in children younger than 5 years of age (8%).3

Currently, the severity of HIE is mainly assessed by clinical pa-
rameters and conventional MR imaging and can be classified into
mild, moderate, or severe categories.4,5 While identifying HIE in
term infants is generally well-characterized, its identification in pre-
term infants remains complex, with variable inclusion criteria being
discussed and reported.6-9 More accurate markers would be useful
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for detection, classification, early therapeutic interventions, and pre-
dictors of long-term outcome. Several studies have investigated vari-
ous alternative methods for measuring HIE, such as DWI,10 MR
spectroscopy,11,12 urinary nuclear MR metabolomic profiling,13 and
visual evoked potentials,14 with varying levels of reported success.

Cerebral venous oxygen saturation (CSvO2) is the amount of
leftover oxygen in the veins after oxygen delivery and extraction
by the brain and can act as a surrogate of brain oxygen consump-
tion. The oxygen supply is of critical importance to brain func-
tion because neurons rely predominantly on aerobic metabolism
for their energy demands. In infants who have experienced birth
asphyxia, CBF has been reported to be markedly elevated.15

When the brain is hyperperfused like this, elevated CSvO2 values
would signal a “luxury perfusion” state, suggesting serious brain
damage.16 Normal CSvO2 values, meanwhile, would suggest
intact coupling between CBF and metabolic needs.17 Thus, know-
ing the CSvO2 in preterm and term infants who are suspected of
having HIE could provide clinicians with invaluable information.
Unfortunately, the 2 current methods for measuring CSvO2

require either the invasive insertion of an internal jugular vein
catheter for co-oximetry or a blood gas analyzer, or the noninva-
sive use of near-infrared resonance spectroscopy (NIRS). NIRS,
however, has been shown to have poor sensitivity at low CSvO2

compared with co-oximetry and can reach a depth of only a few
millimeters.18

Quantitative susceptibility mapping (QSM)19,20 examines gra-
dient-echo phase data, usually acquired with SWI,21 to determine
local tissue magnetic susceptibility (x ). Because deoxyhemoglobin
in the venous blood is paramagnetic, a decrease in x of venous
blood compared with the surrounding brain tissue will indicate
increased CSvO2. Thus, QSM, a noninvasive method, may provide
an indirect measure of CSvO2.

22,23 For example, Doshi et al,24 in
2015, reported increased CSvO2 in adults following mild traumatic
brain injury. Similarly, Chai et al,25 in 2017, reported increased
CSvO2 in subjects with mild traumatic brain injury compared with
healthy controls, but they also reported a positive correlation of
CSvO2 with postconcussive symptoms. Chai et al,26 in 2020, also
reported reduced CSvO2 in patients undergoing hemodialysis,
which also correlated with cognitive scores (r¼ 0.492, P¼ .02).

Thus, we set out to determine how well CSvO2 could be meas-
ured using QSM and hematocrit (Hct) from blood samples in
term and preterm neonates with moderate or severe HIE and to
compare those values with those of healthy term controls. We
hypothesized that after perinatal asphyxia, both preterm and
term neonates with moderate or severe HIE would demonstrate
increased CSvO2 through decreased cerebral vein magnetic sus-
ceptibility compared with healthy term controls.

MATERIALS AND METHODS
Patients
Between January 2017 and January 2018, preterm and term
neonates with a clinical history of perinatal asphyxia and moderate
or severe HIE who were transferred to Children’s Hospital of
Chongqing Medical University intensive care nursery were en-
rolled in a study evaluating the detection of brain injury by MR
imaging, in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki). Recruitment and

scanning ended due to the neonatal ward of the hospital moving to
a new branch of the hospital, where their scanners were from a dif-
ferent vendor, and there were no Phillips Healthcare scanners. The
institution’s Committee on Clinical Research Ethics approved the
study protocol, and informed consent was obtained from the
parents. The inclusion criteria were determined on the basis of the
definition of perinatal asphyxia and moderate or severe HIE as fol-
lows: 1) evidence of perinatal asphyxia (Apgar score of #7 for
.5minutes after birth or a history of acute perinatal event, placen-
tal abruption, cord prolapse, or the need for ventilation for at least
10minutes after birth27); 2) evidence of moderate or severe HIE
distinguished by using the Sarnat and Sarnat clinical stages5 for
term infants and infants between 33 and 37weeks’ gestation and
significant changes in neurologic examination findings and/or seiz-
ures for infants younger than 33weeks gestation;28 and 3) abnor-
mal MR imaging findings in all patients on T1-weighted,
T2-weighted, and FLAIR images, mainly but not only in the basal
ganglia/thalami region, watershed region, and periventricular
white matter caused by HIE.29,30 Subjects were sedated using 5mg/
kg of phenobarbital (intramuscular injection). Neonates with high
motion or image artifacts were excluded. In total, 8 term neonates
and 8 preterm neonates who were determined to have perinatal as-
phyxia and moderate or severe HIE were included for further study.
Eight term neonates with hyperbilirubinemia who were free of
other neonatal complications, such as congenital and chromosomal
abnormalities and with normal MR imaging findings were recruited
prospectively as healthy controls. Hct values were obtained as part
of the regular clinical work-up.

MR Imaging Acquisition
Brain MR images were obtained on a 3T system (Achieva; Philips
Healthcare) using an 8-channel sensitivity encoding head coil.
Data for QSM were collected using a 3D gradient-echo sequence
with 5 echoes (TR ¼ 30ms, TE1¼ 4.5ms, echo spacing ¼ 5.5ms,
flip angle ¼ 17°, FOV¼ 196� 154� 103mm3, acquired voxel
size ¼ 0.50� 0.5� 1.0mm3, reconstructed voxel size¼ 0.5�
0.5� 0.5mm3, scan time ¼ 5 minutes 9 seconds).31 Other scans
included the following: inversion recovery turbo spin-echo T1-
weighted (TR/TI ¼ 7000/600ms, TE¼ 15ms, section thickness ¼
5mm, FOV ¼ 160� 151� 98mm3, acquisition matrix ¼
220� 163, scan time ¼ 2 minutes 17 seconds); turbo spin-echo
T2-weighted (TR ¼ 5000ms, TE ¼ 100ms, section thickness ¼
5mm, FOV¼ 160� 149� 98mm3, acquisition matrix¼ 332 -
� 205, scan time ¼ 1 minute 38 seconds); and fast FLAIR images
(TR/TI ¼ 12,000/2850ms, TE ¼ 140ms, section thickness ¼
5mm, FOV ¼ 160� 149� 98 mm3, acquisition matrix ¼
176� 144, scan time ¼ 3 minutes 55 seconds). The total acquisi-
tion time was 13 minutes 23 seconds.

MR Imaging Analysis
QSM images of all 5 echoes were postprocessed from the phase
data of the multi-gradient-echo scans. Phase unwrapping was
achieved using a 3D Laplacian algorithm,32 while the background
field was removed using the variable sophisticated harmonic arti-
fact reduction for phase method.33 A Gaussian filter (s ¼ 0.5)
was applied to the normalized field maps to smooth out high-fre-
quency errors originating from the reconstruction steps before
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the inversion. A 2-step dipole inversion algorithm34 was used to
solve the dipole inversion problem. The last echo was used to
obtain the brain mask, which effectively removed the exter-
nal cerebral veins. Using the last echo to generate the brain
mask reliably removed artifacts from air-tissue and bone-tis-
sue interfaces, eg, sinuses, especially in the later echoes,
without the need for manual erosion. This QSM algorithm
can be freely accessed at https://github.com/kamesy/QSM.m.
Finally, only the fourth echo (TE¼ 21ms) was used for
measuring x values because even echoes were flow-compen-
sated along the readout direction and the second echo
(TE =10ms) had a poor contrast-to-noise ratio.

The x of cerebral veins was measured by thresholding out the
lowest 99.95% values of the whole brain. In the absence of intracra-
nial hemorrhage and because neonates have very low brain iron
content, voxels that reside entirely inside veins reflect the structures
with the highest magnetic susceptibility values. Total blood volume
is about 3%.35,36 Venous blood volume is about two-thirds of total
blood volume. For a voxel to be free of partial volume effects and
given the spatial resolution of 0.5 � 0.5 � 1mm3 of the scan, only
veins with an inner diameter of at least 1mm could be included in
the analysis. After thresholding, images were assessed by A.M.W.
to ensure that only veins remained (Fig 1). The remaining 0.25%
of x values was then averaged to give the mean cerebral x value
for each subject. ROIs were also drawn manually on nonvein tissue
by A.M.W. to calculate Dx . Visual inspection did not reveal any
germinal matrix bleeding in the deep cerebral veins.

Calculating CSvO2

CSvO2 was calculated using the following equation:

Dx ¼ Dx do � HCT � 1� CSvO2ð Þ;

where Dx is the susceptibility difference between venous blood
and surrounding tissue, Dx do is the susceptibility difference per
unit hematocrit between fully deoxygenated and fully oxygenated
blood, Hct is the individual fractional hematocrit, and CSvO2 is
the blood oxygen saturation. Dx do was taken to be 4 � p � 0.21,
or 2.64ppm.37,38

Statistical Analysis
Statistical analysis was performed using R 3.4.2 (2017; http://
www.r-project.org/). The relationship between calculated CSvO2

and condition (healthy control, preterm injury, and term injury)
was investigated using a 1-way ANOVA. Visual inspection of re-
sidual plots did not reveal any obvious deviations from homosce-
dasticity or normality.

RESULTS
Patient Characteristics
Demographic data and clinical characteristics for both groups (8
healthy controls, 8 term neonates, and 8 preterm neonates with
perinatal asphyxia and moderate or severe HIE) are summarized
in Table 1. No significant differences were found in gestational
age, corrected gestational age at MR imaging, time interval
between age at birth and age at MR imaging, birth weight, or
sex between healthy controls and term neonates with HIE.
No significant differences were found in sex, time interval
between age at birth and age at MR imaging, clinical history,
and symptoms and signs between term neonates and preterm
neonates with perinatal asphyxia and moderate or severe
HIE. As expected, a significant difference (P, .05) was found
in the Apgar grade between healthy term neonates and term
neonates with HIE. Between term and preterm neonates with
HIE, significant differences (P, .05) were found only in ges-
tational age, corrected gestational age at MR imaging, and
birth weight, as would be expected.

CSvO2 Analysis
The mean x value of the internal cerebral veins in healthy controls
and term and preterm injured neonates was found to be 0.36 (SD,
0.04) ppm, 0.36 (SD, 0.06) ppm, and 0.29 (SD, 0.04) ppm, respec-
tively, while the mean fractional Hct values were 0.52 (SD, 0.03),
0.49 (SD, 0.07), and 0.42 (SD, 0.06), respectively. Correspondingly,
the derived mean CSvO2 values were 73.6% (SD, 2.8%), 71.5% (SD,
7.4%), and 72.2% (SD, 6.0%), respectively. The Cohen D effect size
between each group was found to be 0.38 for healthy controls and
term injured neonates; 0.30 for healthy controls and preterm neo-
nates; and 0.10 between term injured neonates and preterm

FIG 1. Sample internal veins selected after thresholding out the lower 99.95% x values. As can be seen in these sagittal, coronal, and axial views
from a sample healthy term neonate, the major veins that were left over include the straight sinus, inferior sagittal sinus, and the internal cerebral
vein. Note the weak contrast between gray and white matter and the basal ganglia due to the low myelin and iron content of the neonate brain.
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neonates. A CSvO2 boxplot among the 3 groups with individual
points for each subject is shown in Fig 2. One-way ANOVA analy-
sis did not reveal that the condition (healthy control, preterm
injury, and term injury) made a significant difference among
groups (P. .05). Boxplots of x and Hct values in each group, with
individual points for each subject are included in the Online
Supplementary Data.

DISCUSSION
In this study, we quantified CSvO2 from x values in the internal
cerebral veins of preterm and term neonates with HIE and
healthy term controls. Moderate-to-severe HIE caused by intra-
partum or late antepartum hypoxic-ischemic events may lead to
neurodevelopmental disability.1 It is of great importance to
examine cerebral hemodynamic changes in neonates with moder-
ate or severe HIE because this examination may lead to a better
understanding of the cerebral oxygen metabolism of brain injury
in HIE and early therapeutic interventions. Although no statisti-
cal difference in CSvO2 values was found between healthy term
controls and preterm and term infants with moderate or severe
HIE, to the best of our knowledge, this is one of the first studies
measuring CSvO2 using QSM in healthy term neonates, as well as
the first to do so in term and preterm neonates with moderate or
severe HIE. Thus, our reported values for healthy neonates as
well as injured preterm and term neonates may be used in future
studies for comparison purposes. These values agree well with
previously reported values using other methods (Table 2).

Noninvasive measurements of CSvO2 in neonates has histori-
cally been quite difficult. The current best practice, NIRS, does
not provide robust and reliable measurements due to several limi-
tations,39,40 including contamination from extracerebral tissue

Table 1: Demographic data and clinical characteristics of the 3 groupsa

Characteristics

Healthy
Controls
(n= 8)

Term Neonates
with HIE
(n= 8)

P Value between
Controls and
Term HIE

Preterm
Neonates with
HIE (n= 8)

P Value between
Term and Preterm

HIE
Gestational age (mean) (wk) 39.3 (SD, 0.6) 40.0 (SD, 0.8) .056 33.5 (SD, 2.1) ,.001
Corrected gestational age at MRI
(mean) (wk)

41.3 (SD, 1.1) 41.9 (SD, 0.7) .166 35.7 (SD, 2.6) ,.001

Time interval between age at birth
and age at MR imaging (mean) (wk)

2.0 (SD, 0.7) 1.9 (SD, 0.6) .819 2.2 (SD, 0.9) .404

Birth weight (mean) (g) 3306.3 (SD, 353.1) 3430.6 (SD, 471.4) .560 1926.3 (SD, 350.3) ,.001
No. of male neonates (No.) (%) 4 (50) 5 (62.5) 1.000 4 (50) 1.000
Apgar grade (median) (IQR) 10 (10–10) 6.5 (4–7) ,.001 6 (2–7) .543
Umbilical cord around the neck
(No.) (%)

2 (25) 1 (12.5) 1.000 1 (12.5) 1.000

Oxygen inhalation (No.) (%) 0 4 (50) NA 7 (87.5) 1.000
Pulse oximetry (%) 95–100 90–95 ,.001 90–95 .122
Meconium-stained amniotic fluid
(No.) (%)

0 3 (37.5) NA 1 (12.5) .569

Premature rupture of fetal
membranes (No.) (%)

0 3 (37.5) NA 5 (62.5) .619

Placental abruption (No.) (%) 0 0 NA 2 (25) NA
Cord prolapse (No.) (%) 0 0 NA 1 (12.5) NA
Fetal intrauterine distress (No.) (%) 0 7 (87.5) NA 2 (25) .119
Neonatal asphyxia resuscitation
(No.) (%)

0 8 (100) NA 8 (100) NA

Respiratory failure and ventilation
(No.) (%)

0 2 (25) NA 5 (62.5) .315

Obtundation (No.) (%) 0 7 (87.5) NA 6 (75) 1.000
Stuporous (No.) (%) 0 1 (12.5) NA 2 (25) 1.000
Inhibited primitive reflexes (No.) (%) 0 7 (87.5) NA 6 (75) 1.000
Disappeared primitive reflexes
(No.) (%)

0 1 (12.5) NA 2 (25) 1.000

Hypotonia (No.) (%) 0 2 (25) NA 4 (50) .608
Flaccid (No.) (%) 0 1 (12.5) NA 2 (25) 1.000
Seizures (No.) (%) 0 2 (25) NA 3 (37.5) 1.000
Therapeutic hypothermia (No.) (%) 0 2 (25) NA 1 (12.5) 1.000

Note:—IQR indicates interquartile range; NA, not applicable.
a P values were from the x 2 test or Fisher exact test for categoric variables or the Student t test for continuous variables.

FIG 2. Boxplot of CSvO2 percentages by group. Gray circles are the
ROI measurements from each subject.
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and arterial blood (generally 30% but can vary considerably
among subjects)41 and an insensitivity to low CSvO2 levels.18

QSM, meanwhile, is a relatively new technique, which fully quan-
tifies x using MR imaging phase data. Because oxyhemoglobin is
diamagnetic and deoxyhemoglobin is paramagnetic, a reduction
in deoxyhemoglobin and an increase in oxyhemoglobin will be
reflected as a decrease in the x of venous blood. Using Hct values
obtained from blood samples, one can then calculate the CSvO2.

Recently, several studies have been published demonstrating
the promise22,42,43 of using QSM to quantify CSvO2 changes in
brain injuries of adults.24,25 Doshi et al24 and Chai et al25 reported
CSvO2 differences between adult healthy controls and subjects
with mild traumatic brain injury by measuring the x of cerebral
major veins. Doshi et al found decreases in venous x in the left
thalamostriate vein and right basal vein, while Chai et al found
decreases in venous x in the straight sinus. Both of these studies
suggested increased CSvO2 after a mild traumatic brain injury,
with different conclusions as to what this might suggest. Doshi et
al also obtained CBF measurements and found injured subjects
to have significantly increased CBF postinjury. Along with the
increase in CSvO2, they suggested that the brain responds to trau-
matic injuries by trying to protect brain tissue via the supply of
more oxygen than the tissue requires. Whereas Chai et al did not
acquire CBF measures but did look at the correlation of x reduc-
tions with the amount of time post-trauma, they reported a posi-
tive correlation between the 2 measures, which indicates recovery
to normal levels of oxygenation with time. Chai et al suggested that
QSM can thus be used as a biomarker and to monitor progress.

Closer to our study, Yadav et al44 used QSM to measure
CSvO2 in healthy fetuses (n¼ 21, median week of pregnancy¼
31.3). They reported a mean CSvO2 of 67% (SD, 7%) in the supe-
rior sagittal sinus (SSS) vein, an external cerebral vein that is less
than our reported values in internal cerebral veins in healthy con-
trols (73.6% [SD, 2.84%]). Similarly, several studies have used a
method analogous to QSM, known as MR susceptometry, which
uses a susceptibility-weighted image to measure x values on the
basis of geometric assumptions (such as the SSS vein being an
infinitely long cylinder). These studies reported CSvO2 values in
the SSS ranging from 55.2% in neonates with congenital heart
disease45 to 66% in 34-week-old healthy fetuses (Table 2).46,47

Along with the susceptibility-based methods of measuring
CSvO2 in neonates and fetuses, there have been other MR imag-
ing–related techniques worth mentioning. One such method is
known as T2-relaxation-under-spin tagging (TRUST). For
instance, Shetty et al,48 in 2019, reported CSvO2 changes during
and after therapeutic hypothermia in neonatal HIE using
TRUST. The CSvO2 was calculated by measuring 1/T2 (R2) of the
SSS. They examined CSvO2 values during early hypothermia
treatment (18–24 hours after initiating treatment) and after and
found posttreatment CSvO2 to have been reduced from 73.2%
(SD, 5.5%) (during treatment) to 68.5% (SD, 9.6%) (posttreat-
ment). These posttreatment values agreed well with a previous
study that reported 62.6% (SD, 8.3%) in healthy infants using the
same method.49 While these initial reports of measuring CSvO2

using TRUST are promising, some drawbacks should be consid-
ered. On the one hand, the measurement of R2 is relatively easier
to postprocess than QSM because it requires only a few simple
steps. On the other hand, unlike QSM, the measurement of R2

has confounding factors such as fat, fibrosis, and edema,50 along
with saturation and blooming artifacts. Additionally, the scan
required for QSM provides a wealth of additional information
such as R2* maps and SWI, which can be used to better character-
ize lesions.51 In fact, SWI is already often used in clinical settings
to detect intracranial hemorrhages and other brain abnormalities
and is often part of the neonatal and pediatric MR imaging proto-
cols.52-54 The scan is fast (,3minutes on modern scanners) even
at high spatial resolution (,1mm3). Disadvantages in QSM
include a range of different approaches for background field re-
moval, dipole inversion, and referencing to other tissue.

The results of our study indicate that CSvO2 values were not
found to be significantly different in injured preterm and term
neonates compared with healthy term controls. One reason for
this finding could be that preterm and term infants with moder-
ate or severe HIE could have reduced CBF, which, along with a
reduced oxygen metabolism, would result in CSvO2 similar to
that in healthy controls. In this case, injured neonates would have
reduced oxygen metabolism and, thus, compromised brain
health. To test these 2 opposing theories, however, we would
require additional information, such as CBF and cerebral arterial
oxygen saturation (CSaO2). For instance, the oxygen extraction

Table 2: Comparison of CSvO2 percentages in fetuses and neonates in the literature
Study CSvO2 (mean) (%) Method Subjects Region

van der Hoeven
et al57

73.56 (SD, 5.25) Fiber optic catheter Healthy neonates

Buchvald et al58 64.12 (SD, 4.6) NIRS Healthy neonates Frontotemporal region
Wintermark et al59 77.3 (SD, 4.7) NIRS Hypothermia therapy (moderate) in neonatal HIE Frontal lobe
Wintermark et al59 77.6 (SD, 6.6) NIRS Hypothermia therapy (severe) in neonatal HIE Frontal lobe
De Vis et al60 65.0 (SD, 13.0 T2-TRIR Healthy neonates SSS
Shetty et al48 73.2 (SD, 5.5) TRUST Hypothermia therapy in neonatal HIE SSS
Shetty et al48 68.5 (SD, 9.6) TRUST Post-hypothermia therapy in neonatal HIE SSS
Liu et al49 62.6 (SD, 8.3) TRUST Healthy neonates SSS
Yadav et al44 67 (SD, 7) QSM Healthy fetuses (�31 wk) SSS
Jain et al45 55.2 Susceptometry Neonates with congenital heart disease SSS
Yadav et al46 62.6 (SD, 3.25) Susceptometry Healthy fetuses (�31 wk) SSS
Neelavalli et al47 66 (SD, 9.4) Susceptometry Healthy fetuses (�34wk) SSS
Average 68.12

Note:—T2-TRIR indicates T2-prepared tissue relaxation inversion recovery; SSS, superior sagittal sinus; TRUST, T2-relaxation-under-spin tagging; QSM, quantitative sus-
ceptibility mapping; NIRS, near infrared resonance spectroscopy.
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fraction, the percentage of oxygen used from the blood as it

passes through the capillary network, can be calculated by sub-

tracting the fraction of oxygen saturation in the cerebral arteries

(CSaO2) from the fraction of oxygen saturation in the cerebral

veins (CSvO2).
22,23 While CSaO2 can be easily and noninvasively

measured using a pulse oxygen monitor and CBF can be acquired

using another MR imaging scan such as arterial spin-labeling or

phase contrast,55 our study, unfortunately, did not acquire these

data because they were not part of the original study design.

Thus, we cannot make more conclusive statements regarding pre-

term and term injured brain health. An alternative explanation

could be because our data show premature rupture of fetal mem-

branes in .60% of the preterm infants, which is higher than

usual. It is possible that these infants have adapted to the outside

world and have CSvO2 values closer to term infants.
Two strengths of our method are as follows: The QSM algo-

rithm is available for free on-line at https://github.com/kamesy/
QSM.m for researchers and clinicians to download and use.
Furthermore, our method of selecting venous susceptibility val-
ues (looking at the highest 0.25%) helps reduce human error
using a completely data-driven process.

There are several limitations to the current study. Only 8 sub-
jects from each group were examined, limiting our statistical
power. We did not acquire CSaO2 or CBF measurements, which
would have allowed us to examine why both preterm and term
infants with moderate or severe HIE did not show statistically sig-
nificant differences in CSvO2 compared with healthy controls.
Furthermore, no follow-up with these patients was attempted,
such as cognitive scores, which could have been used to investi-
gate any correlations with CSvO2. In the future, we hope to add
more subjects, acquire CSaO2 and CBF measurements (such as
arterial spin-labeling), and perform cognitive measurements as
the infants develop later in life. One piece of advice the authors
wish to pass on to future researchers is the importance of acquir-
ing and using Hct values in calculating CSvO2. Had we used a
constant value for Hct, the preterm group would have been found
to have a statistically significant difference in CSvO2. However,
by using acquired Hct from each subject, this difference was no
longer seen because Hct increases with gestational age and pre-
term infants were scanned at a younger gestational age.56

CONCLUSIONS
We were able to measure CSvO2 in the internal cerebral veins in
healthy term, preterm, and term injured neonates. These values
agree well with previously reported values in the literature.
However, we did not see a difference in CSvO2, despite the pres-
ence of HIE in the term injured and preterm infants. More stud-
ies should be performed in preterm and term infants with
moderate or severe HIE, while acquiring other brain oxygen met-
rics such as CBF and CSaO2 along with cognitive metrics as the
infants develop later in life.
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ORIGINAL RESEARCH
PEDIATRICS

Imaging Patterns Characterizing Mitochondrial
Leukodystrophies

S.D. Roosendaal, T. van de Brug, C.A.P.F. Alves, S. Blaser, A. Vanderver, N.I. Wolf, and M.S. van der Knaap

ABSTRACT

BACKGROUND AND PURPOSE: Achieving a specific diagnosis in leukodystrophies is often difficult due to clinical and genetic heter-
ogeneity. Mitochondrial defects cause 5%–10% of leukodystrophies. Our objective was to define MR imaging features commonly
shared by mitochondrial leukodystrophies and to distinguish MR imaging patterns related to specific genetic defects.

MATERIALS AND METHODS: One hundred thirty-two patients with a mitochondrial leukodystrophy with known genetic defects
were identified in the data base of the Amsterdam Leukodystrophy Center. Numerous anatomic structures were systematically
assessed on brain MR imaging. Additionally, lesion characteristics were scored. Statistical group analysis was performed for 57 MR
imaging features by hierarchic testing on clustered genetic subgroups.

RESULTS: MR imaging features indicative of mitochondrial disease that were frequently found included white matter rarefaction
(n ¼ 50 patients), well-delineated cysts (n ¼ 20 patients), T2 hyperintensity of the middle blade of the corpus callosum (n ¼ 85
patients), and symmetric abnormalities in deep gray matter structures (n ¼ 42 patients). Several disorders or clusters of disorders
had characteristic features. The combination of T2 hyperintensity in the brain stem, middle cerebellar peduncles, and thalami was
associated with complex 2 deficiency. Predominantly periventricular localization of T2 hyperintensities and cystic lesions with a dis-
tinct border was associated with defects in complexes 3 and 4. T2-hyperintense signal of the cerebellar cortex was specifically
associated with variants in the gene NUBPL. T2 hyperintensities predominantly affecting the directly subcortical cerebral white mat-
ter, globus pallidus, and substantia nigra were associated with Kearns-Sayre syndrome.

CONCLUSIONS: In a large group of patients with a mitochondrial leukodystrophy, general MR imaging features suggestive of mitochon-
drial disease were found. Additionally, we identified several MR imaging patterns correlating with specific genotypes. Recognition of
these patterns facilitates the diagnosis in future patients.

ABBREVIATIONS: KSS ¼ Kearns-Sayre syndrome; SDH ¼ Succinate dehydrogenase; MELAS ¼ mitochondrial encephalopathy, lactic acidosis, and stroke-like
episodes syndrome; MNGIE ¼ mitochondrial neurogastrointestinal encephalopathy

Leukodystrophies are genetic disorders predominantly involv-
ing the white matter of the CNS.1 Clinical and genetic hetero-

geneity complicate establishing a specific molecular diagnosis,
which becomes more effective when clinical, radiologic, and
genetic parameters are combined.1 Most leukodystrophies are

characterized by a specific combination of affected structures on
MR imaging, constituting a recognizable pattern. Recent diagnos-
tic algorithms for leukodystrophies acknowledge the central role
of MR imaging pattern recognition.1,2

A subset of leukodystrophies, involving 5%–10%, is caused by
mitochondrial defects.3,4 Mitochondrial diseases comprise a group
of disorders with genetic defects in mitochondrial oxidative energy
metabolism. Mitochondria are cellular organelles that produce
energy via oxidative phosphorylation (Online Supplemental Data).
The oxidative phosphorylation system consists of 5 respiratory
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chain complexes in the mitochondrial membrane. Human cells
possess 2 different genomes: the nuclear genome, containing
approximately 20,000 genes, and the mitochondrial genome, con-
taining 37 genes. Although mitochondria have functions in addi-
tion to energy metabolism, mitochondrial diseases are typically
regarded as disorders of oxidative phosphorylation.5 They are
caused by variants in either mitochondrial genes or, much more
frequently, nuclear genes encoding proteins necessary for mito-
chondrial function.5 Concerning the high number of associated
gene defects, it is not surprising that mitochondrial disorders have a
striking clinical heterogeneity;5 the high energy demand of the CNS
explains it being the most commonly affected organ.5

Some mitochondrial encephalopathies predominantly manifest
with lesions of gray matter structures (eg, mitochondrial encephal-
opathy, lactic acidosis, and stroke-like episodes syndrome (MELAS);
Alpers syndrome; and Leigh syndrome).6 Another category mani-
fests as leukodystrophy.7 The leukoencephalopathy in Kearns-Sayre
syndrome (KSS)8 and mitochondrial neurogastrointestinal ence-
phalopathy syndrome (MNGIE)9 has been known for a long time,
but more recently, next-generation genetic sequencing techniques
have revealed that numerous unsolved cases of leukodystrophy have
a mitochondrial cause, and MR imaging patterns of new mitochon-
drial leukodystrophies were added.10 Patient selection by specific MR
imaging patterns was pivotal in the detection of the novel leukody-
strophies caused by defects in the genes LYRM7, APOPT1, NUBPL,
and CLPP.11-14 However, systematic studies on MR imaging patterns
in larger groups of patients with different mitochondrial leukodystro-
phies are lacking, and information on the associated MR imaging
patterns is lacking in recent leukodystrophy diagnostic algorithms.1,2

In the current study, we systematically analyzed MRIs of a
large group of patients with mitochondrial leukodystrophy. In all
patients, the causative gene defect was known. The study aims
were to describe MR imaging features suggesting a mitochondrial
leukodystrophy in general and to distinguish MR imaging pat-
terns related to particular gene defects.

MATERIALS AND METHODS
Patients
In the MR imaging data base of the Amsterdam Leukodystrophy
Center, comprising more than 4000 patients, 132 patients with a
mitochondrial leukodystrophy and a known gene defect were iden-
tified. Patients with defects in genes encoding mitochondrial trans-
fer RNA synthetases were excluded because the MR imaging
patterns associated with the respective disorders have been well-
described in separate studies and their high numbers in the data
base would dominate the current study.15-18 The retrospective phe-
notype analysis study was approved by the Ethics Committee of the
VU University Medical Center.

Of the 132 patients, 43 had a respiratory chain complex 1 defect:
22 with variants in the genes NDUFV1, 1 in NDUFV2, 10 in
NDUFS1, 2 inNDUFS3, 2 inNDUFS4, 1 inNDUFS6, 1 inNDUFS7,
3 in NDUFS8, and 1 in NDUFAF5. Complex 2 deficiency was pres-
ent in 22 patients: 4 with variants in SDHA, 5 in SDHB, and 10 in
SDHAF1; in 3 patients with biochemical evidence of complex 2 defi-
ciency, the gene defect was not determined, and in one of them the
SDHA protein expression was reduced. Most of these patients were
part of a previous study on complex 2 deficiency.19 Complex 3

deficiency was present in 10 patients, all with variants in LYRM7.
Some were part of a previous study on LYRM7.14 Complex 4 defi-
ciency was present in 9 patients: 7 with variants in APOPT1, 1
with variants in COX6B, and 1 with variants in COX10. Most
patients with APOPT1 variants were part of a previous study on
APOPT1.12 Iron-sulfur cluster assembly pathway variants were
present in 33 patients: 9 with variants in NUBPL, 8 in IBA57, 7 in
ISCA2, 5 in FDX1L, 3 in BOLA3, and 1 in CDK5RAP1.
Descriptions of some of the patients with NUBPL,11 IBA57,20 and
FDX1L21 variants were published before. A large mitochondrial
DNA deletion was present in 6 patients, all presenting with the
KSS phenotype. Additionally, 4 patients had TYMP variants, in-
dicative of MNGIE, and 5 patients had CLPP variants; descrip-
tions of some of the latter have been published before.13

MR Imaging Evaluation
At least 1 brain MR imaging was available for each patient.
When multiple MRIs were available, the first was used for
analysis. MR sequences and image quality were variable
because the MRIs were acquired at multiple institutions. T2-
weighted and nonenhanced T1-weighted sequences were
available for every patient; FLAIR was available for 115
patients. These images were used to systematically score
numerous white and gray matter structures as normal or
abnormal, and specific features of the abnormalities were
scored, as described in van der Knaap et al.22 More salient
features of this scoring system were as follows: The white
matter was divided into 3 zones—directly subcortical white
matter (ie, arcuate fibers), deep white matter, and periven-
tricular white matter. The corpus callosum was divided into
inner, middle, and outer blades (or layers) and anterior, mid-
dle, and posterior parts. Cysts were strictly scored as lesions
with a signal intensity identical to that of CSF on FLAIR
images, whereas lesions having a signal intensity on FLAIR
intermediate between normal white matter and CSF were
defined as rarefaction. The caudate nucleus, putamen, globus
pallidus, thalamus, dentate nucleus, substantia nigra, cerebral
cortex, and cerebellar cortex were individually evaluated.

Statistical Analysis
Group analysis was performed with 57 MR imaging features. We
first analyzed which abnormalities were most commonly observed
among our 132 patients.

Considering the large number of different genetic subgroups, it
was unlikely that specific patterns would survive multiple compari-
son analysis. We therefore clustered genetic subgroups. First,
patients were clustered in 9 groups: complex 1; complex 2; complex
3; complex 4; iron-sulfur cluster defects excluding NUBPL; NUBPL;
MNGIE; KSS; and CLPP. This clustering was partly on the basis of
the type of mitochondrial defect and partly on the basis of prior
knowledge from personal experience and reviewing the MRIs. To
further reduce the number of subgroups, we visually inspected a
heat map of the data, in which the patients were ordered by genetic
subtype and the features were clustered using unsupervised hier-
archical cluster analysis. No differences were observed between
defects of complexes 3 and 4, and they were clustered. NUBPL and
KSS were considered separately. Complex 1 defects were clustered
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together with the remaining genetic subgroups, so, patients were
clustered in 5 groups: complex 2; complexes 3 and 4; NUBPL; KSS;
and other.

To identify which MR imaging features correlated with the 5
subgroups, we performed hierarchical testing. First, the associa-
tion of each feature with the overall group structure was tested.
Then, for each significant feature, the association with each of the
5 subgroups was tested. Fisher exact tests were used with Holm-
Bonferroni correction for multiple testing to control the maxi-
mum family-wise error rate at 0.05.

RESULTS
MR Imaging Findings
The age of patients at the time of their first available MR image
ranged from the first month of life to 46 years of age.

T2 hyperintensity affecting the middle blade of the corpus
callosum, while sparing thin inner and outer blades, was
noted in 85 of our 132 patients (Fig 1). Brain stem lesions
were found in 66 patients (Fig 1). These included selective
involvement of certain tracts, such as part of the corticospi-
nal tracts in 32 patients but also more diffuse or ill-defined
brain stem lesions. Symmetric T2 hyperintensity in the mid-
dle cerebellar peduncles was found in 42 patients (Fig 1).
Rarefaction of white matter lesions was found in 50 patients;
cystic lesions were found in an additional 20 patients. These
cysts were typically well-delineated (Fig 1). Symmetric
abnormalities of deep gray matter structures were found in
42 patients (Fig 1), more specifically in the thalamus in 34,

substantia nigra in 13, globus pallidus in 9, putamen in 8,
and caudate nucleus in 5. Cerebellar atrophy was found in 23
patients. Multifocal enhancement was found in 31 of 66
patients with contrast-enhanced images, most frequently at
the edges of lesions (Fig 1). Multifocal diffusion restriction
was found in 68 of 84 patients with diffusion-weighted
images, again, most frequently at the lesion edges (Fig 1).
Elevated lactate levels were found in 31 of 49 patients with
MR spectroscopy.

Brain stem lesions were, in particular, common in succi-
nate dehydrogenase (SDH) deficiency (19 of 22 patients) and
KSS (all 6 patients). Symmetric T2 hyperintensity in the mid-
dle cerebellar peduncles was more commonly seen in SDH
deficiency (14 of 22 patients) and KSS (5 of 6 patients), but
also in patients with NDUFS1 variants (5 of 10 patients).
Cystic lesions were most commonly observed in patients with
APOPT1 variants (5 of 7 patients), patients with LYRM7 var-
iants (6 of 10 patients), and also in patients with both COX6B
and COX10 variants.

We investigated whether certain MR imaging abnormal-
ities or combinations of abnormalities were specific for
particular disorders or clusters of disorders. Complex 2 defi-
ciency was characterized by T2 hyperintensity in the brain
stem, more specifically in the transverse pontine fibers, and T2-
hyperintense abnormality in the middle cerebellar peduncles and
the thalami (Fig 2). Defects in complexes 3 and 4 were characterized
by predominantly periventricular localization of T2 hyperin-
tensities and well-defined cystic lesions with distinct borders
(Fig 3). Patients with NUBPL variants had a unique

FIG 1. MR imaging features suggestive of mitochondrial leukodystrophy. A, Sagittal and coronal T2-weighted images of a patient with a complex
2 deficiency show longitudinal T2 hyperintensity affecting the middle blade of the corpus callosum while sparing the inner and outer blades. B,
Axial T2-weigthed images of 2 patients. B1, Symmetric involvement of the striatum in a patient with NDUFV1 variants. B2, Symmetric hyperinten-
sity in the thalami in a patient with NDUFAF5 variants. C1, FLAIR image of a patient with LYRM7 variants shows small cysts in the periventricular
and deep cerebral white matter. C2, T2-weighted image shows the well-defined border of cysts in a different patient with LYRM7 variants. D1,
Axial diffusion trace images show extensive diffusion restriction at the edge of the lesions in a patient with BOLA3 variants, D2, Postcontrast T1-
weighted image shows subtle enhancement at the edge of cysts in the same patient as in C2. E1 and E2, Axial T2-weighted images. E1, Symmetric
hyperintensity of the middle cerebellar peduncles and cerebellar white matter in a patient with ISCA2 variants. E2, Hyperintensity of the medulla
oblongata, middle cerebellar peduncles, and cerebellar white matter in a patient with IBA57 variants.

1336 Roosendaal Jul 2021 www.ajnr.org



combination of T2-hyperintense signal of the cerebellar cor-
tex bilaterally and supratentorial white matter abnormalities
(Fig 4). Patients with KSS had T2-hyperintense abnormal-
ities predominantly affecting the directly subcortical cerebral
white matter, in combination with T2-hyperintense abnor-
malities in the globus pallidus and substantia nigra (Fig 5).

DISCUSSION
We investigated the MRIs of patients with leukodystrophies
caused by a genetic defect affecting the mitochondrial respira-
tory chain function, except for mitochondrial transfer RNA syn-
thetase defects. Several MR imaging features were relatively
frequent among all patients and therefore suggestive of a possi-

ble mitochondrial cause when ob-
served. Additionally, we found 4 MR
imaging patterns specific for the fol-
lowing defects: 1) SDH deficiency, 2)
LYRM7 or APOPT1 or COX10 or
COX6B variants, 3) NUBPL variants,
and 4) KSS.

MR Imaging Features Suggestive
of a Mitochondrial
Leukodystrophy
In the diagnostic work-up of patients
with leukodystrophy, several MR imag-
ing features suggest an underlying
mitochondrial defect (Table 1 and
illustrated in Fig 1).

We observed longitudinal T2
hyperintensity of the middle blade of
the corpus callosum in most of our
patients, with sparing of inner and
outer blades. In metachromatic leu-
kodystrophy, Krabbe disease, and
adrenoleukodystrophy, all layers of
the corpus callosum are typically
affected,23 while in vanishing white
matter, the inner blade is involved.24

Marchiafava-Bignami disease23 and
Susac syndrome25 also selectively affect
the middle blade of the corpus cal-
losum, in Marchiafava-Bignami disease
in a longitudinal fashion; but in Susac
syndrome, the lesions are round and
multifocal.25 Thus, longitudinal selec-
tive involvement of the middle layer
should be regarded as a red flag for
possible mitochondrial disease.

White matter rarefaction and cystic
degeneration, most accurately visualized
in FLAIR sequences, were common in
our patients. The cysts were usually
multifocal and well-delineated and
mainly located in the periventricular
and deep white matter and not in the
subcortical regions. Diffusion restricton
and contrast enhancement often specifi-
cally involved the rims of the cysts. By
contrast, in Alexander disease, cysts are
mainly located in the deep frontal white
matter and may become quite large.23

In megalencephalic leukoencephalop-
athy with subcortical cysts, the cysts are

FIG 2. Features characteristic of SDH deficiency in 3 patients (A–C) showing symmetric thalamic
involvement and pontine and middle cerebellar hyperintensities on T2-weighted images. B, Note
the diffusion restriction.

FIG 3. Characteristic features of defects in complexes 3 (A) and 4 (B and C). Upper rows are T2-
weighted images; lower rows show FLAIR images and a diffusion trace image. Predominantly peri-
ventricular T2 hyperintensities, well-defined cystic lesions with a distinct border. Diffusion restric-
tion at the edge of the lesions.
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located in the directly subcortical white matter.23 Seldom, patients
with Canavan disease may exhibit multiple small cysts throughout
the white matter.26 Bilateral anterior temporal lobe localization of
the cysts, often seen in megalencephalic leukoencephalopathy with
subcortical cysts, congenital cytomegalovirus infection, and Aicardi-
Goutières syndrome,23 was not observed in our patient cohort,

though this localization has been reported in a mitochondrial disor-
der caused by RMND1 variants.27 In vanishing white matter, the
cerebral white matter rarefaction and cystic degeneration are diffuse
and without well-defined rims.23,24 Therefore, the appearance and
location of the white matter cysts are indicative of the type of
leukodystrophy.

Symmetric deep gray matter
involvement was common in our
patients, the thalamus being most fre-
quently involved. In Wilson disease,
white matter abnormalities are
uncommon but may be extensive in
exceptional patients.28 In Alexander
disease, signal changes and mild swel-
ling, followed by atrophy, occur in
the caudate nucleus and putamen.23

The globus pallidus and thalamus are
commonly involved in Canavan dis-
ease with sparing of the putamen and
caudate nucleus.23 Other defects in
amino acid and organic acid metabo-
lism may present with white and deep
gray matter abnormalities,23 as well
as in certain types of neurodegenera-
tion with brain iron accumulation.29

Therefore, the combination of white
matter abnormalities and changes in
deep gray matter nuclei comes with a
long differential diagnosis, of which
mitochondrial defects should be part.

Brain stem abnormalities were seen
in half of our patients, involving both
brain stem tracts and the pontine nuclei.
The brain stem abnormalities in leu-
koencephalopathy with brain stem and
spinal cord involvement and high lac-
tate are distinct, involving the pyramidal
tracts, medial lemniscus, cerebellar con-
nections, and intraparenchymal trigem-
inal nerves.15 In peroxisomal disorders,
brain stem abnormalities commonly
occur together with abnormal signal of
the cerebellar and parieto-occipital or
frontal white matter.23 In Wilson dis-
ease, abnormalities frequently diffusely
affect the pontine tegmentum and
midbrain tectum and tegmentum, creat-
ing the so-called “face of the giant
panda.”30 Diffuse or multifocal en-
hancing brain stem lesions occur in
Alexander disease, particularly in
the medulla and midbrain.23 In
dentatorubral-pallidoluysian atrophy,
T2 hyperintensity exists in the mid-
brain and pons and often also in the
globus pallidus and thalamus.23 In
adult patients, adult polyglucosan body

FIG 5. T2-weighted images of 3 patients with KSS (A–C) showing hyperintensity affecting (pre-
dominantly the subcortical and also deep) white matter. A and C, In the lower panel, hyperinten-
sities in the globus pallidus exist. B, Involvement of the substantia nigra and, in this case, larger
areas of the midbrain are shown.

FIG 4. Characteristic features of NUBPL variants shown in 3 patients (A–C). The T2-weighted
images show hyperintensity of the cerebellum, which is also hyperintense on FLAIR (B) and enhan-
ces (C). Involvement of supratentorial white matter can be extensive (A).
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disease and autosomal dominant leukodystrophy with autonomic
disease may be considered.31,32

Symmetric T2 hyperintensity in the middle cerebellar peduncles
was frequently seen in our patients, especially in SDH deficiency
and KSS, and in those with NDUFS1 variants. It has also been
described in Wilson disease and adrenoleukodystrophy.33 In adult
patients with symmetric middle cerebellar peduncle involvement,
autosomal dominant leukodystrophy with autonomic disease,32

fragile X-associated tremor/ataxia syndrome,23 and multiple system
atrophy can be considered.33,34

Diagnostic MR Imaging Patterns
In some cases, the MR imaging pattern is specific for or strongly
suggestive of a particular disorder or group of disorders and
therefore quite helpful in the diagnosis (Table 2).

We found that patients with SDH deficiency could be diag-
nosed by the following MR imaging features: T2 hyperintensity in
the brain stem (more specifically the transverse pontine fibers), the
middle cerebellar peduncles, and thalami, as reported previously.19

Obviously, a succinate peak in MR spectroscopy is specific for
SDH deficiency,19 but spectroscopy is not always available.

The presence of numerous small cystic lesions with a well-
defined border in the periventricular and deep cerebral white mat-
ter was associated with complex 3 or 4 defects. In line with this
association, the MR imaging findings previously described in
patients with LYRM7 variants14 are similar to those described in
patients with APOPT1 variants.12 There are no previous descrip-
tions of MR imaging abnormalities in patients with COX10 or
COX6B variants.

The combination of FLAIR or T2 hyperintensity of the cere-
bellar cortex and cerebral white matter involvement is unique
for NUBPL variants.11 Cerebellar cortical T2 hyperintensity has

been infrequently reported in other
mitochondrial diseases,35 but without
cerebral white matter abnormalities.
In several other diseases known for
cerebellar cortical hyperintensity and
volume loss,36 typically no leukoence-
phalopathy exists.

A pattern of T2-hyperintense abnor-
malities predominantly affecting the U-
fibers, the globus pallidus, and the sub-
stantia nigra was associated with KSS.
Calcifications in the globus pallidus and
substantia nigra may be visible. Brain
stem and symmetric middle cerebellar
peduncle abnormalities were also fre-
quently observed in patients with KSS.
However, these 2 features did not survive
our statistical analysis, probably due to
the small number of patients with KSS
and the presence of these abnormalities
in patients with SDH deficiency.

Study Limitations
A limitation of our study is its retro-
spective nature. Most important, this

limited the availability of important MR images, such as spectros-
copy and contrast-enhanced images. Furthermore, a larger
patient group would have increased the statistical power and may
have led to the distinction of a higher number of specific MR
imaging patterns. A strength of our study is that in all our
patients, the causative gene defect was known. Still, it is difficult
to estimate the generalizability of our results for new patients,
though it is reassuring that similar, though limited, observations
have been published before.11-14,19

CONCLUSIONS
In patients with leukodystrophy, MR imaging findings are very
helpful in directing the diagnostic process. In some cases, the
pattern of MR imaging abnormalities is diagnostic, facilitating
rapid genetic confirmation. This finding is also true for some
mitochondrial leukodystrophies. In many of our patients, the
MR imaging pattern was not specific for a particular mitochon-
drial defect, also in these patients MR imaging abnormalities
suggestive of mitochondrial disease were commonly present.
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CT Cervical Spine Fracture Detection Using a Convolutional
Neural Network

J.E. Small, P. Osler, A.B. Paul, and M. Kunst

ABSTRACT

BACKGROUND AND PURPOSE: Multidetector CT has emerged as the standard of care imaging technique to evaluate cervical spine
trauma. Our aim was to evaluate the performance of a convolutional neural network in the detection of cervical spine fractures on CT.

MATERIALS AND METHODS:We evaluated C-spine, an FDA-approved convolutional neural network developed by Aidoc to detect cer-
vical spine fractures on CT. A total of 665 examinations were included in our analysis. Ground truth was established by retrospective vis-
ualization of a fracture on CT by using all available CT, MR imaging, and convolutional neural network output information. The Œ

coefficients, sensitivity, specificity, and positive and negative predictive values were calculated with 95% CIs comparing diagnostic accu-
racy and agreement of the convolutional neural network and radiologist ratings, respectively, compared with ground truth.

RESULTS: Convolutional neural network accuracy in cervical spine fracture detection was 92% (95% CI, 90%–94%), with 76% (95%
CI, 68%–83%) sensitivity and 97% (95% CI, 95%–98%) specificity. The radiologist accuracy was 95% (95% CI, 94%–97%), with 93%
(95% CI, 88%–97%) sensitivity and 96% (95% CI, 94%–98%) specificity. Fractures missed by the convolutional neural network and by
radiologists were similar by level and location and included fractured anterior osteophytes, transverse processes, and spinous proc-
esses, as well as lower cervical spine fractures that are often obscured by CT beam attenuation.

CONCLUSIONS: The convolutional neural network holds promise at both worklist prioritization and assisting radiologists in cervical
spine fracture detection on CT. Understanding the strengths and weaknesses of the convolutional neural network is essential
before its successful incorporation into clinical practice. Further refinements in sensitivity will improve convolutional neural net-
work diagnostic utility.

ABBREVIATIONS: AI ¼ artificial intelligence; CNN ¼ convolutional neural network; NPV ¼ negative predictive value; PPV ¼ positive predictive value

Avariety of studies have been conducted evaluating the per-
formance of artificial intelligence (AI) to detect fractures. AI

has been used to detect hip,1-3 humeral,4 distal radius,5 wrist,6-8

hand,8 and ankle fractures8 on radiographs, as well as thoracic
and lumbar spine fractures on dual x-ray absorptiometry.9 In
addition, AI has been used to detect calcaneal10 and thoracic and
lumbar vertebral body fractures11-13 on CT. To our knowledge,
no studies evaluating AI in detecting cervical spine fractures on
CT have been published.

Cervical spine injury is common with greater than 3 million
patients per year being evaluated for cervical spine injury in North

America,14 and greater than 1 million patients with blunt trauma

with suspected cervical spine injury per year being evaluated in the

United States.15 Cervical spine injury can be associated with high

morbidity and mortality,16 and a delay in diagnosis of an unstable

fracture leading to inadequate immobilization may result in a cata-

strophic decline in neurologic function with devastating conse-

quences.17-20 Clearing the cervical spine through imaging is

therefore a critical first step in the evaluation of patients with

trauma, and multidetector CT has emerged as the standard of care

imaging technique to evaluate cervical spine trauma.21 Morbidity

and mortality in patients with cervical spine injury can be reduced

through rapid diagnosis and intervention.
The aim of this study is to evaluate the performance of a con-

volutional neural network (CNN) developed by Aidoc (www.

aidoc.com) for the detection of cervical spine fractures on CT.

We establish the presence of fractures based on retrospective clin-
ical diagnosis and compare the CNN performance with that of

radiologists. Aidoc’s CNN currently runs continuously on our
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hospital system and functions as a triage and notification software
for analysis and detection of cervical spine fractures. However,
we purposefully conducted a retrospective study on cervical spine
studies performed before system-wide deployment, as we wanted
to compare CNN performance to radiologist performance with-
out the aid of the tool. A proficient algorithm may help identify
and triage studies for the radiologist to review more urgently,
helping to ensure faster diagnoses.

MATERIALS AND METHODS
After approval by our institutional review board, we conducted a
retrospective analysis of the predictions of an FDA-approved
CNN developed by Aidoc for the identification of cervical spine
fractures based on CT. We compared these predictions to the
unaided diagnoses made by radiologists of different levels of ex-
pertise and training. Our criterion standard for the presence or
absence of cervical spine fractures was based on retrospective
consensus review by 2 fellowship-trained neuroradiologists after
evaluating all available CT, MR imaging, and CNN data.

CNN Algorithm Development
We evaluated an FDA-approved CNN developed by Aidoc for
cervical spine fracture detection on CT. The CNN is designed to
detect linear bony lucency in patterns consistent with fracture
(including compression), does not distinguish between acute and
chronic fractures, and is limited to the cervical spine (C1–7).

The hardware used for developing and validating the CNN
included 8 GPUs, 64 CPUs, 488 GB of RAM, and 128 GB of GPU
memory. Validation was based on retrospective, blinded data
from 47 clinical sites evaluating approximately 8000 examina-
tions. Nearly equal amounts of positive and negative examina-
tions were included in the analysis. Validation sensitivity was
95.8% (95% CI, 95.7%–95.9%) and specificity was 98.5% (95% CI,
98.5%–98.5%). Approximately 12,000 studies from 83 clinical
sites were used for training the algorithm, and 80% of them were
positive. The CNN training data base was made from datasets
from all commercially available CT scanners, and included all
available imaging planes (axial, coronal, and sagittal) and kernels
(bone and soft tissue). The training data base labeling was based
on manual review and annotation of fractures by neuroradiolo-
gists experienced in spine trauma.

The cervical spine fracture detection model consists of 2 stages:
a region proposal stage and a false-positive reduction stage. The
first stage is a 3D fully convolutional deep neural network. The
architecture is based on the Residual Network architecture, which
consists of repeated blocks of several convolutional layers with skip
connections between them, and is followed by a pooling layer that
reduces the dimensions of the output. This network is trained on
segmented scans and produces a 3D segmentation map. The
model was trained from scratch, with no pretraining from addi-
tional datasets. From the segmentation map, region proposals are
extracted and passed as input to the second stage of the algorithm.
The second stage classifies each region as positive or negative. Two
sets of features are extracted from each region, fused together, and
used for the final decision. The first are learned features from a
multilayered, classification head that receives the features from the
last layer of the 3D segmentation network for the proposed regions

as input. The second are nonlearned engineered features obtained
from traditional image-processing methods that operate on the
proposed regions. These features are combined through an addi-
tional neural network, which classifies each proposal as a fracture
or not.

Validation Dataset
We queried the PACS for cervical spine CT studies performed
between January 3, 2015, and December 30, 2018 (a time before
system-wide deployment of the CNN algorithm at our institu-
tion), in patients who also had a short interval follow-up cervical
spine MR imaging (,48 hours). In particular, we limited the
analysis to cervical spine CT studies with a short interval follow-
up MR imaging so that the MR imaging data could aid in the ret-
rospective criterion standard determination of acute fractures. Of
note, examinations at our institution have cervical spine MR
imaging after a CT when there is a persistent clinical concern for
cervical spine trauma despite a negative cervical spine CT, or in
patients with positive cervical spine CT findings for trauma to
evaluate for cord contusion, ligamentous injury, or epidural
hemorrhage.

The CNN validation was made of datasets acquired from
multiple institutions on all commercially available CT scanners
with differences in FOV and section thickness. Similarly, the
study group included datasets acquired on different commer-
cially available CT scanners at both Lahey Hospital and Medical
Center and affiliate institutions with differences in FOV and
section thickness. MR images used to troubleshoot examina-
tions were performed at both 1.5T and 3T and were not eval-
uated by the CNN. The finalized cervical spine CT reports were
simultaneously independently reviewed by 2 fellowship-trained
neuroradiologists. To achieve labeling consensus maximizing
ground truth assessment in our study, the decision was made to
have 2 neuroradiologists who had each completed a 2-year neu-
roradiology fellowship and obtained the Certificate of Added
Qualification review each report. Results were classified as posi-
tive or negative for fracture.

Error Analysis
The cervical spine CTs were interpreted and dictated at the
time of patient presentation by a diverse group of radiologists.
This group consisted of neuroradiologists (some of whom had
obtained the Certificate of Added Qualification), emergency
department radiologists, general private practice radiologists
from affiliate hospitals, and remote overnight coverage night-
hawk radiologists (some of whom had completed fellowship
training in neuroradiology). Meaningful analysis and conclu-
sions comparing the CNN to different-level radiologists was
not feasible because of the wide variety of training back-
grounds and small number of radiologists within some of the
groups. Research data analysis was performed by neuroradiol-
ogists who had completed a 2-year neuroradiology fellowship
and obtained the Certificate of Added Qualification. Ground
truth labeling was obtained by retrospective visualization of a
fracture on CT after using all available CT, MR imaging, and
CNN information and was performed independently by 2 fel-
lowship-trained neuroradiologists. Discrepant CNN positive
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examinations were reviewed both on a custom web-based
viewer and in the PACS. The finalized CT reports and primary
CNN output were graded against the ground truth.

Only fractures involving the cervical spine (C1–7), as well as
both acute and chronic fractures, were labeled true-positives to
match the design of the CNN. Postsurgical changes, congenital

fusion anomalies, nutrient foramina,
degenerative changes, and artifact
were labeled negative for fracture.
Traumatic disc injuries were labeled
true-negatives as they do not match
the design of the CNN by failing to
contain a linear bony lucency in a pat-
tern consistent with fracture.

Our study data base included
datasets from several referring insti-
tutions with different scanner manu-
facturers and techniques mimicking
the heterogeneity of the CNN train-
ing data base. Most of the exam-
inations at our institution were per-
formed on an Ingenuity CT scan-
ner (Philips Healthcare) with 1.5mm
axial section thickness and 1mm cor-
onal and sagittal reformats.

Diagnostic accuracy and agree-
ment between the radiologist and the
ground truth, and between the CNN
and ground truth, was evaluated by
using Œ coefficients, sensitivity/speci-
ficity, positive predictive value (PPV),
and negative predictive value (NPV).
The 95% confidence intervals were
calculated for each estimate.

RESULTS
A total of 869 cervical spine CT
examinations were initially identified.
The patient age range was 16–98 years,
with an average of 60.28 years and a
median of 61 years. A total of 379
patients were men (54.5%) and 316

FIG 1. CNN and radiologist performance.

FIG 2. Location of false-negative and false-positive fractures for the radiologists and the CNN.
Each location instance is marked by a red dot. False-negative fractures by radiologists (A) and the
CNN (B) were similar in site and distribution. Although both the radiologists and CNN missed
fractures more commonly along the lower cervical spine, errors were more numerous for the
CNN. False-positive fracture sites noted by radiologists (C) and the CNN (D) can also be com-
pared side-by-side. Numerous findings can mimic fractures on CT, most commonly degenerative
changes or nutrient foramina. These fracture mimics were misinterpreted by both radiologists
and the CNN. False-positive fractures along the anterior corners of vertebral bodies were slightly
more commonly noted by radiologists and false-positive fractures along the facets and trans-
verse processes were more commonly identified by the CNN.

FIG 3. Fracture-positive, radiologist false-negative, CNN false-negative case example. Axial (A), sagittal (B), and coronal (C) cervical spine CT
images, and sagittal fat-saturated T2-weighted cervical spine MR image (D) demonstrate a minimally displaced C4 spinous process fracture. Red
arrows demarcate fracture lines, the blue arrow demarcates prevertebral edema, and the orange arrow demarcates interspinous and supraspi-
nous ligamentous injury. This case example illustrates a subtle fracture missed by both the radiologist and CNN that was identified in retrospect
with the help of MR imaging because of the presence of secondary signs, such a prevertebral edema and ligamentous injury.
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were women (45.5%). Twelve examina-
tions were duplicates and 162 examina-
tions could not be processed by the
CNN. A total of 157 of the 162 excluded
examinations could not be retrieved
from the PACS by the CNN because
they were imported from an out-
side hospital without an identifiable
DICOM header. The remaining 5 of the
162 excluded examinations could not
be analyzed by the CNN because of
technical issues with the datasets. These
technical issues related to a few prepro-
cessing steps of the CNN orchestrator,
which assure that the study is techni-
cally adequate for analysis. These
include inconsistent DICOM tags or
missing slices that would compromise
the processing. The fracture prevalence
in the excluded dataset is similar to the
fracture prevalence in the included data-
set. For example, 35 of the 162 excluded
examinations were positive for fracture
(22%) compared with 143 of the 695
included examinations (21%). Because
this was a retrospective study of datasets
acquired before CNN implementation,
the percentage of excluded examina-
tions on datasets acquired after CNN
implementation is likely to be much
smaller based on the availability of tech-
nical support from the CNN developer
and the presence of reliable DICOM
tags. Consequently, we feel the true ac-
curacy of the CNN to be comparable
with the accuracy demonstrated in our
study. Out of the 695 remaining exami-
nations, 30 examinations had fractures
outside of the cervical spine (C1–7) and
were excluded from our analysis, for a
final sample size of 665 examinations. A
total of 143 examinations were labeled
positive for fracture and 522 examina-
tions were labeled negative for fracture
by ground truth analysis.

For the radiologists, there were 133
examinations labeled true-positive in
which fractures were noted in the
report and 502 examinations labeled
true-negative in which no fractures
were noted in the report. There were
20 examinations labeled false-positive
in which a fracture was mentioned in
the report but both MR imaging and
CNN output were negative for fracture.
There were 10 examinations labeled
false-negative in which no fracture was

FIG 4. Fracture-positive, radiologist true-positive, CNN false-negative case example. Axial (A) and
sagittal (B) cervical spine CT images, and sagittal fat-saturated T2-weighted cervical spine MR
image (C) demonstrate a C6–7 fracture-dislocation with cord compression. Red arrows demar-
cate fracture-dislocation, the blue arrow demarcates prevertebral edema, and the orange arrow
demarcates cord compression. This case example illustrates an important drawback of the CNN
to overlook areas of gross bony translation, as it was only designed to detect linear bony lucency
in patterns consistent with fractures.

FIG 5. Fracture-positive, radiologist true-positive, CNN false-negative case example. Axial (A)
and sagittal (B) cervical spine CT images, and sagittal fat-saturated T2-weighted cervical spine
MR image (C) demonstrate multiple fractures involving the C7 and T1 vertebral bodies and C6
spinous process with epidural hematoma and associated cord compression. Red arrows
demarcate fracture lines and the blue arrow demarcates epidural hematoma. This case exam-
ple illustrates important drawbacks of the algorithm to miss fractures characterized more by
distraction rather than linear bony lucency, fractures involving the distal aspects of the spi-
nous processes that may be mistaken for nuchal ligament calcification or ossification, and
fractures located in the lower cervical spine where fine bony detail becomes poor from CT
beam attenuation.

FIG 6. Fracture-positive, radiologist false negative, CNN true positive case example. Axial (A) and
sagittal (B) cervical spine CT images and sagittal (C) STIR cervical spine MR image demonstrate a
minimally displaced right C7 superior articulating facet fracture. Red and blue arrows demarcate
fracture lines. This case example illustrates the strength of the algorithm to detect subtle frac-
tures when they conform to linear bony lucencies.
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mentioned in the report but either MR imaging or CNN output

were positive for fracture and the fracture could be visualized in

retrospect on the cervical spine CT. The PPV and NPV for the

radiologist was 87% (95% CI, 81%–92%) and 98% (95% CI, 96%–

99%), respectively. The sensitivity, specificity, and percent agree-

ment were 93% (95% CI, 88%–97%), 96% (95% CI, 94%–98%),

and 95.5% (95% CI, 94%–97%), respectively. The Œ coefficient was

0.87 (95% CI, 0.82–0.92). The time from acquisition until a final-

ized report for the radiologist ranged from 33 to 43minutes.

For the CNN, there were 109
examinations labeled true-positive and
505 examinations labeled true-negative
that matched ground truth labeling.
There were 17 examinations labeled
false-positive in which the CNN
detected a fracture, but both the radiol-
ogist and MR imaging reports were
negative for fracture. There were 34
examinations labeled false-negative in
which the CNN failed to detect a frac-
ture that was seen in both the radiolog-
ist and MR imaging reports. The PPVs
and NPVs for the CNN were 87%
(95% CI, 79%–92%) and 94% (95% CI,
91%–96%), respectively. The sensitiv-
ity, specificity, and percent agreement
for the CNN was 76% (95% CI, 68%–
83%), 97% (95%–98%), and 92% (95%
CI, 90%–94%), respectively. The Œ
coefficient was 0.76 (95% CI, 0.70–
0.82). The time from acquisition until a
CNN analysis report ranged from 3 to
8minutes.

To address the concern of selection
bias in our sample (with an incidence
of 21.5%), extrapolation to a popula-
tion with an incidence of 1.9% as
reported by Inaba et al16 of cervical
fracture was conducted. With the
same sample size and values of sensi-
tivity and specificity as found above,
estimated PPVs and NPVs for the
radiologist’s ratings were 32% (95%
CI, 18%–50%) and 99.9% (95% CI,
99%–100%), and for the CNN’s rat-
ings, they were 30% (95% CI, 15%–
49%) and 99.5% (95% CI, 99%–100%).

In 7 examinations labeled true-posi-
tive, the CNN detected a fracture that
the radiologist missed on CT and
MR imaging. In 4 examinations labeled
true-positive, the fracture detected by
the CNN was chronic.

The results for CNN-versus-radiol-
ogist performance are summarized in

Fig 1. The location of false-negative and false-positive fractures
for the CNN and radiologist are compared in Fig 2. Several in-
structive examples are depicted in Figs 3–10.

DISCUSSION
We evaluated the performance of a CNN designed to detect cervi-
cal spine fractures on CT and compared it to that of radiologists.
Our dataset contained a high fracture prevalence because of our
decision to limit our analysis to only those examinations that

FIG 7. Fracture-negative, radiologist false positive, CNN false positive case example. Sagittal (A)
cervical spine CT image and sagittal (B) STIR and sagittal (C) T1-weighted cervical spine MR images
demonstrate a small depression along the anterosuperior margin of the C6 vertebral body (red
arrow) without associated bone marrow edema, prevertebral edema, or disc space widening
(blue circles). This case example illustrates how both the radiologist and CNN algorithm are capa-
ble of ignoring the absence of secondary signs, such as prevertebral edema and disc space widen-
ing when incorrectly identifying a fracture.

FIG 8. Fracture-negative, radiologist false positive, CNN true negative case example. Sagittal (A)
cervical spine CT image and sagittal (B) STIR cervical spine MR image demonstrate a nutrient fora-
men/trabecular variant within the dens (red arrow) without associated bone marrow edema
(blue circle). This case example illustrates the ability of the AI algorithm to exclude those linear
bony lucencies that contain sclerotic margins inconsistent with fracture.
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contained a short interval follow-up cervical spine MR imaging.
This decision was made to ensure the veracity of our ground
truth analysis because the group of interpreting radiologists in
our study was diverse and had individuals with various experi-
ence in cervical spine trauma evaluation.

The CNN in our study demon-
strated an accuracy of 92% compared
with 96% for the radiologists, under-
scoring the capability of the CNN at
fracture detection. In addition, time
from image acquisition to CNN analy-
sis was considerably shorter than the
time from image acquisition to radiol-
ogist report finalization emphasizing
the value of the CNN in worklist pri-
oritization. This benefit would be of
greater value to high-volume practices
that may have even longer radiology
interpretation times. There is tremen-
dous potential for worklist prioritiza-
tion to improve patient outcomes
by decreasing time to diagnosis and
therapeutic intervention for unstable
fractures.

The sensitivity of the CNN (79%) is
lower than that of the radiologists

(93%). CNN output should therefore be appraised after the radiol-
ogist’s imaging review. Further work to improve CNN sensitivity is
particularly important if CNNs are to become widely accepted as
valuable worklist prioritization tools. Importantly, the clinically
more useful parameters of PPV and NPV were comparable
between the CNN and radiologists in our dataset consisting of a
high fracture prevalence.

Our review of the few CNN false-negative examinations demon-
strates that the locations of CNNmisses closely match those of radi-
ologists. Knowledge of this is important as radiologists need to be
aware of the locations where the CNN performs poorly in order to
subject these locations to additional scrutiny before report finaliza-
tion. The few instances in which the CNN detected a fracture that
the radiologist missed underscores the ability of the CNN to func-
tion as a valuable complementary tool in fracture detection that
should be reviewed by the radiologist before report finalization to
maximize overall fracture detection sensitivity.

Discrepant examinations reveal important limitations of the
CNN. As noted in Fig 4, a severe fracture-dislocation was missed
by the CNN algorithm. In addition, as noted in Fig 5, fractures
characterized more by distraction rather than linear bony
lucency, fractures involving the distal aspects of the spinous proc-
esses that may be mistaken for nuchal ligament calcification or
ossification, and fractures located in the lower cervical spine
where fine bony detail becomes poor from CT beam attenuation
were also missed by the CNN. Fractures of these types must be
added to the CNN training dataset as they will need to be
detected if CNNs are to become increasingly valuable worklist
prioritization tools.

Study design and selection bias are important limitations to
our study, diminishing the generalizability of our findings. Most
scans were performed at a single primary site and therefore a
prospective, multicenter trial will need to be pursued next. In
addition, our dataset contained a high fracture prevalence mini-
mizing the number of clinically occult fractures and potentially
falsely elevating our reported CNN and radiologist sensitivity. If

FIG 9. Fracture-negative, radiologist true negative, CNN false positive case example. Axial (A) and
sagittal (B) cervical spine CT images demonstrate congenital thinning and incomplete fusion of the
left C1 lamina. Red arrows demarcate congenital thinning and incomplete fusion. This case example
illustrates a limitation of the AI algorithm to mistake common congenital anomalies for fractures if
the image contains linear bony lucency extending into the cortex.

FIG 10. Fracture-negative, radiologist true-negative, CNN false-posi-
tive case example. Axial cervical spine CT image demonstrates a post-
surgical defect involving the right lamina secondary to laminoplasty.
Red arrow demarcates postsurgical defect. This case example illus-
trates a drawback of the algorithm to fail to differentiate postsurgical
changes from fractures.
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we extrapolate our sample size and values for sensitivity and
specificity to a dataset that contains a much lower fracture prev-
alence on par with that observed in previously reported multi-
institutional cervical spine trauma trials, the PPVs for the CNN
and radiologist drop below the threshold of clinical utility.
Consequently, we view our results as an important first step to
demonstrate CNN effectiveness in cervical spine fracture detec-
tion in a dataset with a high fracture prevalence with robust
ground truth analysis, which will need to be replicated in a data-
set with a lower fracture prevalence similar to routine clinical
practice.

CONCLUSIONS
The CNN holds promise at both worklist prioritization and
assisting radiologists in cervical spine fracture detection on CT.

CNN plays an important role in prioritizing fracture-positive

examinations on the worklist. Further refinements in sensitivity

will improve CNN diagnostic utility. Understanding the strengths

and weaknesses of the CNN is essential before its successful incor-

poration into clinical practice. In the evaluation of individual

examinations, the current role of the CNN in fracture detection is

secondary to a thorough review by a radiologist and should always

be reviewed before report finalization.

Disclosures: Juan Small—UNRELATED: Royalties: Elsevier book royalties.
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T1 Mapping for Microstructural Assessment of the Cervical
Spinal Cord in the Evaluation of Patients with Degenerative

Cervical Myelopathy
G. Baucher, H. Rasoanandrianina, S. Levy, L. Pini, L. Troude, P.-H. Roche, and V. Callot

ABSTRACT

BACKGROUND AND PURPOSE: Although current radiologic evaluation of degenerative cervical myelopathy by conventional MR
imaging accurately demonstrates spondylosis or degenerative disc disease causing spinal cord dysfunction, conventional MR imaging
still fails to provide satisfactory anatomic and clinical correlations. In this context, we assessed the potential value of quantitative
cervical spinal cord T1 mapping regarding the evaluation of patients with degenerative cervical myelopathy.

MATERIALS AND METHODS: Twenty patients diagnosed with mild and moderate-to-severe degenerative cervical myelopathy and
10 healthy subjects were enrolled in a multiparametric MR imaging protocol. Cervical spinal cord T1 mapping was performed with
the MP2RAGE sequence procedure. Retrieved data were processed and analyzed regarding the global spinal cord and white and an-
terior gray matter on the basis of the clinical severity and the spinal canal stenosis grading.

RESULTS: Noncompressed levels in healthy controls demonstrated significantly lower T1 values than noncompressed, mild, moderate,
and severe stenotic levels in patients. Concerning the entire spinal cord T1 mapping, patients with moderate-to-severe degenerative cer-
vical myelopathy had higher T1 values compared with healthy controls. Regarding the specific levels, patients with moderate-to-severe
degenerative cervical myelopathy demonstrated a T1 value increase at C1, C7, and the level of maximal compression compared with
healthy controls. Patients with mild degenerative cervical myelopathy had lower T1 values than those with moderate-to-severe degenera-
tive cervical myelopathy at the level of maximal compression. Analyses of white and anterior gray matter confirmed similar results.
Strong negative correlations between individual modified Japanese Orthopaedic Association scores and T1 values were also observed.

CONCLUSIONS: In this preliminary study, 3D-MP2RAGE T1 mapping demonstrated increased T1 values in the pathology tissue samples,
with diffuse medullary alterations in all patients with degenerative cervical myelopathy, especially relevant at C1 (nonstenotic level) and
at the maximal compression level. Encouraging correlations observed with the modified Japanese Orthopaedic Association score make
this novel approach a potential quantitative biomarker related to clinical severity in degenerative cervical myelopathy. Nevertheless,
patients with mild degenerative cervical myelopathy demonstrated nonsignificant results compared with healthy controls and should
now be studied in multicenter studies with larger patient populations.

ABBREVIATIONS: DCM ¼ degenerative cervical myelopathy; Cmax ¼ maximal compression; HC ¼ healthy controls; mJOA ¼ modified Japanese
Orthopaedic Association; OSS ¼ overall stenosis score; SC ¼ spinal cord

Degenerative cervical myelopathy (DCM) currently covers the
various cervical spine pathologic conditions potentially causing

spinal cord (SC) impairment, including cervical spondylosis and de-
generative disc disease.1 The wide range of severity of clinical

presentations makes the disability caused by DCM widely variable
but usually substantially associated with a reduction in the quality of
life.2,3 DCM is generally considered the first cause of SC dysfunction
among adults,4 and the epidemiology of DCM remains complex to
estimate because of frequent diagnostic delays.1 Cervical spondylosis
and degenerative disc disease are currently found in approximately
70% of individuals older than 65years of age and 70% of
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asymptomatic individuals.5,6 In addition to a disposition to a further
evolution toward progressive symptomatic myelopathy, these condi-
tions also expose patients to the risk of acute neurologic deteriora-
tion in cases of traumatic hyperextension or hyperflexion, notably
illustrated by the central cord syndrome.7–9

Once the diagnosis of DCM is suspected, the role of MR
imaging is obviously useful for demonstrating cervical spinal degen-
erative changes and signs of SC impairment.10 First, MR imaging pro-
vides direct information about spinal canal size and the structural
causes responsible for its narrowing.11 Second, conventional T2WI
and T1WI highlight intramedullary signal intensity changes, which
are associated with postoperative functional outcome.10

Nevertheless, the major discrepancy between clinical severity
and the radiologic degree of stenosis is a important issue for the
neurosurgeon. Several advanced MR imaging techniques have,
thus, been proposed as potential biomarkers of DCM, attempting
to more accurately assess the microstructural and functional or-
ganization of the SC. DTI, measuring directional diffusivity of
water within each voxel,12,13 appears to be the most studied and
promising technique. However, it currently remains complex to
apply in daily practice due to difficulties in establishing standar-
dized protocols, such as an appropriate anatomic level of acquisi-
tion and surgery-predictive cutoff values.14

Although longitudinal relaxation time T1 is an essential parame-
ter in MR imaging, T1 mapping has not been used in clinical rou-
tine practice due to its long scan time. Due to faster techniques of
acquisition,15–18 it now appears as another option to help analyze
pathologic SC and, more particularly highly myelinated tissue asso-
ciated with low T1 values.19–21 Water content, axonal size, and iron
concentration also influence T1, explaining the sensitivity of this
approach to pathologic microstructural changes in neural tissue, de-
spite a lack of specificity.22–24 Used in the brain to study alterations
in white and gray matter in both lesions and tissue with a normal
appearance, T1 values demonstrated an interesting clinical correla-
tion with cognitive dysfunction.25,26 Although it has been rarely
used in the SC until recently, studies have now outlined fast and re-
producible methods to measure T1 in cervical SC in healthy sub-
jects using 3D-MP2RAGE,27 2D multisection inversion recovery
zonally oblique-magnified multislice EPI,18 or 2D single-section
inversion recovery radial gradient-echo28 sequences. This latter
procedure, recently applied in patients presenting with mild and
moderate cervical spinal canal stenosis,28 demonstrated decreased
T1 values in the SC at the compression site, with a more pro-
nounced decrease in the higher-grade stenosis. To the best of our
knowledge, this is, to date, the only quantitative T1 investigation in
a pathologic context.

The aim of the current study was, therefore, to go further and
pursue the investigation of microstructural alterations in patients
with diagnosed DCM, by performing routine T1 mapping of the
entire cervical SC (ie, not restricted to the level of maximal com-
pression) using the 3D-MP2RAGE sequence (for the first time in
the pathologic SC) and evaluating both white and gray matter
compartments (instead of the SC alone). In this study, we com-
pared T1 values collected in the healthy cervical SC with com-
pressed levels and levels of normal appearance in patients with
DCM, and using the correlation with clinical features, we
explored the potential diagnostic contribution of T1 mapping.

MATERIALS AND METHODS
Subject Recruitment and Clinical Assessment
In this prospective single-center study, 20 volunteer patients pre-
senting with clinical and radiologic signs of DCM were recruited
in an adult neurosurgery department (Hôpital Nord, AP-HM).
Ten healthy subjects with no clinical signs of myelopathy
were enrolled in parallel as a control group. Exclusion criteria
were contraindications for MR imaging and intolerance of the
supine position. The study was approved by the local ethics com-
mittee (South Mediterranean Committee for the Protection of
Individuals), and written informed consent was routinely obtained
before MR imaging for all patients and healthy controls (HC).
Clinical presentation was assessed using the modified Japanese
Orthopaedic Association (mJOA) scale, with scores ranging from 0
to 17.29 Patients were separated into mild DCM (mJOA score from
15 to 17) and moderate-to-severe DCM (mJOA score of #14)
groups.30 The clinical onset of the symptoms was classified as acute
or chronic.

MR Imaging Protocol
MR imaging examinations were performed on a 3T system
(Magnetom Verio; Siemens) using standard 12-channel head, 4-
channel neck, and 24-channel spine matrix coils for signal recep-
tion. Subjects were placed in a supine position with the neck fixed
in a neutral position using a cervical brace to prevent any move-
ment during the procedure. The protocol included a 3D T2 sagittal
sampling perfection with application-optimized contrasts by using
different flip angle evolution (SPACE sequence; Siemens) and
MP2RAGE acquisitions. The MP2RAGE31 sequence was opti-
mized for the SC as in Rasoanandrianina et al27 (TE ¼ 2.48ms,
TR ¼ 4 seconds, generalized autocalibrating partially parallel ac-
quisition ¼ 2, isotropic resolution ¼ 0.9mm) and covered both
brain and C1–C7 vertebral levels (Fig 1). This sequence provided
both anatomic imaging and quantitative T1 mapping. In fact, nor-
mally the MP2RAGE sequence acquires two 3D gradient-echo vol-
umes at 2 different TIs (T1inv1 and T1inv2, here 65 and 2000ms)
with 2 different flip angles (a1 and a2, here 4° and 5°) that are
combined to obtain a composite “uniform” T1WI contrasted vol-
ume, called T1UNI,

27 from which a T1 map is subsequently derived.
Because T1UNI signal is partially altered by the transmitted B1

1

and received B1– field inhomogeneities (bias fields), leading to
inaccurate T1 estimation, an additional magnetized-prepared
turbo-FLASH B1

1mapping sequence covering the whole cervical
SC was acquired to correct bias fields during postprocessing. The
total acquisition time was approximately 15minutes.

Data Postprocessing
The data postprocessing aimed at extracting corrected T1 values
from T1UNI acquisitions, at the level of the cervical SC, using the
T1inv2 sequence as an anatomic reference. The postprocessing stages
were performed using in-house Matlab codes (R2018a version;
MathWorks). T1UNI and B1

1 maps were first combined to offset
bias fields, generating the adjusted T1Q.

27 Denoising of T1Q was
achieved by Block-matching 4D filtering (BM4D).32 The next stage
consisted of cervical SC segmentation using the semi-automated
processing pipeline PropSeg,33 included in the Spinal Cord
Toolbox.34 Due to frequent difficulties of PropSeg in
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correctly projecting the SC beyond
compressed levels, the obtained
cord segmentation from the T1inv2
volume was systematically reviewed
and manually corrected to match
both T1Q and T1inv2 (Fig 2). The
T1Q volume and its corresponding
cord segmentation were then regis-
tered into the anatomic and probabilis-
tic PAM50 space.35,36 Vertebral
labeling was derived from this process
and routinely checked visually. SC GM,
including anterior, intermediate, and
dorsal GM, and WM delineations were
also obtained using the PAM50 atlases.
The binarization of the GM/WM seg-
mentation was completed using 0.5 as
a threshold for each voxel. Warping
back of the cord segmentation and
WM/GM masks into the subject space
allowed new visual checking and cor-
rection in case of an anatomic defect.
Using these masks and following a 2D
erosion around the cord, we quantified
T1 values within the entire SC, WM,
and anterior and intermediate GM for
each vertebral level from C1 to C7.
Anterior and intermediate GM
ROIs were merged into a single
ROI. Posterior GM was intention-
ally excluded from the analysis to
avoid a substantial risk of partial
volume effects and erroneous re-
sults due to the small dimensions
of the posterior horns at the

FIG 2. Postprocessing of the T1 data from cord segmentation to WM/GM ROI analysis, per vertebral and disc levels. A T1Q threshold of 2 sec-
onds was used to check the cord segmentation. Segmentation was performed using the PAM50 atlas.34,35 Quantifications were performed in
the subject space.

FIG 1. Illustrative cases of cervical sagittal MP2RAGE views (T1inv2 and T1Q) acquired in healthy
controls (upper row), patients with mild DCM (middle row), and moderate-to-severe DCM (lower
row). M indicates mild; M&S, moderate and severe.
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cervical level regarding the spatial resolution of the images
at 3T.

Anatomic Assessment of the Spinal Stenosis
Compression of the SC was assessed using axial and sagittal views
of the anatomic T2-SPACE series, as usual in daily practice. We
selected a qualitative scale of spinal canal stenosis, presenting sat-
isfactory intraobserver and interobserver reliabilities (Online
Supplemental Data).37,12 This grading, ranging from 0 to 3, classi-
fied each disc level as normal, mildy, moderately, or severely
compressed, respectively. The level of maximal compression was
determined for each patient and termed “Cmax.” These observa-
tions were routinely rated by an experienced neurosurgeon,
blindly, from the clinical severity and before T1-mapping post-
processing. An overall stenosis score (OSS) was additionally pro-
posed for each subject by adding the single stenosis scores (from
0 to 3) for each disc level from C2–C3 to C6–C7. The obtained
value, ranging from 0 to 15, was then used to define 3 grades of
OSS severity based on the statistical distribution of the results:
mild OSS (0–6) (first quartile, 5.8); moderate OSS (7–9); and
severe OSS (10–15) (third quartile, 10). The presence of T2 signal
hyperintensity at the level of maximal compression was evaluated
as well.

Statistical Analysis
All statistical analyses were performed using JMP 9 (SAS Institute),
considering P values , .05 as statistically significant. T1 values at
the disc levels (C2–C3 to C6–C7) were calculated by averaging the
2 adjacent vertebral level T1 values from C2 to C7 for each subject.
Due to the large number of compressed levels in both the mild and
moderate-to-severe groups of patients, we decided to compare T1
values for C1, C7, and Cmax. Because C4–C5 and C5–C6 were the
most frequent levels of maximal compression (respectively, 40%
and 40% of all patients), we took the T1 value of the vertebral C5
level into account for the healthy subjects’ group, to compare with
the Cmax results of the groups of patients. T1 comparisons
between the different groups (clinical severity, clinical onset, spinal
canal stenosis) were performed using a linear analysis of covariance
(age as a covariate), followed by a nonparametric Steel-Dwass test
corrected for multiple comparisons. Age effect was reported when
appropriate. The Spearman coefficients were calculated to study
the correlation between clinical severity (preoperative mJOA score)
and T1 values.

RESULTS
Epidemiology
The healthy control group included 10 subjects (mean, 45.1 [SD,
17.7] years of age; range, 22–66 years); the mild DCM group, 7
patients (mean, 41.3 [SD, 15.2] years of age; range, 25–71 years;
mean mJOA, 16.3 [SD, 0.5]; range, 16–17); and the moderate-to-
severe group, 13 patients (mean, 54.0 [SD, 14.2] years; range, 30–72
years; mean mJOA, 12.5 [SD, 1.7]; range, 9–14). There was no sta-
tistical difference concerning age among these 3 clinical groups.
Four elderly subjects and 1 young healthy subject had moderate
radiologic compression (grades 1–2) related to degenerative
changes but remained in the control group due to their absence of
symptoms and clinical signs of myelopathy. Details are presented in

the Online Supplemental Data. The maximal compression was pri-
marily found at C5–C6 in the mild DCM group (71%) and at C4–
C5 in the moderate-to-severe DCM group (54%). The mean num-
ber of compressed disc levels was 3.7 (SD, 1.1): 3.3 (SD, 1.6) in the
mild DCM group and 3.8 (SD, 0.8) in the moderate-to-severe
DCM group. The mean spinal canal stenosis score (from 0 to 3 for
each disc level) for the compressed levels was 2.0 (SD, 0.9) for the
mild DCM group, 2.1 (SD, 0.9) for the moderate-to-severe DCM
group, and 2.9 (SD, 0.3) at Cmax (equal in both patient groups). Six
patients (30%, 49.3 [SD, 13.4] years of age on average) had an acute
onset of their neurologic signs, whereas 14 patients (70%, 49.6 [SD,
16.7] years of age) had a progressive appearance of their symptoms.
Cervical spondylosis was the predominant cause of DCM, observed
in 15 patients (75%) compared with 5 patients with degenerative
disc disease (25%). Patients affected with degenerative disc disease
were significantly younger (35.8 [SD, 7.5] years of age on average)
than those with spondylosis (54.1 [SD, 14.8] years of age, P= .02).
Nevertheless, the mJOA score did not differ in the 2 etiologic enti-
ties (mean mJOA: 14.6 [SD, 2.8] for degenerative disc versus 13.6
[SD, 2.2] for spondylosis).

T1 Mapping and Clinical Onset
The mJOA score between the patients presenting with an acute
onset of their symptoms (n¼ 6, mean mJOA¼13.7 [SD, 2.5])
and those having a progressive neurologic course (n¼ 14, mean
mJOA¼13.9 [SD, 2.3]) did not show any significant difference.
Despite a slightly superior vertebral distribution of T1 values
for acute onset, statistical analyses failed to show any signifi-
cant difference between the 2 clinical entities at C1 (mean T1
for acute onset, 977.1 [SD, 36.4] ms; and chronic onset, 964.0
[SD, 27.3] ms), Cmax (1001.6 [SD, 88.4] ms and 981.0 [SD,
63.3] ms), and C7 (981.8 [SD, 47.6] ms and 958.0 [SD,
49.6] ms) levels.

T1 Mapping and Cervical Spinal Canal Stenosis
When we compared noncompressed disc level T1 values in
healthy controls (grade 0) with all disc level T1 values in patients
(grade 0–3), an overall increased T1 value was observed for all
patient grades (Fig 3), with a significant difference between
healthy subject grade 0 and patient grade 0 (P, .001), grade
1 (P ¼ .003), grade 2 (P¼ .03), and grade 3 (P, .001, with an
age effect (P¼ .04). Overall (all subjects combined) increased
T1 values in the cervical SC were observed in cases of spinal canal
stenosis, with statistically significant differences between grades 3
and 0 (P, .001, age effect [P¼ .047]) and grades 3 and 1
(P, .05).

T1 Mapping and T2 Hyperintensity
Among the 20 patients, 10 had medullary T2 hyperintensity
(Online Supplemental Data), corresponding to a mean T1 value
of 1037 [SD, 64] ms at the level of maximal compression
(median¼1039ms; minimum–maximum ¼ 949–1157 ms). In
comparison, the remaining 10 patients having a normal medul-
lary T2 intensity had a statistically significant lower mean T1
value of 937 (SD, 25)ms (median¼ 935ms; minimum–maxi-
mum¼ 905–990 ms) (P, .001).
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Global T1 Mapping and Overall
Stenosis Score
Statistical analysis of the global SC T1
values in the 20 patients (single value
for each subject, calculated by the mean
T1 value for the whole cervical SC),
regarding the OSS, demonstrated lower
values in the mild OSS group (OSS ¼
1–6, seven patients; mean T1, 936.9
[SD, 35.7]ms) compared with the high-
est outcomes of the moderate OSS
group (OSS¼ 7–9, nine patients; mean,
988.7 [SD, 40.9]ms) and with the severe
OSS group (OSS¼ 10–15; four patients;
mean, 968.6 [SD, 14.2]ms). Statistical
analyses were not conclusive regarding
differentiating the severe OSS group
from the mild and moderate groups,
though comparison between the mod-
erate and the mild groups was signifi-
cant (P¼ .02).

T1 Mapping and Clinical Severity
Cervical SC T1 mapping in the 3 clinical
groups revealed increased T1 values in
the moderate-to-severe group compared
with the mild DCM group and healthy
subjects (Fig 4). In comparison, the mild
DCM group demonstrated slightly
higher cord T1 distribution compared
with the healthy control group. Global
inflection of the 3 T1 curves could
be observed around the C3 and C4 lev-
els (but no statistical difference was
observed among the different vertebral
levels). Considering specifically the single
global SC T1 value for each patient in
the 3 clinical groups, patients with mod-
erate-to-severe DCM had the highest
mean SC T1 value (982.1 [SD, 39.4]ms),
followed by the patients with mild DCM
(937.7 [SD, 32.9]ms), and healthy sub-
jects (920.1 [SD, 24.1]ms). A signific-
ant difference was found between the
patients with moderate-to-severe DCM
and healthy subjects (P¼ .002). T1 val-
ues in the mild DCM and moderate-to-
severe DCM groups were close to sta-
tistical significance (P¼ .06), whereas
no difference was observed betw-
een the patients with mild DCM and
healthy subjects (P¼ .50). Finally, a
significant correlation between the
single SC T1 values and the preopera-
tive mJOA scores was observed (r ¼
–0.68 and P¼ .003).

FIG 4. Distribution of the cervical spinal cord T1 values (milliseconds) according to the vertebral lev-
els in the healthy subjects (green, no statistical difference between the different cervical levels) and
patients with mild (orange) and moderate-to-severe (red) DCM. The horizontal bars represent the
SD for each level.

FIG 3. Boxplots of cervical spinal cord T1 values (in milliseconds) in noncompressed disc levels for
the 10 healthy controls (HC-0 grade 0; mean T1, 920 [SD, 27]ms) compared with noncompressed
(P-0 grade 0; mean T1, 958 [SD, 39]ms), mildly (P-1 grade I; mean T1, 966 [SD, 51]ms), moderately (P-
2 grade II; mean T1, 959 [SD, 40]ms), and severely (P-3 grade III; mean T1, 995 [SD, 60] ms) com-
pressed disc levels for the 20 patients. C1 and C2–C3 to C6–C7 disc levels were considered for
each subject (6 levels in total). Grade 0 in patients and healthy controls were considered sepa-
rately because they present statistical different values. The horizontal blue lines represent the
mean value in each group. The horizontal lines within and at the ends of the boxes represent
the median value and the first and third quartiles, respectively. The whiskers illustrate the mini-
mum and maximum values. The horizontal green lines demonstrate statistically significant differ-
ences between the stenosis grades.
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Level-Specific T1 Mapping and Clinical Severity
When we compared the SC T1 values at the C1, Cmax, and C7 lev-
els among the different clinical groups, a global increase was
observed from the control group to the mild and then moderate-to-

severe DCM groups (Fig 5). Statistical analysis revealed significant
differences between healthy subjects and the moderate-to-severe
DCM group at each level (P¼ .005, .003, and .007, at C1, Cmax,
and C7, respectively). The relationships between the mild and

the moderate-to-severe DCM groups
showed a significant difference at
Cmax (P¼ .04). Comparisons between
the healthy subjects and the mild DCM
group failed to show any statistical rela-
tionship. When we considered individ-
ual z scores (each patient’s T1 relative
to the mean of healthy controls) at
Cmax, 10/13 patients with moderate-
to-severe DCM had values of .2 (12/
13 had z scores of.1). For the patients
with mild DCM, 4/7 had z scores of
.1, but only one was above 2.
Correlations between the preoperative
mJOA score and T1 values at C1,
Cmax, and C7 were also assessed using
the Spearman coefficient and were con-
sistently significant (r ¼ –0.63 and
P¼ .01; r ¼ –0.71 and P¼ .002; r ¼
–0.62 and P¼ .01).

White Matter and Anterior Gray
Matter T1 Mapping and Clinical
Severity
Regarding the T1 mapping in more spe-
cific anatomic subdivisions, increased
values were observed in the anterior
and intermediate GM compared with
WM and the entire SC in the healthy
subjects (Fig 6). Anterior and interme-
diate GM T1 values remained the high-
est in the mild DCM group, with values
close to those observed in the SC.
Finally, anatomic distribution values in
the moderate-to-severe DCM group
appeared more erratic, without any
clear hierarchic organization, but with
very high values for both WM and GM,
especially in the lower levels. Statistical
comparisons of T1 values at the C1,
Cmax, and C7 levels between the clini-
cal groups globally demonstrated sig-
nificant differences between healthy
subjects and the moderate-to-
severe group in WM at Cmax
(P¼ .01) and C7 (P, .05), as well
as at Cmax in the anterior GM
(P¼ .002). Results between patients
with mild and moderate-to-severe
DCM were conclusive at C1
(P, .05) and Cmax (P¼ .04) for
WM and at Cmax (P¼ .01) for an-
terior GM. None of the analyses

FIG 6. Distribution of the T1 values (milliseconds) for each clinical group according to the verte-
bral levels, in the entire spinal cord (blue), white matter (green), and anterior gray matter (yellow).
Vertical bars represent the SD for each level.

FIG 5. Boxplots of the T1 values at C1, Cmax, and C7 in the control (green), mild (orange), and
moderate-to-severe (red) DCM groups. Horizontal green lines represent statistically significant
differences among the clinical groups (P, .05).
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between the patients with mild DCM and HC were statisti-
cally significant.

DISCUSSION
T1 values are known to be directly affected by the degree of mye-
lination, axonal diameter, and water content,24 with the shorter
T1s being associated with healthy tissue and longer T1s reflecting
demyelination, axonal loss, and global microstructural medullary
disorganization of myelopathy. The present study illustrates the
potentialities of the MP2RAGE sequence in the context of
patients with DCM, permitting medullary T1 mapping with valu-
able pathologic changes. The main findings related to the stenosis
grading; clinical severity; and SC, GM, and WM ROIs are sum-
marized in the Table and discussed further below.

Clinical Correlation of Spinal Cord T1 Mapping
A similar pattern of SC T1 mapping was found in the 3 clinical
groups, shifted according to the severity of their symptoms (Fig
4). If occurrence of critical changes in T1 values at the level of
maximal compression was not surprising, more remarkable were
the important modifications of the T1 mapping at distal levels,
simultaneously above and below the main compression. While
standard anatomic MR imaging sequences primarily showed

focal alterations at compressed medullary levels, the quantitative
MP2RAGE sequence emphasized a more diffuse structural dete-
rioration of the SC, potentially related to Wallerian degeneration,
proximal and distal to the compression zone.38

Anatomic Considerations of Spinal Cord T1 Mapping
In healthy subjects, the T1 mapping of the SC presented an inflec-
tion of the curve centered over the vertebral C4 level that was also
observed in the mild DCM group, and in a less obvious shape in
the moderate-to-severe DCM group (Fig 4). These lower T1 val-
ues at C4 could potentially be correlated to the upper limit of the
cervical SC enlargement, anatomically corresponding to the
motor output and sensory input of the upper limbs39 and thus
to the medullary zone where the bundles of WM are the most
important and compact. Further studies according to the spinal
levels (rather than vertebral) could be considered.40 The distri-
bution of T1 values according to the vertebral levels in WM was
lower than that in the anterior GM in healthy subjects and
patients with mild DCM (Fig 6), as previously reported.41 This
observation conforms to the bundles-network nature of the
WM, with strong preferential orientation and functional orga-
nization in tracts in the SC.42 In contrast, GM is characterized
by a more lamellar and vascularized structure, containing the
perikaryons of the medullary neurons.43 Regarding

Summary of the global observations and statistical analyses according to radiologic/clinical settings and regionalized T1-mapping

Radiologic and Clinical Settings
Regionalized T1

Mapping Global Observations Statistical Significance
Clinical onset SC at C1, Cmax, C7 T1 values acute . chronic No
Cervical spinal canal stenosis SC at disc levels T1 values increase according to the

severity of the stenosis (T1grade0 ,
T1grade1 , T1grade3)

Grades 3/0; 3/1 (considering all
subjects)

Grades 3/0_HC, 2/0_HC, 1/0_HC,
0/0_HC (differentiating
patients and HC grade 0)

OSS Entire cervical SC Lower T1 values in the mild-stenosis
group

Mild-vs-moderate OSS

Clinical severity Entire cervical SC T1 values increase according to the
clinical severity

(T1control , T1mild , T1moderate-to-severe)

HC and patients with moderate-
to-severe DCM

Inverse relationship between global T1
values and preoperative mJOA
scores

Yes

SC at C1, Cmax, C7 T1 values increase at C1, Cmax, C7
according to the clinical severity

HC and patients with moderate-
to-severe DCM (C1, Cmax,
and C7)

Patients with mild and
moderate-to-severe DCM
(Cmax)

No statistical difference
between controls and
patients with mild DCM

WM, anterior and
intermediate GM at
C1, Cmax, C7

Global T1-value increase at C1, Cmax,
C7 in the WM and GM according to
the clinical severity

HC and patients with moderate-
to-severe DCM (Cmax and C7
in WM and Cmax in GM)

Patients with mild and
moderate-to-severe DCM (C1
and Cmax in WM, Cmax in
GM)

No statistical difference
between controls and
patients with mild DCM
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homogenization of WM and anterior GM values in the moder-
ate-to-severe DCM group, it could indicate a medullary altera-
tion predominant on WM in the more severe clinical cases,
presumably related to important demyelination phenomena.
The statistical comparisons of the WM and anterior GM T1
mapping among the different clinical groups at the C1, Cmax,
and C7 levels provided close results to those estimated in the SC
analysis (Table). Nevertheless, these conclusions should be
accepted with caution because of both the persistent risk of par-
tial volume effects and probabilistic estimations of the segmen-
tation between WM and GM, especially in the atrophic and
compressed SC of the patients with DCM.

Radiologic Correlation of Spinal Cord T1 Mapping
The presence of T2 hypersignal was associated with increased
T1 values at the level of maximal compression. This observation
appeared consistent because both increased T1 values and the pres-
ence of T2 hypersignal may be linked to increased water content in
extracellular space, inducing an increase in both T1- and T2-relax-
ation times. However, T2 hyperintensity in DCM (including our
patients) is usually focal and located at the level of compression, as
opposed to the diffuse medullary alterations demonstrated by T1
mapping (reaching the C1 level). Furthermore, T2 hyperintensities
were associated with large global T1 values (Online Supplemental
Data), but this association was not systematic, nor reciprocal.
Consequently, this has not been further investigated but would
probably require an analysis in a larger cohort.

Statistical analysis of the SC T1 mapping according to the se-
verity of the spinal canal stenosis (Fig 3) showed a significant dif-
ference in T1 values between noncompressed levels (grade 0) in
healthy subjects and all types of levels (grade 0–3) in patients (Fig
3). A trend toward a progressive increase of disc level T1 values
according to the severity of the stenosis was observed for patients,
except for grade 2. This latter observation was probably the reper-
cussion of the smaller number of levels classified as moderately
compressed (grade 2: 13 levels) compared with the mildly (grade
1: 27 levels) and severely (grade 3: 33 levels) compressed ones.
Thus, T1 mapping in our study appears as a sensitive tool to dif-
ferentiate symptomatic patients from healthy subjects but fails to
correlate with the severity of the spinal stenosis, despite a pro-
gressive increase in values.

In their study, Maier et al28 highlighted an inverse correlation
of the T1 values with the severity of the spinal canal stenosis,
demonstrating lower values in case of compression compared
with “unaffected” segments above and below the compression.
This should be further explored because MR imaging protocols,
measurement techniques, and inclusion criteria (leading to differ-
ent populations and pathophysiologic stages of DCM) differed.

Potential Role in DCM
T1 mapping has shown its role in the brain for multiple sclerosis,
demonstrating alterations in white and gray matter (including
normal-appearing tissue) and a clinical correlation with cognitive
dysfunction.44,45 From the DCM perspective, the main interest of
alternative MR imaging sequence studies resides in the explora-
tion of the correlation with the preoperative clinical severity and
the prediction of the postoperative outcomes. DTI parameters

showed, for example, a valuable association with the mJOA score
across researches;46 nevertheless, results fluctuate among other
factors, according to age and vertebral levels.14 Regarding T1
mapping, measurements at both the C1 and Cmax levels appear
particularly relevant because they provide both focal and diffuse
information on SC tissue alterations in DCM (even in the absence
of compression, as observed here in the C1 and C7 levels).
Longitudinal postoperative follow-ups should now be performed
to investigate these potentialities. Given current investigations
and observations, T1 mapping at the level of maximal compres-
sion appears to be the most promising metric because it clearly
demonstrates higher values and the most obvious group stratifi-
cation/discriminating potentialities (Fig 5).

The main limitation of this study is, first, the lack of statisti-
cally significant results for the mild DCM group due to its smaller
population, which thus remains the most challenging to individu-
alize, especially from healthy controls. Another difficulty is the
variable performance of the semi-automated detection and
projection of the cervical SC in the compressed levels of
the DCM (here performed with PropSeg33 but also tried
with DeepDeg47) involving mandatory visual checking and
manual correction in the postprocessing phase, which are
sometimes time-consuming. Nonetheless, due to the feasi-
bility and reproducibility of the protocol on the one hand27

and partial correlation of the T1 values with the clinical se-
verity on the other, this study confirms the already encour-
aging results of previous experiences.18,28

Consequently, orthcoming attention to T1 mapping in DCM
will have to focus on diverse key points, starting with selecting the
optimal technique of measurement to standardize it. Then, larger
series will have to test the robustness of the correlation with preop-
erative clinical severity, in particular in patients with mild DCM,
identifying corresponding intervals and thresholds of T1 values.
Multivariate analysis at the different cord levels should also be
investigated to analyze the patients on the individual scale and to,
therefore, fully demonstrate clinical use potentiality. Future pro-
spective studies will also have to assess T1 mapping as a feasible
prognostic tool for postoperative outcome, the prediction of which
persists in being partially unsolved. Eventually, confrontation with
other alternative MR imaging sequences will have to identify the
best option in terms of sensitivity and specificity for daily practice.

CONCLUSIONS
In this preliminary study, cervical MP2RAGE-based T1 mapping
in patients with DCM demonstrated diffuse medullary altera-
tions, especially relevant at the level of maximal compression and
upper (C1) levels, with promising-but-still-incomplete correla-
tion with clinical severity. Contrary to the patients with moder-
ate-to-severe DCM, analyses of T1 mapping of those with mild
DCM notably failed to demonstrate significant differences from
healthy controls, despite slightly higher T1 values. Nevertheless,
SC T1 mapping appears to be a biomarker of interest, particularly
concerning the clinical severity in DCM, which will now have to
be explored in a number of larger series, especially including
more patients with mild DCM, along with the ability to predict
postoperative outcome.
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MEMORIAL

Robert A. Zimmerman, MD

On February 23, 2021, the pediatric neuroradiology commu-
nity lost our beloved colleague, master clinician, and men-

tor, Dr Robert “Bob” A. Zimmerman. He died peacefully at
home, amid family.

Bob was born June 20, 1938, in Philadelphia, and he received
his bachelor of arts degree in biology at Temple University in
1960. He graduated from Georgetown University Medical School
summa cum laude in 1964.

He interned in internal medicine at Georgetown University
Hospital and completed his radiology residency at the Hospital of
the University of Pennsylvania (HUP). He then served in the mili-
tary from 1969 to 1972, mostly in Europe. Bob returned to HUP,
where he swiftly rose through the ranks to become full Professor of
Radiology with a secondary appointment in neurosurgery. Dr.
Zimmerman served as Chief of Neuroradiology at HUP from 1979
to 1985. He transitioned to the Children’s Hospital of Philadelphia
(CHOP) and served as Chief of Pediatric Neuroradiology at CHOP
until his retirement in 2018.

Dr. Zimmerman was a champion of interdisciplinary coopera-
tion in aid of a child. With his colleagues in neurosurgery, neuropa-
thology, and radiology, he helped to create and maintain the world-
renowned Section of Pediatric Neuroradiology at CHOP. In honor
of his extraordinary excellence and his years of dedication, CHOP
created the Robert A. Zimmerman Endowed Chair in Pediatric
Neuroradiology in 2018, presently held by Dr Larissa T. Bilaniuk.

Dr. Zimmerman’s research was recognized nationally and
internationally. For decades, he was the featured speaker at
national and international scientific meetings. For his work,
Dr. Zimmerman received countless awards and honors, including
the honorary membership of the Belgian Radiological Society in
2000 and the European Society of Neuroradiology in 2001, the
Amerian Society of Neuroradiology Special Achievement Award
(later designated the Gold Medal) in 2002, the Award for Special
Contributions in Research from the American Society of
Neuroradiology in 2012, and the honorary membership of the
Italian Neuroradiological Society in 2016.

Dr. Zimmerman authored more than 350 publications,
edited 2 textbooks, reviewed for the major scientific journals
in radiology, neuroradiology, neurosurgery, and neurology,
and was a perennial member of the National Institutes
of Health panel on sickle cell disease. From 1989 to 2005,
he served as the United States Editor-in-Chief of Neuroradiology,
the official journal of the European Society of Neuroradiology, the
Japanese Society of Neuroradiology, and more than 20 national
European neuroradiological societies.

Dr. Zimmerman was a founding member of the American
Society of Pediatric Neuroradiology (ASPNR) and President of
the ASPNR from 1995 to 1996.

Beyond his academic work, Bob was a loving husband, father,

and grandfather. He met his future wife, Dianne, when they were

both camp counselors, and they married in 1960, sixty-one years

ago. He loved to read to his kids, and he became an avid gardener.

Because of his time in Europe, Bob became a connoisseur of fine

food and wine. No matter which city hosted a scientific meeting,

domestic or international, Bob had already scouted out where to

dine and which vineyard to visit when the meeting ended.
Medicine is a tradition, perpetuated by mentoring across the

generations. Beyond “academics,” your legacy is what you have

passed on to those who follow. Dr. Zimmerman trained numerous

residents and fellows in pediatric neuroradiology. His legacy may be

summarized by the spontaneous outpouring of memories and love:
“He was such a giant in our field, and a kind and generous man.”
“He is so very present to us on a regular basis through his work;

I can't tell you howmany times I refer to his many publications.”
“I was so privileged that he accepted me as a friend and that

he has always been extremely supportive of me.”
“Many teach what you have to know. Bob taught us the joy

of neuroradiology and the special honor it was to help to heal

children.”
“I remember Bob as a gentle giant, a renaissance man who

was always looking after you as a human, a colleague, a friend, a

mentor, somebody who enjoyed shaping and supporting your ca-

reer and who would always be there for advice. Because of him I

will enjoy pediatric neuroradiology for the rest of my career.”
Dr. Zimmerman is survived by his loving wife Dianne, their

beloved daughters Rachel and Sara, and their precious grandchil-
dren, Ivan and Sasha Boyko. He will be remembered fondly by
the many friends, colleagues, and trainees who loved him,
respected him, and miss him sorely.

On behalf of all pediatric neuroradiologists around the globe.

T.P. Naidich
T.A.G.M. Huisman

http://dx.doi.org/10.3174/ajnr.A7173
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LETTERS

Virtual Biopsy: A Reality Thanks to Advances in Radiology

It is fascinating when we can determine cause and effect in the
topographic identification of intracranial lesions. Neurologic

semiology was developed before neuroimaging existed to deter-
mine the exact location of the brain injury and its representation
as a neurologic deficit or dysfunction observed during a physical
examination of the patient.

A very curious symptom during the coronavirus disease 2019
(COVID-19) pandemic is a change in the sense of smell. We
could consider this symptom as pathognomonic in the current
context of the pandemic.

The explanation of the anosmia reported by patients with
COVID-19 was controversial for some time, not always consider-
ing injury to the olfactory bulb as a probable cause. Nevertheless,
with the help of neuroradiology, it is now possible to show that
some patients with COVID-19 have lesions in the olfactory bulbs.

On June 1, 2020, our study was accepted, and we published 5
cases of patients with COVID-19 and injury to olfactory bulbs
detected on MR imaging, which could represent microvascular
injury with enhancement (breakdown of the blood-brain barrier)
and/or probable hemorrhagic lesions (methemoglobin).1 We
were probably the first to show a microvascular phenomenon in
the olfactory bulbs of patients with COVID-19.1 However, there
was an interpretation that considered these changes onMR imag-
ing as artifacts,2 and we had to explain why the findings in our
study of the olfactory bulbs could not be artifacts. We showed
another case with a lesion in the olfactory bulb on FLAIR and
echo-spoiled gradient-echo T1WI, which could represent methe-
moglobin.3 We finished our Reply saying, “We think all would
agree that anatomopathologic studies are necessary to better
define neuroradiologic interpretation.”3 Finally, Lee et al4 dem-
onstrated, in an extremely elegant postmortem histopathology
study using much more sophisticated tools (eg, an 11.7T scan-
ner), what we had suggested in vivo previously on the 1.5T MR
imaging:1 The change of the sense of smell represents microvas-
cular injury1,3 (areas of fibrinogen leakage, thinned basal lamina,
and hemorrhagic lesions in the brain and olfactory bulbs)4 and
not artifacts as is also shown in Figure.

In conclusion, once again, there is evidence that our neuro-
radiology tools can function as a virtual biopsy to correctly diag-
nose the topography of the lesion and discover the etiology,
especially when it is not possible to obtain histopathological
evidence.
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FIGURE. Brain MR imaging of a woman in her 40’s with confirmed
COVID-19 shows injury of the olfactory bulbs, within 7 days of onset
of the disease. A real-time polymerase chain reaction of a nasopha-
ryngeal swab detected Severe Acute Respiratory Syndrome coronavi-
rus 2, which was negative on her CSF. The MR imaging shows that the
olfactory bulbs are oval images with signal intensity similar to that of
gray matter on precontrast T1WI (A, arrows), being hypointense. On
postcontrast T1WI (B, arrows), the olfactory bulbs show abnormal
enhancement and become hyperintense, suggesting injury with
breakdown of the brain-blood barrier. Two months later, the follow-
up MR imaging shows that the contrast enhancement of the olfac-
tory bulbs has completely disappeared and they have a normal
appearance, being hypointense and similar to the gray matter on cor-
onal postcontrast T1WI (C, arrows).

E38 Letters Jul 2021 www.ajnr.org



LETTERS

Leptomeningeal Enhancement Due to COVID-19 on 3D-FLAIR
and T1 Black-Blood MR Imaging Sequences

We read with great interest the literature review by Gulko
et al1 that included 22 articles reporting the MR imaging

brain findings of 126 patients with coronavirus disease 2019
(COVID 19). We agree with the authors that the most frequent
diagnosis on MR imaging is acute and subacute infarct, which
was reported in 32 of 126 patients. However, because of the dif-
ferent imaging techniques used in the original articles, the fre-
quency of leptomeningeal involvement may be underestimated.

We observed great differences in the reported frequency of
leptomeningeal enhancement in the articles included in this
review. Helms et al2 reported enhancement in leptomeningeal
spaces in 8 patients (68%). On the other hand, leptomeningeal
enhancement was absent (0%) in several other studies with simi-
lar patient samples.1 This discrepancy may be attributed to the
different imaging techniques used to evaluate leptomeningeal
involvement. The contrast-enhanced 3D-FLAIR sequence was
used by Helms et al,2 while only conventional T1WI postcontrast
sequences were performed in several other studies.

In our practice, 3D-FLAIR sequences or 3D T1 black-blood
imaging or both are used to clearly demonstrate leptomeningeal
enhancement. Leptomeningeal involvement seems to be a rela-
tively common manifestation of CNS involvement in patients
with COVID-19. Herein, we present a 68-year-old woman with
COVID-19 who underwent brain MR imaging 2weeks after extu-
bation, because of confusion and muscle weakness in her limbs.
Turbo spin-echo 3D-T1 black-blood and 3D-FLAIR sequences
postcontrast administration revealed leptomeningeal enhance-
ment in the left angular gyrus (Fig 1) and on both sides of the
right parieto-occipital sulcus (Fig 2). Enhancement was not
prominent on conventional (turbo-field echo) 3D-T1 images.

Leptomeningeal enhancement on FLAIR images is known to
occur frequently in MS and non-MS inflammatory neurologic
conditions, including encephalitis. In their systematic review
Zurawski et al3 suggested that contrast-enhanced FLAIR pro-
vided as much as 10-fold sensitivity compared with conventional
T1 sequences in the detection of low concentration of contrast in
the subarachnoid space.

The increased sensitivity of T1 black-blood imaging in detect-
ing leptomeningeal enhancement has also been reported. Oh et
al4 compared contrast-enhanced gradient recalled-echo, contrast-
enhanced spin-echo, and black-blood imaging for the detection
of leptomeningeal carcinomatosis. According to their results,
black-blood imaging had a significantly higher sensitivity than
contrast-enhanced gradient recalled-echo and contrast-enhanced
spin-echo (97.43%, 64.1%, and 66.67%, respectively) in identify-
ing foci of leptomeningeal enhancement.

The possible underlying mechanism of focal leptomeningeal
enhancement may include inflammation-related focal disruption
of the blood-meninges barrier and associated fibrosis. Pathologist
analysis in patients with MS showed leptomeningeal inflamma-
tion, which may lead to the up-regulation of reactive fibrobl-
asts and collagen deposition causing local meningeal fibrosis.3

Consequently, both fibrosis and inflammation may result in the
trapping of low concentration of gadolinium-based contrast me-
dium within the subarachnoid spaces.

Although contrast-enhanced 3D-FLAIR and T1 black-blood
imaging are sensitive in detecting leptomeningeal enhancement,
they are not routinely performed in patients with COVID-19 in
many institutions. Including one or both sequences in MR imaging
protocols for patients with COVID-19 with neurologic symptoms
may help to avoid underestimation of leptomeningeal and CNS
involvement.
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FIG 1. Sagittal 3D turbo spin-echo black-blood T1-weighted (A) and 3D-FLAIR (B) images, both postcontrast administration, reveal leptomenin-
geal enhancement in the left angular gyrus (arrows, A and B). Enhancement is not prominent on T1 contrast-enhanced images (C). There are no
hyperintensities in this area on the sagittal 3D-FLAIR image without contrast (D).

FIG 2. Leptomeningeal enhancement on both sides of the right parieto-occipital sulcus is more evident on sagittal 3D-T1 turbo spin-echo black-
blood (A) and 3D-FLAIR (B) images (arrows, A and B), than on T1 postcontrast (C). No hyperintensities on 3D-FLAIR before contrast administration
(D) are noticed in the right parieto-occipital sulcus.
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REPLY:

We thank Drs Velonakis, Karavasilis, Almyroudi, Filippiadis,
and Korompoki for the in-depth commentary on our arti-

cle. We value the important observations they made regarding the
differences in the rates of leptomeningeal contrast enhancement in
patients with coronavirus disease 2019 among the included articles
in our review. We agree that the large range may be in part because
of the differences in MR imaging protocols. It is reasonable to
assume that institutions using MR imaging sequences that are
more sensitive for detecting leptomeningeal contrast enhancement
would report more of it. Because the data included in our article
came from around the world, another possibility for the great vari-
ability of neuroimaging findings, including leptomeningeal con-
trast enhancement, may be because of differences in patient
population, disease severity, geographic location, and genetic varia-
tions of Severe Acute Respiratory Syndrome coronavirus 2. More

research is needed to account for all of the clinical and imaging
presentations of this protean disease in the central nervous system.
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LETTERS

Expediting Care and Improving Patient Experience: Imaging
after Subdural Contrast Injection during Myelography

We read the recent publication by Shlapak et al,1 “Time to
Resolution of Inadvertent Subdural Contrast Injection

during a Myelogram: When Can the Study Be Reattempted?”
with interest. The extrathecal injection of contrast during a spinal
myelography generates frustration for the neuroradiologist, and
more importantly, the patient. The authors provide much needed
insight into the rapid physiologic “washout” of contrast and sug-
gest that a repeat study can be performed as soon as the next day.

Unfortunately, even the proposed “next day” study requires a
repeat invasive procedure. For outpatient procedures, there are
additional inconveniences, including: the time and expense of
travel; the need for additional time away from work and family;
and for some patients, prolonged time off anticoagulation medi-
cation. These concerns may be amplified during the current pan-
demic, and we should strive to minimize the unnecessary burden
on patients and on an already-strained health care system.

With these factors in mind, we wish to supplement the article
with our experience imaging subdural contrast after a recent my-
elogram. As the patient had already traveled several hours for an
evaluation of back pain, and with the aim of generating an expe-
ditious diagnosis, we performed a repeat CT 1 hour after the first.
The initial and follow-up CT images (Figure) demonstrate that
the contrast rapidly exited the subdural space, with enough pass-
ing into the thecal sac to produce diagnostic imaging.

This obviated the need for a repeat procedure and suggests
that even without an initially successful injection, there may be
enough membranous disruption to allow effective contrast pas-
sage into the thecal sac. This type of contrast motion may not

occur in every case. Indeed, the precise localization of contrast af-
ter its initial nontarget injection likely depends on multiple fac-
tors. These factors include the following: the specific site of the
initial injection (eg, subdural, extradural, or split); the technical
factors (eg, patient positioning or timing of imaging); and the
underlying diagnosis. With respect to the latter, pressure within
the CSF space may define the path of least resistance for contrast
and produce a gradient across which movement into the thecal
sac is precluded.

Regardless of the specifics, our case illustrates 2 points. First,
there is a need to better understand the dynamic physiology
across the thecal sac. Second, and more importantly, we have an
opportunity to facilitate patient care in frustrating scenarios. A
same-day repeat CT may produce diagnostic information and
facilitate expedient patient management. At worst, the presence
of persistent subdural contrast would require a repeat procedure
the next day. At best, sufficient intrathecal contrast would help to
avoid an additional invasive procedure and would minimize the
patient inconvenience.
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FIGURE. Following fluoroscopically guided lumbar puncture for thoracic myelogram, initial CT demonstrates contrast within the subdural space
(A, blue arrow) with insufficient thoracic thecal sac enhancement (B, blue dashed arrow). One hour later, a repeat CT reveals contrast move-
ment across the thecal sac (C, green arrow) with excellent thoracic myelography (D, green dashed arrow).
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Thank you very much for such a thoughtful and timely let-
ter. It brings up the important topic of CSF dynamics

within the “subdural” space, which has not been fully eluci-
dated. Diffusion of subdural contrast into the thecal sac is cer-
tainly interesting; we do not yet know if it is from the
disruption of the inner layer at the puncture site, or if intrathe-
cal distribution results from the natural egress passage of any
subdural fluid.

In a typical CT myelogram for spinal stenosis evaluation,
rescanning patients after an hour in cases of subdural injection to
see whether the contrast diffuses intrathecally is a very acceptable
option. This is especially true during the current pandemic set-
ting, as the authors mentioned.

While most CT myelograms performed for spinal stenosis can
be diagnostic if the CSF is appreciably denser than the neural ele-
ments, the evaluation of spinal CSF leaks on CT myelogram is
extremely dependent on a high concentration of intrathecal con-
trast. This is especially true with CSF-venous fistulas, where the
findings are often subtle even with maximal contrast attenuation.
Therefore, waiting an hour for subdural injections to become intra-
thecal while contrast resorption from the CSF to the venous

system is occurring would likely result in submaximal opacification
of intrathecal CSF and markedly decrease the diagnostic yield.

Thank you again for the letter and great efforts to optimize
patient care in a difficult time for the medical community.
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LETTERS

The True Potential of Artificial Intelligence for Detection of
Large-Vessel Occlusion: The Role of M2 Occlusions

It is with great interest that we have read a recently published ar-ticle by Yahav-Dovrat et al1 investigating the diagnostic per-
formance of a large-vessel occlusion (LVO) detection algorithm
on CTA. With a sensitivity of 0.81 for detection of LVO, the
authors indicate that the algorithm is suboptimal for use as a
diagnostic tool. However, they state that the true potential lies in
aiding radiologists in early detection of an LVO and accelerating
decision-making. With respect to this statement, some methodo-
logic aspects of their study merit further discussion.

The algorithm that was evaluated used a deep learning–based
convolutional neural network to detect occlusions from the ICA ter-
minus to the Sylvian fissure, which included both M1 and M2 seg-
ments of the MCA. In their analysis, the definition of LVO only
included ICA terminus and M1, but not M2 occlusion. We argue
that this definition does not adequately reflect the spectrum of LVOs
that need to be targeted by these algorithms, and that M2 occlusion
should also have been considered as an LVO. While current guide-
lines do not provide clear recommendations regarding endovascular
treatment in patients with M2 occlusions, accumulating evidence is
showing that these patients also benefit from this treatment.2 As a
result, in routine clinical practice, endovascular treatment is increas-
ingly being performed in these patients.3 In addition, M2 occlusions
occur more commonly than is often thought and they constitute a
substantial proportion of the real-world population who have had
an acute ischemic stroke due to LVO. Accordingly, in the study of
Yahav-Dovrat et al,1 75 patients were identified with an ICA termi-
nus or M1 occlusion, and 44 patients had an occlusion in proximal
M2 or distal M2–3 segments. As potential candidates for endovascu-
lar treatment, it is crucial that the latter occlusions are also identified
quickly and accurately. Yet, it has been demonstrated that M2 occlu-
sions are still frequently missed by radiologists at initial CTA evalua-
tion, whereas the diagnostic error for ICA terminus and M1
occlusions is much lower.4 Furthermore, detection of M2 occlusions
by human readers is likely to be more time-consuming because of
the smaller caliber, tortuosity, and anatomic variations of these ves-
sels. This indicates a large potential for LVO detection algorithms to
accelerate and improve the detection of mainly M2 occlusions and,
to a lesser extent, ICA terminus andM1 occlusions.

Regrettably, this is where the current algorithm falls short. In
12 of 44 patients with proximal M2 or distal M2–3 occlusions,
the algorithm indicated the presence of LVO. Further subdividing
these results reveals a detection rate of 38% (8 of 21) for proximal
M2 and 17% (4 of 23) for distal M2–3 occlusions. Considering
these cases as non-LVOs and counting them as false-positives, as
was done by Yahav-Dovrat et al,1 simply inflates diagnostic per-
formance, and leads to overestimating the potential of the algo-
rithm for early and accurate identification of patients with LVO.
Including M2 occlusion in the definition of LVO would have
resulted in a considerably lower sensitivity of the algorithm for
detection of LVO. However, this would provide a more reliable
estimate of diagnostic performance in the population that is tar-
geted for endovascular treatment in routine clinical practice.

Therefore, we strongly urge the need to consider M2 occlu-
sion as LVO when evaluating the diagnostic performance of LVO
detection algorithms for a more reliable estimation of their per-
formance and true potential in a clinical setting.
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We would like to thank Dr Luijten et al at Erasmus MC
University Medical Center for their interest in our article ti-

tled “Evaluation of Artificial Intelligence–Powered Identification of
Large-Vessel Occlusions in a Comprehensive Stroke Center” and
for their insightful comments.

In their letter, the authors suggested that distal occlusions
should be considered positive cases for the purpose of evaluating
the performance of artificial intelligence (AI) algorithms for detec-
tion of large-vessel occlusion (LVO) strokes. Indeed, recent studies
suggest that endovascular treatment for these patients is safe and
effective. These occlusions were even dubbed “MVOs” or middle-
vessel occlusions to differentiate them from LVOs.1

We agree that this population is of great interest. As stated in
our article, the potential clinical utility of a detection algorithm
does not rely on its sensitivity alone. Although aiding radiologists
in early detection is of great value, there is paramount importance
for the positive predictive values of such systems. Avoiding an
unacceptable burden on the application end-users due to multiple
alerts is essential. While recent publications suggest the utility of
treating MVOs, only the treatment of ICAs and M1 LVOs with
endovascular techniques is currently supported by level 1 evidence
from multiple randomized controlled trials.2 As such, cutting-edge
centers may choose to treat such patients, whereas many centers
around the world might choose to strictly adhere to the American
Heart Association and American Stroke Association guidelines.
Typically, the less advanced and experienced centers stand to bene-
fit the most from AI-driven detection and the triage of LVOs.3

Any study of AI software should keep this audience in mind.
One of the great powers of neural network algorithms is the

ability to improve in time as more data are used to train the algo-
rithm. The study was performed 2 years ago, and as such, it is rel-
evant to the version used at that time. Our study was conducted
on a system intended to identify and alert LVOs, including ICA
and M1. Therefore, identification of such occlusions was defined
as the study's primary outcome. The identification of more distal
occlusions is indeed of interest and was presented as a secondary
outcome.

As more evidence for the safety and efficacy of endovascular
treatment in M2 segment MCA occlusions becomes available,
our recommendation to anyone considering or performing

similar studies would be to report both the overall sensitivity and
specificity of the investigated device, as well as provide estimates
of the sensitivity stratified by occlusion location. In addition, as
various AI systems are being installed in different centers, studies
reporting the effects on time, cost, or patient outcome before and
after implementation of AI software4 could be of great signifi-
cance when evaluating the true benefit of such systems.
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