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REVIEW ARTICLE

Retinoblastoma: What the Neuroradiologist Needs to Know
V.M. Silvera, J.B. Guerin, W. Brinjikji, and L.A. Dalvin

ABSTRACT

SUMMARY: Retinoblastoma is the most common primary intraocular tumor of childhood. Accurate diagnosis at an early stage is
important to maximize patient survival, globe salvage, and visual acuity. Management of retinoblastoma is individualized based on
the presenting clinical and imaging features of the tumor, and a multidisciplinary team is required to optimize patient outcomes.
The neuroradiologist is a key member of the retinoblastoma care team and should be familiar with characteristic diagnostic and
prognostic imaging features of this disease. Furthermore, with the adoption of intra-arterial chemotherapy as a standard of care
option for globe salvage therapy in many centers, the interventional neuroradiologist may play an active role in retinoblastoma
treatment. In this review, we discuss the clinical presentation of retinoblastoma, ophthalmic imaging modalities, neuroradiology
imaging features, and current treatment options.

ABBREVIATIONS: IAC ¼ intra-arterial chemotherapy; IVC ¼ IV chemotherapy; IvitC ¼ intravitreal chemotherapy; EBRT ¼ external-beam radiation therapy;
OA ¼ ophthalmic artery

Retinoblastoma is the most common primary intraocular
malignancy in children. Prompt diagnosis is essential to pre-

serving life, eye, and sight. Neuroradiologists play an important
role in diagnosis, staging, and treatment of patients with retino-
blastoma. In this review, we aim to educate neuroradiologists
regarding retinoblastoma imaging features and basic principles of
treatment.

EPIDEMIOLOGY
Retinoblastoma affects 1 in 16,000 births,1 with 8000–10,000 chil-
dren diagnosed annually. There are no known geographic, racial,
or sex predilections. Heritable retinoblastoma is diagnosed at a
median age of 12months and nonheritable disease at 24months,
with 80% diagnosed before 4 years of age.

CLINICAL PRESENTATION AND DIAGNOSIS
Retinoblastoma is diagnosed by physical examination and classi-
fied as International Classification of Retinoblastoma groups A
through E according to increasing severity. The most common

presenting feature is a white pupillary reflex called leukocoria, of-
ten recognized first by parents. Strabismus and decreased vision
are also common. Patients with advanced disease can present with
iris color changes, an enlarged cornea and globe, orbital inflamma-
tion, and exophthalmos. Biopsy is avoided because of a risk of tu-
mor seeding, though aqueous biopsy is under investigation.

PATHOPHYSIOLOGY
Retinoblastoma results from a biallelic mutation of the retinoblas-
toma gene (RB-1) in developing retinal cells, following the 2-hit
model of tumor suppressor gene inactivation.2 In the heritable
form, seen in up to 50% of patients, a germline mutation is fol-
lowed by a second acquired somatic mutation. In the nonherit-
able form, 2 somatic mutations must occur in the same gene in a
single cell.

Retinoblastoma originates in the retina and can display endo-
phytic growth into the vitreous chamber; exophytic growth into
the subretinal space; or diffuse, infiltrative growth along the ret-
ina. Most tumors demonstrate both endophytic and exophytic
growth and can cause retinal detachment as well as vitreous and
subretinal tumor seeding.

OPHTHALMIC IMAGING
Color Fundus Photography
The first step in diagnosing retinoblastoma is a complete dilated
eye examination, often performed under anesthesia. Widefield

Received June 9, 2020; accepted after revision October 14.
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color fundus, anterior segment, and external photography facili-
tate serial monitoring.

Ultrasonography
Ocular ultrasonography is a critical diagnostic test with resolu-
tion approaching 150 microns using 10-MHz frequency. On B-
scan ultrasonography, retinoblastoma is an attenuated, round tu-
mor with focal areas of high internal reflectivity, corresponding
to calcification, which create shadowing that persists with low so-
nography gain.3 Sonography biomicroscopy uses higher frequen-
cies (50–100MHz) to obtain anterior segment images and detect
anterior segment, iris, ciliary body, and anterior chamber angle
invasion.4

Fluorescein Angiography
Fluorescein angiography uses IV sodium fluorescein dye to allow
direct visualization of blood flow through retinal vasculature. The
dye emits green fluorescent light (520–530 nm) after excitation by
blue light (465–490nm). Key imaging features that this technique
may highlight include iris neovascularization, dilated tumor-asso-
ciated retinal vessels, intrinsic tumor vasculature, venous leakage,
and microvasculature changes.5 Compared with completely per-
fused tumors, partially perfused tumors may require fewer cycles
of intra-arterial chemotherapy (IAC) to achieve regression.6

Fluorescein angiography can also detect treatment-related is-
chemic side effects.7

Optical Coherence Tomography
Optical coherence tomography uses low-coherence light to
provide a high-resolution cross-sectional image of the retina,
showing details as small as 10 microns and permitting detec-
tion of clinically invisible tumors.8,9 Newer optical coherence
tomography angiography can image retinal vasculature with-
out injection of IV dye and may prove useful for future diagno-
sis and monitoring.10

Neuroradiology Imaging
High-resolution contrast-enhanced MR imaging is important for
optimal assessment of key features that impact treatment deci-
sions in children with retinoblastoma, such as optic nerve inva-
sion, extraocular tumor extension, and intracranial disease.
Imaging approaches differ per institution and individual prefer-
ences with variations regarding the use of small surface coils or
multichannel head coils and imaging at 1.5T or 3T magnet
strength. In this regard, the European Retinoblastoma Imaging
Collaboration has published imaging guidelines for diagnostic
evaluation of retinoblastoma that specify hardware considera-
tions, optimal pulse sequences, and acceptable minimum spatial
resolution.11 Carefully performed MR imaging can help confirm
retinoblastoma diagnosis, exclude alternative diagnoses, assess tu-
mor extent and stage, and provide long-term monitoring. Poor
prognostic features of choroidal invasion and optic nerve exten-
sion cannot be reliably detected on clinical examination, so MR
imaging detection of extraocular disease and intracranial tumor
is crucial. MR imaging can also provide intraocular tumor detail
in patients with tumor-related media opacity and can detect con-
genital brain anomalies in patients with retinoblastoma and 13q-
deletion syndrome.12

On imaging, retinoblastoma is typically irregular in contour.
On CT, retinoblastoma has intermediate attenuation with vari-
able calcification and mild to moderate enhancement. On MR
imaging, tumor is slightly hyperintense relative to vitreous on
T1-weighted images, is dark on T2-weighted images, shows
reduced diffusivity on diffusion-weighted images, and demon-
strates heterogeneous enhancement with gadolinium. Tumor
calcification may be evident as signal voids on susceptibility-
weighted sequences.

Calcification is a key diagnostic feature present in approxi-
mately 95% of cases. Although CT has been used historically to
detect tumor calcification, ultrasonography has good sensitivity,
and because of potential increased risk for second cancers with
ionizing radiation exposure, especially in germline retinoblas-
toma, sonography for detection of calcification has replaced CT,
and the role of CT in the evaluation of retinoblastoma is now
considered obsolete.13-16

IMAGING APPROACH TO DISEASE
Intraocular Tumor
The smallest intraocular retinoblastomas are well-circumscribed
and confined to the retina. These are typically best visualized on
heavily T2-weighted 3D images, such as 3D CISS/FIESTA (Fig
1A). Larger endophytic tumors are associated with vitreous seed-
ing and exophytic tumors with subretinal seeding. Diffusely infil-
trating retinoblastoma is uncommon, accounts for approximately
2% of cases, presents at an older mean age of 6 years with inflam-
matory features, and demonstrates linear growth without a dis-
crete mass or calcification.17,18

Anterior Chamber Involvement
Tumor extension into the anterior chamber is uncommon, may
be evident by enhancement on MR imaging, and is associated
with iris neovascularization, hyperemia, and inflammation.19,20

Anterior chamber, ciliary body, or iris invasion may necessitate
enucleation.21,22

Vitreous Seeding
Vitreous involvement can range from small conglomerates of tu-
mor cells to scattered, discrete tumor foci to diffuse involvement.
High-resolution MR imaging can identify vitreous seeding as
small foci of T2 signal shortening within the vitreous chamber,
but clinical examination is more sensitive with a potential role for
optical coherence tomography monitoring.23,24

Vitreous Hemorrhage
Vitreous hemorrhage complicates tumor assessment in children
with retinoblastoma, obscuring tumor margins on clinical and
MR imaging examination, and is present in fewer than 3% of
cases.

Subretinal Tumor Invasion
Retinoblastoma that proliferates within the subretinal space
between the retina and the choroid is termed subretinal tumor
seeding. Subretinal tumor can be complicated by secondary se-
rous retinal detachment and less frequently retinal hemorrhage
(Figs 2 and 3).25
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Choroidal Invasion
Exophytic growth, breaching the Bruch membrane, can result in
tumor invasion of the choroid between the retina and sclera. On
MR imaging, the choroid normally appears as a linear, uniformly

enhancing layer deep to the hypoin-
tense sclera. Choroidal invasion is sug-
gested by a focal region of choroidal
thickening, either enhancing or nonen-
hancing, or a focal region of choroidal
thinning with decreased enhancement
(Fig 1B).25-28 Subtle choroidal invasion
remains challenging to discern when
enhancing tumor abuts the normally
enhancing choroid with accuracies esti-
mated at 57%–72%.25,29 Massive cho-
roidal invasion $3mm is associated
with increased metastatic risk, warrant-
ing enucleation and adjuvant systemic
chemotherapy.30,31

Additional Intraocular
Complications
Additional tumor-related complica-
tions include a subluxed or dislocated
lens, an enlarged globe from secondary
glaucoma (Fig 1B), a shallow anterior
chamber with increased intraocular
pressure, intraocular hemorrhage, and
rarely phthisis bulbi.32 Advanced reti-
noblastoma can cause exophthalmos
and periorbital soft tissue swelling
from tumor necrosis that can mimic
periorbital cellulitis.33

Extraocular Retinoblastoma
Extraocular tumor can manifest by
extension of tumor through the sclera
into the retrobulbar fat and by growth
along the optic nerve and meningeal
sheath (Figs 1, 3, and 4).34

Scleral and Extrascleral
Involvement
Tumor infiltration of the sclera may
be apparent on MR imaging by inter-
ruption of its normally thin, linear
hypointense appearance on both T1-
weighted and T2-weighted images and
by extrascleral extension of tumor into
the retro-ocular fat. The normal dis-
continuity of the sclera where the optic
nerve inserts into the globe should
not be mistaken for pathology, though
tumor can extend into the optic nerve
through the lamina cribrosa at this site.
Scleral invasion and extraocular tumor
extension are rare in developed coun-

tries and signify a poor prognosis and increased likelihood of
metastasis.35 Occasionally, enhancement of retrobulbar fat with-
out a tumor mass is observed, which can represent peritumoral
inflammation rather than extraocular tumor extension.

FIG 2. Group E retinoblastoma managed with IAC and IvitC. A 2-year-old boy presented with leu-
kocoria in the right eye (A). Ultrasonography (B) revealed a large, round, hyperechoic retinal mass
with intrinsic calcifications seen as foci of high reflectivity and serous retinal detachment (white
arrow). After 3 cycles of IAC and IvitC using melphalan and topotecan, a follow-up sonography
image (C) shows regression of tumor to a calcified hyperechoic scar with persistent serous retinal
detachment (black arrow).

FIG 1. A 21-month-old boy with right group B and left group E retinoblastoma. Coronal reformat
of 3D FIESTA (A) shows a hypointense calcified mass in the left globe with serous retinal detach-
ment. Two of 3 small retinoblastoma tumors in the right globe are shown (black solid arrows).
Axial post-gadolinium T1-weighted image with fat saturation (B) shows enhancing tumor abutting
the normally enhancing choroid (white arrow) making focal tumor invasion challenging to assess.
Tiny foci of enhancement surrounding the left optic nerve cuff represent normal small vessels
(black and white arrow). The left globe was larger than the right consistent with buphthalmos.
Gross pathology specimen of the enucleated left eye (C) shows the posteriorly located intraocular
neoplasm (arrow). Histopathologic examination showed moderately differentiated retinoblas-
toma without choroidal invasion and with tumor involving the optic nerve head and lamina cri-
brosa, but without postlaminar tumor.
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Optic Nerve Involvement
Assessment of the optic nerve is essential for accurate staging.
Prelaminar and intralaminar invasion of the optic nerve are not
considered high-risk features.34 Postlaminar optic nerve invasion
occurs in approximately 8% of patients36 and typically requires
enucleation followed by systemic chemotherapy because of
increased risk for metastatic disease and mortality.28,34,37,38 On
MR imaging, the location of the lamina can be estimated at the
junction between the optic disc and the midpoint between the
enhancing choroid and the low intensity sclera. A definitive di-
agnosis of postlaminar optic nerve invasion is based on histo-
pathology, which may not be available if eye-preserving
treatment is considered. Thickening and enhancement of the
postlaminar optic nerve on MR imaging usually indicates tu-
mor extension (Fig 4). However, more subtle abnormalities at
the globe–nerve junction can be challenging to accurately
classify. Enhancement of the optic nerve at the globe–nerve
junction can represent postlaminar tumor, pre- or intralami-
nar tumor with a posteriorly displaced lamina cribrosa,
central retinal vessels, or inflammation (Fig 1).20,36,39-43

Postlaminar optic nerve invasion can be diagnosed based on
visual assessment of optic nerve enhancement and tumor size
with sensitivity estimated at 59% and specificity estimated at
94%.39,44,45 Lower accuracy may be related to differences in
the level of suspicion, imaging technique, and the experience
of the interpreting radiologist.46-48 The most reliable direct
MR imaging criteria to rule out advanced optic nerve inva-
sion are normal optic nerve size, normal optic nerve signal on
T2-weighted images, and optic nerve enhancement of #3mm
on postcontrast imaging.36,39 Normal enhancement of the
central retinal vessels in the optic nerve and “double-dot”
enhancement, seen as punctate foci of enhancement strad-
dling the central retinal vessels at the globe–nerve junction,
should not be mistaken for tumor.39 In addition, increased
intraocular pressure can cause posterior bulging of the lam-
ina cribrosa that can simulate optic nerve invasion and result
in a false-positive interpretation.36,41 MR imaging remains
limited in its ability to detect early stage optic nerve invasion
with pathology remaining the criterion standard for assessing

high-risk features.28,39

TREATMENT MODALITIES
Retinoblastoma treatment is individu-
alized depending on International
Classification of Retinoblastoma group
staging, laterality of involvement,
germline testing results, institutional
resources, and psychosocial factors.49

Current treatment modalities include
IV chemotherapy (IVC), IAC, intravi-
treal chemotherapy (IvitC), intracam-
eral chemotherapy, consolidation
therapies (cryotherapy and transpupil-
lary thermotherapy), radiation-based
therapies (external-beam radiation
therapy [EBRT] and plaque radiation
therapy), and enucleation.

FIG 3. A 21-month-old boy with group E retinoblastoma of the right
eye. Axial fat-saturated T2-weighted image (A) shows a large hypoin-
tense intraocular tumor (short white arrow) in the right globe with
retinal detachment and hemorrhage with a fluid–fluid level (long
white arrow). Abnormal thickening of the right optic nerve (arrow-
head) is consistent with optic nerve invasion. Sagittal postgadolinium
T1-weighted image with fat saturation (B) demonstrates enhancing tu-
mor contacting the lens (short arrow) and tumor invading the optic
nerve and extending posteriorly along the optic nerve sheath (long
arrow) to the level of the optic canal (open arrow). Histopathologic
examination showed poorly differentiated retinoblastoma with cho-
roidal and extensive postlaminar optic nerve invasion.

FIG 4. A 2-year-old girl with group E retinoblastoma. Axial fat-saturated T2-weighted image (A)
shows a hypointense intraocular tumor centered within the posterior right globe with retinal
detachment. Axial trace DWI shows reduced diffusivity of the tumor (B). Axial postgadolinium
T1-weighted image with fat saturation (C) shows enhancement of the distal optic nerve in conti-
nuity with tumor over 1.2mm (arrow) and enhancing tumor abutting the enhancing choroid, lim-
iting the assessment for focal choroidal invasion. Histopathologic examination showed poorly
differentiated retinoblastoma (grade IV of IV) largely confined to the posterior eye with postla-
minar optic nerve invasion and no choroidal invasion.

AJNR Am J Neuroradiol 42:618–26 Apr 2021 www.ajnr.org 621



Intravenous Chemotherapy
Systemic IVC, introduced in the 1990s, remains a key treatment
tool, especially for bilateral and germline disease. The most

frequently used regimen consists of
vincristine, etoposide, and carboplatin
(VEC), administered through a central
or peripheral catheter monthly for 6
cycles.50 Tumor control is best for less
advanced disease.51 Systemic chemo-
therapy may provide protection against
second cancers, metastasis, and pineal
embryonal tumor in patients with germ-
line disease.52,53 Intensified chemother-
apy regimens are used to treat high-risk
disease after enucleation. Neoadjuvant
chemotherapy can be used in advanced
disease with choroidal or postlaminar
optic nerve invasion before enucleation
and may prevent exenteration in orbital
retinoblastoma.54,55

Intra-arterial Chemotherapy
Introduced in 2004, IAC is now a stand-
ard of care first-line therapy, especially
for advanced, unilateral tumors, and
carries a lower risk of side effects such
as ototoxicity and neurotoxicity associ-
ated with systemic chemotherapy.56-59

Melphalan, topotecan, and carboplatin
are the most commonly used drugs,
administered as combinations of 1, 2,
or 3 agents depending on tumor sever-
ity.50 Treatment is usually adminis-
tered monthly for 3 or 4 cycles. IAC
can be used as a primary or secondary
treatment and has higher success rates
for globe salvage in advanced tumors
compared with IVC (Fig 5).49,60

An experienced interventional neu-
rosurgeon or neuroradiologist is re-
quired to perform this procedure and
this approach achieves superselective
delivery of 10 times the chemotherapy
dose to the eye compared with IVC.61

The target artery into which the chemo-
therapy is administered is the central
retinal artery, a branch of the ophthal-
mic artery (OA). The central retinal ar-
tery is too small to visualize on
conventional angiography, so the poste-
rior ciliary arteries, which cause the cho-
roid blush, are often used as the
surrogate (Fig 6). The OA is the first
intradural branch of the internal carotid
artery and it is the dominant arterial
supply to the retina in more than 98% of
adults. However, during fetal life, there
are robust connections between the OA

and branches of the middle meningeal artery. These connections
persist into early childhood, and compared with adults, there

FIG 5. Group D retinoblastoma managed with IAC and IvitC. A 7-year-old boy presented with a
large, white inferiorly located orbital tumor shown in the color fundus photograph (A).
Ultrasonography revealed a round, hyperechoic retinal mass (B). After 4 cycles of IAC and IvitC
using melphalan and topotecan, the tumor regressed to a small, calcified scar seen on fundo-
scopy (C) and confirmed by ultrasonography (D) (white arrow).

FIG 6. Competitive flow to the choroid from the OA and middle meningeal artery (MMA). A lat-
eral angiographic image provides reference for OA supply to the globe (A); the posterior ciliary
artery is the vascular supply to the choroid and produces the choroid blush. This is the imaging
surrogate for the origin of the central retinal artery. Right ICA injection (B) shows the normal OA
origin (black arrow) and expected choroid blush (white arrow). Right ECA injection (C) shows
the artery of the superior orbital fissure (Art SOF; black and white arrows), which anastomoses
with distal branches of the OA and then fills the OA in a retrograde fashion (black arrows) indi-
cating competitive flow between the MMA and OA for supply to the retina. MR angiogram (D)
shows supply to the orbit through the artery of the superior orbital fissure (white arrow), a
branch of the MMA (white and black arrow).
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may be a higher prevalence of dual supply to the retina from both
the middle meningeal artery (ie, the artery of the superior orbital
fissure) and the OA (Fig 6).62 Preoperative MRA can detect ana-
tomic variations.

Regarding technical aspects, IAC delivery is a relatively
straightforward procedure. At our center, we typically place a 4F
Berenstein catheter (Boston Scientific) in the femoral artery and
advance it to the carotid artery on the side of the lesion. Internal
and external carotid artery injections are performed to identify
the source of the choroid blush. After this, a microcatheter
(Headway Duo, MicroVention; or Magic, Balt; 1.2F) is advanced
in a flow-directed technique (ie, wireless) to the ostium of the
OA, and after confirmation of positioning, the chemotherapeutic
agents are administered over the course of 1 hour.

Complications can occur. Catheterization and contrast injec-
tion into the OA can trigger an oculocardiac reflex and severe
bradycardia. Ocular side effects can include transient periorbital
edema, cutaneous hyperemia, madarosis, blepharoptosis, scalp
hair loss, and extraocular motility abnormalities.63-65 More last-
ing vision-threatening ophthalmic vascular events include vitre-
ous hemorrhage, retinal and choroidal ischemia with resulting
atrophy, branch or central retinal artery occlusion, and OA spasm
or occlusion.7,60,63,66-68 Retinal detachment occurs in up to 25%
of treated eyes presumably because of rapid tumor regression.
The rate of serious ophthalmic vascular events that result in cho-
rioretinal atrophy and vision loss has decreased over time and
correlates with increased experience of the treating physician.68

Risks are similar when IAC is used as primary or secondary ther-
apy.69 Complications related to chemotherapy administration
include neutropenia, fever, and intraoperative bronchospasm.

Intraocular Chemotherapy
IvitC is used in combination with IAC to treat vitreous seeding.
The most common drugs are melphalan and topotecan, used alone
or in combination. Treatment is administered every 2–4weeks and
tailored to tumor response. Globe salvage for group E eyes has
improved to.50% by combining IAC and IvitC (Fig 5).70,71 Small
chemotherapy doses can be delivered to the anterior chamber
(intracameral chemotherapy) for aqueous seeding.72

Focal Therapies
Focal therapies may be the primary treatment for small retino-
blastomas but are typically used for consolidation in combination
with IVC.73 Whereas cryotherapy with a triple-freeze–thaw tech-
nique is used for peripheral tumors, transpupillary thermother-
apy with a diode laser is typically used for posteriorly located
tumors that cannot be reached with the cryotherapy probe.

External-Beam Radiation Therapy
EBRT is generally avoided because of associated side effects, the
most serious of which is increased risk for second primary malig-
nancies, especially in patients with germline retinoblastoma.16,74,75

EBRT maintains a role in treating extraocular tumor extension,
orbital recurrence, and a positive optic nerve margin following
enucleation.76

Plaque Radiation Therapy
Plaque radiation therapy, also known as brachytherapy, delivers
localized, low-dose radiation, often as secondary treatment for
small- to medium-sized tumors that are chemoresistant or for
localized recurrence.77 Unlike EBRT, plaque radiation therapy is
not associated with increased risk for second cancers.78,79

Enucleation
Enucleation is sometimes necessary to protect the life of patients
with advanced disease. Enucleation is typically reserved for
advanced group E tumors, especially if there is poor visualization
of the fundus or concern for optic nerve or extraocular exten-
sion.21,80-83 Tumors that have failed other therapies may also
require enucleation. If there are high-risk features on histopathol-
ogy of the enucleated globe, additional systemic chemotherapy is
required for prevention of metastatic disease.84

Advanced Disease
Trilateral Retinoblastoma. Trilateral retinoblastoma refers to the
presence of intracranial tumor histologically similar to retinoblas-
toma in the pineal gland or suprasellar cistern (supratentorial
CNS embryonal tumor) in addition to bilateral ocular involve-
ment.85 This occurs in 10%–15% of patients with heritable retino-
blastoma.86 The presence of CNS tumor in both midline

FIG 7. A 16-month-old boy presented with extensive metastatic dis-
seminated quadrilateral retinoblastoma. Coronal T2-weighted image
from the initial MR imaging (A) showed hypointense retinal tumors in
both globes (black arrows). Sagittal postgadolinium T1-weighted
image from the initial MR imaging (B) showed a large enhancing mass
occupying the sella, suprasellar cistern, and third ventricle, with sepa-
rate tumors involving the pineal gland and extending along the pla-
num sphenoidale. Sagittal postgadolinium T1-weighted image from an
MR imaging 5weeks later (C) shows tumor growth, obstructive hydro-
cephalus, and leptomeningeal dissemination of tumor within the
fourth ventricle and along the brain stem and upper cervical cord
(white arrows).
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locations is sometimes referred to as quadrilateral retinoblastoma
(Fig 7). The incidence of trilateral retinoblastoma is 3.2%. These
intracranial tumors can be synchronous with intraocular retino-
blastoma at diagnosis but are more frequently found on surveil-
lance MR imaging. The lead time from asymptomatic to
symptomatic pineal trilateral tumor is approximately 1 year. The
prognosis for trilateral retinoblastoma is poor.87-89

Scrutiny of the pineal gland at presentation and on surveillance
MR imaging is important for detecting developing pineal region
tumor. It is important to not mistake pineal cysts for tumor; pineal
cysts are a common incidental finding in the general pediatric pop-
ulation, particularly at 3T. Incidental pineal cysts may grow, have
proteinaceous content, and may show enhancement of the cyst
wall with mild central enhancement.90,91 Embryonal tumors of the
pineal gland, on the other hand, have imaging characteristics simi-
lar to retinoblastoma and are predominantly solid and dark on T2-
weighted images, enhance, and show reduced diffusivity (Fig 7).

CNS Dissemination and Metastatic Disease. Tumor spread into
the intracranial space is uncommon and carries a poor prognosis.
Retinoblastoma can spread through direct extension via the optic
nerve and its meningeal sheath into the intracranial compartment
and can metastasize systemically via hematogenous or lymphatic
routes (Fig 7).28,34 The most commonly affected lymph nodes are
in the preauricular and cervical regions. Systemic metastases are
most frequently observed in the lung, liver, bone, and brain.

Tumor Surveillance and Treatment-Related Findings
Posttreatment imaging includes tumor surveillance to identify local
or intracranial recurrence, new intracranial or spinal CSF seeding,
and development of trilateral or quadrilateral retinoblastoma. The
contralateral globe must be monitored to identify metachronous
tumor. Treatment-related complications include cataract, vitreous
hemorrhage from radiation retinopathy, enophthalmos, phthisis
bulbi, myositis, nonspecific inflammatory changes, enhancement
of orbital fat and optic nerve, and orbital and midface hypoplasia
from EBRT.92-94 Secondary tumors are seen in heritable forms of
retinoblastoma, especially after radiation. Patients with germline
disease are at increased risk for osteosarcoma and soft tissue sar-
coma, melanoma, and malignancies of the brain and nasal cavities.
The cumulative incidence for new cancer at 50 years after retino-
blastoma diagnosis is 36% for those with hereditary retinoblastoma
and 5.7% for those with nonhereditary retinoblastoma.75

CONCLUSIONS
Retinoblastoma is a complex disease that requires careful work-
up for accurate diagnosis and an expert, multidisciplinary team
for appropriate treatment, optimized vision-sparing survival, and
long-term surveillance. The neuroradiologist is a critical part of
the retinoblastoma care team and should be familiar with key
diagnostic and prognostic features of this disease.
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PRACTICE PERSPECTIVES

Time to Reconsider Routine Percutaneous Biopsy in
Spondylodiscitis?

Ö. Kasalak, M. Wouthuyzen-Bakker, R.A.J.O. Dierckx, P.C. Jutte, and T.C. Kwee

ABSTRACT

SUMMARY: Percutaneous image-guided biopsy currently has a central role in the diagnostic work-up of patients with suspected
spondylodiscitis. However, on the basis of recent evidence, the value of routine image-guided biopsy in this disease can be chal-
lenged. In this article, we discuss this recent evidence and also share a new diagnostic algorithm for spondylodiscitis that was
recently introduced at our institution. Thus, we may move from a rather dogmatic approach in which routine image-guided biopsy
is performed in any case to a more individualized use of this procedure.

The incidence of spondylodiscitis is rising in the developed
world due to aging of the population with inherent comor-

bidities that increase the risk of infection and improved diagno-
sis because of widespread use of MR imaging.1 The diagnosis
of spondylodiscitis and the microbiologic culprit can be con-
firmed by a combination of MR imaging findings with blood
cultures or cultures of spinal or paraspinal tissue samples. The
guidelines of the Infectious Diseases Society of America recom-
mend performing MR imaging and obtaining blood cultures in
all patients with suspected spondylodiscitis. They also recom-
mend image-guided biopsy when the microbiologic diagnosis
has not been established by blood cultures or serologic tests.2,3

The same guidelines advise repeat image-guided percutaneous
biopsy or proceeding to open biopsy if the initial biopsy result
remains negative.2,3 Thus, percutaneous image-guided biopsy
currently has a central role in the diagnostic work-up of
patients with suspected spondylodiscitis.

Arguments for Routinely Performing Percutaneous
Image-Guided Biopsy
Proponents of routinely performing percutaneous image-guided
biopsy argue that a microbiologic diagnosis should be established
to target antimicrobial treatment and ultimately improve clinical
outcome. In addition, antibiotic resistance may potentially be

reduced with such an approach because it allows exact targeting of
the specific microbe. Furthermore, establishing a microbiologic di-
agnosis may prevent the need for an open or surgical intervention
when infection progresses.2,3 It is also argued that pathologic ex-
amination of biopsy specimens may help differentiate an infectious
from a malignant or degenerative process.2,3 Finally, the Infectious
Diseases Society of America guidelines mention that the sensitivity
of image-guided biopsy varies between 30% and 74%, which seems
fairly high, though these numbers are based on only 3 studies that
were cited in these guidelines.2,3

Practical Issues of Percutaneous Image-Guided Biopsy
Percutaneous image-guided biopsy can be performed using con-
ventional x-ray fluoroscopic or CT guidance, with most previously
published studies using CT for this purpose in spondylodiscitis.4

The advantages of CT-guided biopsy over x-ray fluoroscopically
guided biopsy are more accurate localization, multiplanar views,
the ability to differentiate necrotic bone and solid lesions, and not
exposing the operator to ionizing radiation.1 Although CT-guided
biopsy is relatively safe, it is still an invasive procedure with a non-
negligible risk of complications. Minor complications such as
transient paresis, hematoma, postbiopsy fever, pain, bruising, and
swelling occur in around 2%.5,6 Major complications such as spi-
nal cord injury are rare but have also been reported.7

Furthermore, lying still during the procedure may be burdensome
to some patients who are ill and have severe back pain due to
spondylodiscitis, in our experience. The use of potentially harmful
ionizing radiation should also be taken into account.8

Culture Yield of Percutaneous Image-Guided Biopsy: The
Actual Numbers
A crucial topic is the culture yield of the spinal or paraspinal bi-
opsy samples that have been obtained. According to a meta-
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analysis that included 33 studies, image-guided biopsy has a posi-
tive culture yield of approximately 48%.4 In another more recent
meta-analysis that included 10 studies, the positive culture yield
of CT-guided biopsy in suspected spinal infection was 33%.9 The
latter percentage of 33% corroborates both the results of some
more recent original studies investigating the microbiological
yield of the first biopsy in suspected spondylodiscitis10,11 and a
meta-analysis that included 8 studies on the culture yield of
repeat biopsy after an initial biopsy with negative findings.12 This
percentage is also considerably lower than the 30%–74% range that
was described in the Infectious Diseases Society of America guide-
lines.2,3 Furthermore, cultures may be positive for possible skin con-
taminants such as coagulase-negative Staphylococcus species (except
Staphylococcus lugdunensis) and Cutibacterium species; thus, the
spinal or paraspinal biopsy culture may be inconclusive.2,3

Recent Evidence
The practical disadvantages of percutaneous image-guided bi-
opsy5-8 and the relatively low positive culture yield of 33%9-12

raise the question of whether this procedure should be routinely
performed in all patients with suspected spondylodiscitis. Some
recent evidence can also be considered supportive of this poten-
tial paradigm shift.

First, a recent study from Korea that included 141 patients
with pyogenic spondylitis in whom micro-organisms were iso-
lated from both blood and tissue cultures reported that the spe-
cies of blood and tissue isolates were identical in 135 patients
(95.7%, 135/141).13 If one excluded the 4 anaerobic isolates, anti-
biotic susceptibility patterns were identical in 128 patients
(97.7%, 128/131).13 These results suggest that a positive blood
culture from patients with pyogenic spondylitis could preclude
the need for additional tissue cultures.13 This suggestion is also in

line with the Infectious Diseases Society of America guidelines
that recommend against obtaining a tissue sample in the sett-
ing of positive blood cultures, particularly in patients with
Staphylococcus aureus, S lugdunensis, or Brucella species blood-
stream infection.2,3 Therefore, an argument can be made to delay
any decision about the need for percutaneous image-guided bi-
opsy until blood culture results are available. Broad spectrum
antibiotics should be administered until blood cultures are
known, covering the most common causative micro-organisms.
This approach will save patients with blood cultures with positive
findings an unnecessary biopsy.

Second, even when the microbiologic culprit remains unknown,
it may still be possible to start an effective empiric treatment in
patients with chronic spondylodiscitis without neurologic defi-
cits. A recent study from the Netherlands included 64 patients
with MR imaging findings compatible with spondylodiscitis
who underwent CT-guided biopsy.10 Sixty-two patients (96.9%,
62/64) would have been adequately treated if a strategy were fol-
lowed that would subject all patients with negative blood cul-
tures to empiric antibiotics (i.e., clindamycin for coverage of
Gram-positive bacteria) without using biopsy results to deter-
mine the optimal antibiotic regimen, provided that there are no
clinical findings suspicious for “atypical” microorganisms.10

Refraining from routine biopsy and initiating empiric treatment
when blood cultures have negative findings may be considered
in patients with a nonacute chronic presentation and typical
MR imaging findings of spondylodiscitis10 (ie, T2 hyperinten-
sity and/or contrast enhancement of 2 consecutive vertebrae
and the intervening disc after administration of a gadolinium-
based contrast agent14). Patients who are immunocompromised
and in whom atypical micro-organisms can be expected such as
Candida species and patients with clinical and/or MR imaging

Key findings of main studies discussed in this article
Study and Year Key Findings

McNamara et al,
20174

Meta-analysis that reported image-guided biopsy to have a positive culture yield of approximately 48% in patients
with suspected spondylodiscitis

Sertic et al, 20199 Meta-analysis that reported that CT-guided biopsy had a positive culture yield of 33% in patients with suspected
spondylodiscitis

Kasalak et al,
201810

Initial CT-guided biopsy was culture-positive in 31.3% of patients with suspected spondylodiscitis
Repeat CT-guided biopsy (after initial negative biopsy findings) was culture-positive in 33.3% of patients with
suspected spondylodiscitis

96.9% of 64 patients with suspected spondylodiscitis would have been adequately treated if a strategy was
followed that would subject all patients without clinical findings suspicious for “atypical” micro-organisms and
negative blood cultures to empiric antibiotics (ie, clindamycin for coverage of Gram-positive bacteria) without
using biopsy results to determine the optimal antibiotic regimen

Outcome within 6months (development of neurologic or orthopedic complications, an operation, and/or death)
was not significantly different between positive and negative findings on biopsy cultures in patients with
suspected spondylodiscitis

Özmen et al,
201911

CT-guided biopsy was culture-positive in 33.8% with suspected spondylodiscitis

Kasalak et al,
201812

Systematic review of 8 studies that reported that repeat percutaneous image-guided biopsy (after an initial biopsy
with negative findings on cultures) had a positive culture yield ranging between 0% and 60.0% in patients with
suspected spondylodiscitis, based on poor-quality evidence

Bae et al, 201813 The species of blood and biopsy isolates in patients with pyogenic spondylodiscitis were identical in 95.7%
Excluding 4 anaerobic isolates, antibiotic susceptibility patterns were identical between blood and biopsy isolates in
97.7%

Kim et al, 201416 There were no significant differences in treatment success (defined as survival and absence of signs of infection at
the end of the therapy) between 75 patients with microbiologically confirmed pyogenic spondylodiscitis (whether
by means of blood or biopsy cultures) and 76 patients with clinically diagnosed pyogenic spondylodiscitis without
microbiologic confirmation
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findings that may suggest tuberculous spondylodiscitis (includ-
ing relative sparing of the intervertebral disc early in the stage of
infection, involvement of the anterior vertebral body corner,
subligamentous spread, multiple vertebral body involvement,
extensive paraspinal abscess formation, abscess calcification,
and vertebral destruction15) should be exempt from this
strategy.10

Third, the final aim of a percutaneous image-guided biopsy is
to improve patient outcome in terms of quality-adjusted life years

gained. A study in 64 patients with suspected spondylodiscitis did
not show any significant difference in outcome (defined as either
development of severe vertebral height loss, hyperkyphosis, neu-
rologic deficits, or the need for an operation within 6months af-
ter CT-guided biopsy, and/or death during hospitalization)
between patients with CT-guided biopsy cultures with positive
findings (6/25 patients with poor outcome) and CT-guided bi-
opsy cultures with negative findings (7/39 patients with poor out-
come) (P ¼ .751).10 In another study, there were no significant

FIG 1. Proposed diagnostic algorithm for (suspected) acute spondylodiscitis. Acute spondylodiscitis is defined as acute pain in back or neck,
fever and/or increased C-reactive protein levels, and characteristic imaging findings of spondylodiscitis on MR imaging or FDG-PET/CT (FDG-
PET/CT should be considered when MR imaging cannot be performed). Explanation of annotations in this figure: 1) Addition of tobramycin 7
mg/kg once daily in case of sepsis, adjustment according to cultures; 2) Empiric antibiotics should be aimed at both Gram-positive and Gram-
negative bacteria, and the most common pathogens of spondylodiscitis, with the final choice based on local antibiotics resistance data (in coun-
tries with a high prevalence of methicillin-resistant S. aureus, cefuroxim is not sufficient); 3) If sufficient material can be obtained, then biopsy
samples should be sent in for both microbiological and pathological examination; 4) Additional diagnostics for atypical pathogens should be per-
formed when clinically indicated, in consultation with an infectious disease specialist or medical microbiologist.
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differences in treatment success (defined as survival and absence of
signs of infection at the end of the therapy) either between
75 patients with microbiologically confirmed spondylodiscitis
(whether by means of blood or biopsy cultures) and 76 patients
without microbiologically confirmed spondylodiscitis (P¼ .157).16

Randomized studies in which the outcome of patients who under-
went percutaneous image-guided biopsy were compared with
those who did not undergo this procedure are lacking. Therefore,
there is currently no evidence that routine percutaneous image-
guided biopsy improves outcomes in patients with suspected spon-
dylodiscitis and blood cultures with negative findings.

Proposal of a New Diagnostic Algorithm
On the basis of the previously mentioned underpinnings (key
findings of the main studies discussed in this review article are
shown in the Table) and our own 9-year single-center

experience,10 we have reconsidered the role of percutaneous

image-guided biopsy in the diagnostic work-up of patients with

suspected spondylodiscitis at our institution. First, we classify

patients as either those with (suspicion of) acute spondylodiscitis

or chronic spondylodiscitis. Patients with acute spondylodiscitis

present with a sudden onset of pain, most often associated with

fever and high serum inflammatory markers. Patients with

chronic spondylodiscitis have long-standing pain for which the

exact time of onset often cannot be determined, fever is fre-

quently absent, and serum inflammatory markers are often only

mildly increased. Rather than subjecting all patients with (suspi-

cion of) acute spondylodiscitis to this procedure, only those with

blood cultures with negative findings are now eligible for CT-

guided biopsy. Biopsy is not performed in patients in whom the

results of blood cultures are positive or still unknown within

48 hours. In the group of patients with (suspicion of) chronic

FIG 2. Proposed diagnostic algorithm for (suspected) chronic spondylodiscitis. Chronic spondylodiscitis is defined as chronic pain (weeks to
months) in back or neck, and characteristic imaging findings of spondylodiscitis on MR imaging or FDG-PET/CT (FDG-PET/CT should be consid-
ered when MR imaging cannot be performed). Explanation of annotations in this figure: 1) If there is a suspicion of tuberculous spondylodiscitis
or doubt about the diagnosis of spondylodiscitis, image-guided biopsy is recommended; 2) If sufficient material can be obtained, then biopsy
samples should be sent in for both microbiological and pathological examination; 3) Additional diagnostics for atypical pathogens should be per-
formed when clinically indicated, in consultation with an infectious disease specialist or medical microbiologist.
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spondylodiscitis, biopsy is withheld and empiric treatment with

clindamycin is started, provided that the patient is not immuno-
compromised, no clinical suspicion of a Gram-negative infection

is present, and there is no suspicion of tuberculosis or doubt
about the diagnosis of spondylodiscitis based on clinical and

imaging grounds. If there is no improvement at the end of ther-
apy (ie, 6weeks after completion of antibiotic therapy), CT-

guided biopsy will be performed. We also advise performing per-
cutaneous image-guided biopsy at least 2weeks after stopping

antibiotics to reduce the chance of false-negative cultures.
The proposed diagnostic algorithm is shown in Fig 1 (acute

spondylodiscitis) and Fig 2 (chronic spondylodiscitis). With this
new approach, the number of unnecessary percutaneous image-
guided biopsies can potentially be reduced. Our institution is
located in a region where the prevalence of both tuberculosis and
antibiotic resistance is low. Whether the shift from a routine to a
more conditional role of percutaneous image-guided biopsy in
spondylodiscitis can be implemented in other institutions is
probably dependent on these 2 important conditions. Although
the proposed diagnostic algorithm requires clinical validation, it
can be considered as an important first step to open the debate
on this topic and to initiate research to further refine the role of
percutaneous image-guided biopsy in spondylodiscitis.

CONCLUSIONS
Percutaneous image-guided biopsy is a valuable tool in the diag-
nostic arsenal for spondylodiscitis. However, it is an invasive pro-
cedure, and recent evidence has shown rather disappointing
positive microbiologic culture yields of around 33%. Recent evi-
dence also has shown that percutaneous image-guided biopsy
rarely adds any new information when blood cultures have posi-
tive findings and that an effective empiric treatment can be
started in the far most of cases even when the microbiologic cul-
prit remains unknown. Finally, there is currently no evidence
that percutaneous image-guided biopsy improves patient out-
come. On the basis of these underpinnings, it may be time to con-
sider a shift from a routine to a more conditional role of
percutaneous image-guided biopsy in spondylodiscitis.
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ORIGINAL RESEARCH
ADULT BRAIN

Clinical, Imaging, and Lab Correlates of Severe COVID-19
Leukoencephalopathy

O. Rapalino, A. Pourvaziri, M. Maher, A. Jaramillo-Cardoso, B.L. Edlow, J. Conklin, S. Huang, B. Westover,
J.M. Romero, E. Halpern, R. Gupta, S. Pomerantz, P. Schaefer, R.G. Gonzalez, S.S. Mukerji, and M.H. Lev

ABSTRACT

BACKGROUND AND PURPOSE: Patients infected with the Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) can de-
velop a spectrum of neurological disorders, including a leukoencephalopathy of variable severity. Our aim was to characterize
imaging, lab, and clinical correlates of severe coronavirus disease 2019 (COVID-19) leukoencephalopathy, which may provide insight
into the SARS-CoV-2 pathophysiology.

MATERIALS AND METHODS: Twenty-seven consecutive patients positive for SARS-CoV-2 who had brain MR imaging following in-
tensive care unit admission were included. Seven (7/27, 26%) developed an unusual pattern of “leukoencephalopathy with reduced
diffusivity” on diffusion-weighted MR imaging. The remaining patients did not exhibit this pattern. Clinical and laboratory indices,
as well as neuroimaging findings, were compared between groups.

RESULTS: The reduced-diffusivity group had a significantly higher body mass index (36 versus 28 kg/m2, P , .01). Patients with
reduced diffusivity trended toward more frequent acute renal failure (7/7, 100% versus 9/20, 45%; P ¼ .06) and lower estimated
glomerular filtration rate values (49 versus 85 mL/min; P ¼ .06) at the time of MRI. Patients with reduced diffusivity also showed
lesser mean values of the lowest hemoglobin levels (8.1 versus 10.2 g/dL, P , .05) and higher serum sodium levels (147 versus
139 mmol/L, P ¼ .04) within 24 hours before MR imaging. The reduced-diffusivity group showed a striking and highly reproduci-
ble distribution of confluent, predominantly symmetric, supratentorial, and middle cerebellar peduncular white matter lesions
(P , .001).

CONCLUSIONS:Our findings highlight notable correlations between severe COVID-19 leukoencephalopathy with reduced diffusivity
and obesity, acute renal failure, mild hypernatremia, anemia, and an unusual brain MR imaging white matter lesion distribution pat-
tern. Together, these observations may shed light on possible SARS-CoV-2 pathophysiologic mechanisms associated with leukoen-
cephalopathy, including borderzone ischemic changes, electrolyte transport disturbances, and silent hypoxia in the setting of the
known cytokine storm syndrome that accompanies severe COVID-19.

ABBREVIATIONS: BMI ¼ body mass index; COVID-19 ¼ coronavirus disease 2019; ICU ¼ intensive care unit; RT-PCR ¼ reverse transcription polymerase
chain reaction; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2; SOFA ¼ Sequential Organ Failure Assessment

Among the neurologic disorders associated with Severe
Acute Respiratory Syndrome coronavirus-2 (SARS-CoV-

2)1-3 infection, there have been several reports of diffuse white
matter abnormalities, including a “leukoencephalopathy with

reduced diffusivity” on diffusion-weighted MR imaging.4 This

pattern of severe, bilateral white matter involvement appears to

develop late in the course of coronavirus disease 2019 (COVID-

19) in critically ill patients and may be related to the prolonged
hypoxemia that these patients experience, often even while

asymptomatic.5

Indeed, although leukoencephalopathy can result from a
diverse group of genetic, toxic/metabolic, inflammatory, and
infectious conditions, several well-described leukoencephal-
opathy syndromes may have direct relevance to COVID-19
pathophysiology. These disorders, which are associated with
distinct clinical features, imaging patterns, and laboratory
findings, include but are not limited to both delayed posthy-
poxic leukoencephalopathy (which often develops days or
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weeks following an initial, typically catastrophic, global
hypoxic event, such as carbon monoxide poisoning, drown-
ing, opioid overdose, or other causes of cardiac arrest)6-9 and
sepsis-related leukoencephalopathy (which occurs in critically
ill patients and is likely due to deranged blood-brain barrier
permeability caused by inflammatory mediators, allowing pas-
sage of cytokines and other neurotoxins into the cerebral
white matter).10-13

Review of the current literature suggests possible roles for
“silent hypoxia” and/or “cytokine storm” in the development
of severe COVID-19-related leukoencephalopathy;5,14,15 the
paucity of postmortem studies to date contributes to this
uncertainty.16 Our purpose, therefore, has been to characterize
the clinical, imaging, and laboratory correlates of COVID-19
leukoencephalopathy, which may provide insight into the
SARS-CoV-2 pathophysiologic mechanisms of severe white
matter cellular injury.

MATERIALS AND METHODS
Study Design
We performed an observational, retrospective study of consec-
utive patients admitted to Massachusetts General Hospital
between February 1, 2020, and May 12, 2020. Data collection
was approved by the institutional review board and followed
Health Insurance Portability and Accountability Act guide-
lines. The institutional review board approved a waiver of
informed consent for this retrospective analysis.

Patient Cohorts
Forty-seven consecutive adult patients positive for SARS-CoV-
2 who had brain MR imaging were identified by overlapping
an institutional database of adult patients with COVID-19

(n= 7146) and a radiology database of
brain MR imaging studies (n = 2266)
acquired between February 1, 2020,
and May 12, 2020. SARS-CoV-2 infec-
tion was confirmed by at least 1 posi-
tive real-time reverse transcription
polymerase chain reaction (RT-PCR)
test. Inclusion criteria were the follow-
ing: 1) an assay positive for SARS-
CoV-2; 2) age 18 years or older; 3)
admission to the intensive care unit
(ICU); and 4) brain MR imaging
performed .24 hours following ICU
admission (Fig 1). Patients not admitted
to the ICU, younger than 18 years of age,
or having undergone brain MR imaging
before their ICU admission were
excluded. One patient who had a brain
MR imaging at the time of the ICU
admission was excluded due to the
presence of a pre-existent neurologic
condition (suspected central pontine
myelinolysis). During data collection,
308 patients (202 men, 66%) with
COVID-19 were admitted to the ICU.

Of 47 patients positive for SARS-CoV-2 who had brain MR
imaging, 28 (28/47, 60%) were admitted to the ICU (Fig 1).

Definition of Baseline and Clinical Variables
Demographic and baseline clinical characteristics were recorded,
including the duration of symptoms before admission and the
number of days from ICU admission to MR imaging acquisition,
as well as documentation of organ involvement and standard lab-
oratory data both at the time of ICU admission and within
24 hours before MR imaging acquisition. The Sequential Organ
Failure Assessment (SOFA) score was calculated for every patient
at ICU admission. All data were collected using predetermined
guidelines from the patients’ electronic medical records. Baseline
and ICU data collection was performed blinded to the imaging
findings, including the diffusion abnormalities.

Imaging Protocol
The brain MR imaging studies were performed on 1.5T (Excite
HDx; GE Healthcare) and 3T (Magnetom Skyra or Prisma;
Siemens) scanners. The sequences and acquisition parameters of
the typical MR imaging protocol included the following: axial dif-
fusion (voxel size ¼ 1.4 � 1.4 � 5.0mm, TR¼ 5000 ms, TE¼
96.0ms, b-values ¼ 0 and 1000 s/mm2), axial SWI (voxel size ¼
0.8 � 0.8 � 1.8mm), axial FLAIR (voxel size ¼ 0.4 � 0.4 �
4.0mm, TR¼ 9000ms, TE¼ 85.0ms, TI¼ 2500ms), axial T1
(voxel size ¼ 0.8 � 0.8 � 4.0mm, TR¼ 220ms, TE ¼ 2.46ms),
sagittal MPRAGE (voxel size ¼ 1.0 � 1.0 � 1.0mm, TR¼
2530ms, multiple TE values), and axial T2 BLADE (Siemens)
(voxel size ¼ 0.7 � 0.7 � 7.0mm, TR ¼ 5500 ms, TE ¼ 17 ms).
Patients without gadolinium contraindications were administered
0.1mmol/kg of gadoterate meglumine (Dotarem; Guerbet). The
following sequences were acquired following contrast

FIG 1. Flow chart of the patient-selection process.
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administration: axial T1-2D (voxel size ¼ 0.8 � 0.8 � 4.0mm,
TR¼ 220ms, TE ¼ 2.46ms) and sagittal MPRAGE (voxel size ¼
1.0� 1.0� 1.0mm, TR¼ 2530ms, multiple TE values).

Imaging Evaluation
Imaging was reviewed using the PACS by 2 neuroradiologists
(O.R., M.M.), blinded to the clinical and laboratory findings.
Discrepancies were resolved by consensus. Patients were dicho-
tomized into 2 discrete groups: those with-versus-without “leu-
koencephalopathy with reduced diffusivity,” based on the
presence or absence of white matter lesions with reduced diffusiv-
ity not consistent with an established pattern of ischemic infarc-
tion. The extent of supra- and infratentorial WM involvement
was qualitatively graded for each patient on the basis of a 4-point
Likert score (0=normal, 1 =mild, 2 =moderate, and 3= severe).
The anatomic distribution of white matter signal abnormalities
was recorded. The presence and number of microhemorrhages
were assessed on SWI sequences when available (n=24) or on
gradient recalled-echo sequences (n=3). Additional neuroimag-
ing findings such as abnormal gray matter signal or intracranial
enhancement were collected.

Statistical Analysis
Descriptive statistics were performed to summarize categoric var-
iables as percentages and continuous variables using means and
proportions, range, and 95% confidence intervals. Q-Q plots and
Shapiro-Wilk tests were implemented for testing normality.
Nonparametric data were described using median and interquar-
tile range. For comparison of means of continuous variables with
normal distribution, the Student t test was used. The Mann-
WhitneyU test was chosen for comparison of nonparametric var-
iables. The Fisher exact test was used to analyze the association of
clinical and laboratory findings between the groups with-versus-
without reduced diffusivity. Differences and 95% confidence
intervals were estimated using the t test for all variables reported.
P values ,.05 were considered significant. Analyses were con-
ducted using SPSS, Version 24 (IBM).

RESULTS
Patient Cohort Characteristics
Twenty-seven patients (20/27 men, 74%; mean age, 63 years; 95%
CI, 57–69 years) were included in the analysis. Seven (7/27, 26%)
were identified as having leukoencephalopathy with reduced dif-
fusivity (5/7 men, 71%; mean age, 63 years; 95% CI, 55–71 years);
the remaining 20 in the control group did not exhibit this pattern
(15/20 men, 75%; mean age, 63 years; 95% CI, 58–69 years)
(Table 1 in the Online Supplemental Data). There were no signifi-
cant differences in the percentage of Asian (0% vs. 5%), Black/
African American (14% vs. 30%), White (29% vs. 30%), or
Hispanic (57% vs. 35%) between the reduced diffusivity and con-
trol groups. The patients with reduced diffusivity compared with
the control group had a significantly higher BMI (36 versus
28 kg/m2, P, .01). Other baseline characteristics, including prior
tobacco use, concurrent illnesses, symptoms before admission,
previous cardiac arrest, and number of days symptomatic
(including dyspnea), were similar per the Online Supplemental
Data. Except for a single patient in the control group, all patients

were intubated at ICU admission. One patient in the control
group (1/20, 5%) received extracorporeal membrane oxygen-
ation. Four patients in the reduced-diffusivity group and 5 in the
control group were treated with nitric oxide (4/7, 57%, versus
5/20, 25%; P ¼ .17). The most common comorbidities were ob-
structive sleep apnea (5/7, 71.4%, versus 14/20, 70%; P ¼ .26),
diabetes (4/7, 57%, versus 8/20, 40%; P ¼ .66), and hyperten-
sion (3/7, 43%, versus 13/20, 65%; P ¼ .39) (Table 1 in the
Online Supplemental Data).

ICU Clinical Data
Patients in the reduced-diffusivity group trended toward more
frequent acute renal failure documented in the ICU clinical notes
(7/7, 100%, versus 9/20, 45%; P ¼ .06) and lower estimated glo-
merular filtration rate values (49 versus 85mL/min, P ¼ .06) at
MR imaging (Table 2 in the Online Supplemental Data). There
were no significant differences between the 2 groups in the fre-
quency of septic shock (6/7, 85.7%, versus 18/20, 90.0%), acute
liver failure (1/7, 14.3%, versus 2/20, 10.0%), cardiac involvement
(2/7, 28.6%, versus 2/20, 10.0%), ischemic bowel (1/7, 14.3%, ver-
sus 2/20, 10.0%), or other clinical and lab indices, including overt
Disseminated Intravascular Coagulation, as listed in table 2 of the
Online Supplemental Data. The reduced-diffusivity group
showed significantly depressed mean values of the lowest hemo-
globin levels (8.1 versus 10.2 g/dL, P , .05), elevated serum so-
dium levels (147 versus 139mmol/L, P¼ .04), and a trend toward
elevated highest D-dimers (4080 versus 2386ng/L, P ¼ .09), all
obtained within 24 hours before MR imaging. Other clinical vari-
ables, including SOFA scores at admission, sedatives, nitric oxide
treatment, and ICU length of stay (up through the time of data
collection), were not significantly different between the 2 groups
(Table 1 in the Online Supplemental Data).

One patient in the reduced-diffusivity group and one in the
control group underwent lumbar puncture for CSF analysis. The
patient in the control group was diagnosed with CNS cryptococ-
cosis in the setting of HIV and SARS-CoV-2 co-infection; the
CSF sample from this patient showed 108 white blood cells and
protein levels at 141mg/dL. CSF samples from the patient in the
reduced-diffusivity group were without pleocytosis (#4 cells)
and had mean protein levels of 152mg/dL.

Imaging Findings
The extent of bilateral, supra- and infratentorial white matter
abnormalities was significantly greater in the reduced-diffusivity
group than in the control group (median Likert scores, 3, 2 versus
1, 0, respectively; P, .002). White matter lesions in the reduced-
diffusivity group were also more likely than in controls to
show an unusual, confluent pattern of supratentorial (P , .001)
and middle cerebellar peduncular (6/7, 86%, versus 1/20, 5%;
P , .001) involvement (Online Supplemental Data, Figs 2–4).
Cerebellar white matter (P ¼ .002) and brain stem (P ¼ .04)
lesions were significantly more common in the reduced-diffusiv-
ity group than in the control group, whereas white matter lesions
trended toward a predominantly symmetric pattern in the
reduced-diffusivity group (7/7, 100%, versus 11/19, 58%; P ¼ .06).
There was no significant difference between groups regarding U-
fiber or corpus callosal involvement, percentage of patients with
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.10 microbleeds, cortical laminar necrosis, or abnormal deep gray
matter signal changes (all P. .25), per Online Supplemental Data.

Contrast was administered to 4/7 (57%) patients in the
reduced-diffusivity group and 7/20 (35%) in the control group.
One patient in each group had abnormal intraparenchymal
enhancement (focal cortical enhancement in a region of laminar
necrosis for a patient in the reduced-diffusivity group, and a small
enhancing focus for a patient with cerebral cryptococcosis associ-
ated with HIV/SARS-CoV-2 co-infection in the control group).
No definite abnormal leptomeningeal enhancement was present
in any of our patients.

DISCUSSION
Our results show that in a consecutive cohort of adult patients
positive for SARS-CoV-2 in the ICU requiring post-admission
brain MR imaging, severe COVID-19 leukoencephalopathy with
reduced diffusivity was associated with obesity, acute renal failure,
mild hypernatremia, anemia, and an unusual, striking, and abnor-
mal brain white matter lesion distribution pattern on MR imaging,
featuring diffuse, confluent, predominantly symmetric supratento-
rial and middle cerebellar peduncular lesions. Although there were
no significant differences in age, gender, race, or ethnicity between
the reduced diffusivity and control groups, in both groups, older
age (mean 63 years) and male sex (71–75%) were predominant.

Several articles to date have reported the occurrence of white
matter signal abnormalities in patients with severe COVID-19.4,17-19

Kandemirli et al17 observed 3 (of 12) critically ill patients with sub-
cortical or deep white matter lesions but without reduced diffusivity.
More recently, Radmanesh et al4 described a series of patients with

leukoencephalopathy, reduced diffusivity,
and microhemorrhages. A systematic
analysis of the risk factors and laboratory
and clinical variables associated with this
unusual leukoencephalopathy, however,
has not previously been emphasized in
the literature.3

We saw no significant differences
between groups regarding the duration
of subjective dyspnea before ICU admis-
sion, the lowest reported pulse oximetry
before admission, PaO2/FiO2 ratios on
admission, the need for extracorporeal
membrane oxygenation, or worst arte-
rial partial pressure of oxygen (PO2)
and lowest oxygen saturation during
the first 24 hours in the ICU (Online
Supplemental Data). These similarities
in baseline oxygenation parameters
were surprising, given that hypoxia
has been hypothesized to be a major
culprit in the pathophysiology of these
white matter changes. Indeed, oxygen-
ation indices (worst arterial PO2 and
lowest O2 saturation oxygenation) on
the day of MR imaging were lower in
the control group, likely reflecting that

45% of those patients had been extubated by that time (versus
14% extubated in the reduced-diffusivity group, Online
Supplemental Data).

Except for body mass index (BMI), our reduced-diffusivity and
control groups were well-matched (Online Supplemental Data). The
reduced-diffusivity group had a significantly higher mean BMI of 36
versus 28 in the control group (corresponding to “moderately obese”
versus “overweight,” respectively). Although there is no estab-
lished direct link between obesity and leukoencephalop-
athy, obesity is a known risk factor for insulin resistance,
lacunar infarcts, and chronic small-vessel disease.20-22 The effect
of obesity on arteriosclerosis might be a contributing factor to
the increasingly recognized thrombotic microangiopathy and
endotheliitis associated with SARS-CoV-2 infection.23 Lampe et
al24 described visceral obesity being associated with a predomi-
nance of deep white matter (rather than periventricular)
MR imaging abnormalities and suggested a potential role
for interleukin 6 and other proinflammatory cytokines in
the development of white matter pathology. The microan-
giopathic effect of obesity (with potential superimposed
effects mediated by cytokines) might further compromise
borderzone regions located in the deep cerebral white mat-
ter and middle cerebellar peduncles.25

Several clinical variables were different between our 2 cohorts,
including a lower mean value for the lowest hemoglobin level within
24 hours before MR imaging (8.1 versus 10.2, P , .05), mildly
higher mean values of the most elevated serum sodium at the same
time point (147 versus 139, P, .04), and a trend toward more acute
renal dysfunction (glomerular filtration rate = 49 versus 85mL/min;
P , .06) in the reduced-diffusivity group. Other organ system

FIG 2. A 64-year-old man with a history of diabetes and hyperlipidemia, admitted with COVID-
19–related hypoxemic respiratory failure and worsening septic shock. Axial DWI (A–C) and ADC
images (D–F) show extensive, bilateral, predominantly symmetric, DWI-hyperintense signal in the
white matter of the bilateral middle cerebellar peduncles, corona radiata, and centrum semi-
ovale, with corresponding dark signal intensity on the ADC images (yellow arrows), reflecting
leukoencephalopathic changes with marked, confluent reduced diffusivity.
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damage was not significantly different between groups, including
cardiac events, acute liver failure, overt Disseminated Intravascular
Coagulation, ischemic bowel, and mean number of systems affected
(Online Supplemental Data).

Although these differences may simply reflect an epiphenome-
non, it is intriguing to speculate whether cytokine effects, which

could also be related to obesity, might con-
tribute to some of these abnormal lab indi-
ces. For example, interleukin 6 and other
proinflammatory cytokines (eg, interleukin
1 and tumor necrosis factor-a) are known
to have a central role in the anemia seen
during systemic inflammatory processes,
impacting iron homeostasis and the retic-
uloendothelial system as well as impairing
regulatory feedback of iron absorption in
the gastrointestinal tract.26,27 Interleukin
6 has been shown to mediate low iron
levels during inflammatory states via the
production of hepcidin.28 These cytokines
might also modulate the transcription of
the erythropoietin (EPO) gene and inhibit
erythroid progenitor cells in the bone
marrow.26

The modest hypernatremia at the
time of MR imaging is more challenging
to explain. Both groups had similar criti-
cal illness severity (reflected by SOFA
scores of 9.3 and 7, respectively; P¼ .09)
and had no reported differences in water
intake or extrarenal water losses (gastro-
intestinal- or skin-mediated). Although
this finding might reflect hypothalamic
involvement with impaired water home-
ostasis, renal dysfunction in COVID-19
has more often been reported to result in
hyponatremia.29,30

The pattern of MR imaging signal
abnormalities we observed is striking.
This pattern of diffuse, confluent, pre-
dominantly symmetric supra- and infra-
tentorial involvment with middle
cerebellar peduncle lesions (seen in 6/7
cases, 86%) is unusual and noteworthy.
The neuroanatomic distribution of these
abnormalities appears more selective
than those reported in cases of delayed
posthypoxic leukoencephalopathy at our
institution and in the literature. Delayed
posthypoxic encephalopathy is often
more extensive, with subcortical white
matter involvement and less frequent
infratentorial involvement.7,31 None of
the patients in our reduced-diffusivity
group had a history of recent cardiac
arrest, though 1 patient in the control
group had an episode of cardiac arrest

without developing these findings.
There have been multiple reports of white matter abnormal-

ities associated with sepsis and critical illness. Sharshar et al12

described white matter lesions in 5/9 (55%) patients with septic
shock and clinical brain dysfunction (mean SOFA, 8). Polito et al11

published a similar study of 71 patients with septic shock and

FIG 3. A 63-year-old male patient with a history of diabetes, hypertension, chronic kidney dis-
ease, and obstructive sleep apnea admitted with COVID-19–related hypoxic respiratory failure
due to acute respiratory distress syndrome. DWI (A–C) shows bilateral areas of reduced diffusiv-
ity, involving the body of the corpus callosum, middle cerebellar peduncles, and periventricular
white matter (arrows, ADC not shown). Magnified axial T2-weighted MR images (D and E) show a
peculiar cavitary appearance of some of the lesions, with decreased signal centrally and a pe-
ripheral T2-hyperintense rim (yellow arrows). These lesions were interpreted as areas of early
cavitation within the white matter abnormalities. A follow-up MR imaging (not shown) showed
resolution of the restricted diffusion within these lesions but with progression of the cavitary/
necrotic changes.

FIG 4. A 76-year-old female patient with a history of schizoaffective disorder and Grave’s dis-
ease, admitted with COVID-19. Coronal DWI (A), ADC (B), and FLAIR (C) images. The brain MR
images showed a leukoencephalopathy with restricted diffusion, predominantly affecting the
middle cerebellar peduncles (yellow arrows) and adjacent cerebellar white matter.
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noted 15 patients (21%) with leukoencephalopathy (median high-
est SOFA score, 9). These authors suggested that the leukoence-
phalopathy seen with septic shock may be related to an altered
blood-brain barrier, allowing passage of proinflammatory mole-
cules and neurotoxins.11

Another possibility in the imaging-based differential diagnosis
of the unusual pattern of leukoencephalopathy in these patients is
a metabolic or toxic etiology.32,33 There were no differences
between the reduced-diffusivity and control groups regarding
sedatives, the use of opioid medications, nitric oxide, or extracor-
poreal membrane oxygenation treatment. The possibility of a
metabolic etiology is intriguing because the anatomic distribution
of white matter lesions in our patients overlaps the pattern seen
with a genetic chloride channelopathy (chloride voltage-gated
channel 2 [CLCN2]–related leukoencephalopathy).34,35 It has
been established, however, that the angiotensin-converting
enzyme 2 receptor used by the SARS-CoV-2 virus has a chloride-
binding site and is regulated by this electrolyte.36 There is also
some degree of overlap between the angiotensin II and chloride
channel pathways physiologically, with angiotensin II producing
activation of chloride currents in cerebral vessels.37,38 A direct
connection between COVID-19 and specific ion-transport abnor-
malities, however, has not been reported to date.

One of our patients showed cavitary, necrotic-appearing
lesions in regions with reduced diffusivity, suggestive of the MR
imaging findings that accompany multifocal necrotizing leukoen-
cephalopathy (Fig 3).39 The anatomic distribution of these lesions
resembled that of our other patients with leukoencephalopathy
with reduced diffusivity; hence, this appearance may reflect a
more advanced stage of white matter cellular injury, as was
described in some early case reports of COVID-19–associated
acute necrotizing encephalopathy.39,40

This observational study has several limitations, including a
small sample size, which could be affecting the potential effect of
some clinical variables. The patients included in the study may
reflect a proportion of those with severe COVID-19 in the ICU
who were stable enough to have a brain MR imaging, potentially
biasing this analysis. The development of cavitary changes in only
one of the patients in the group with restricted diffusion could be
related to a more advanced stage of white matter injury, but this
is difficult to confirm with the small number of cases included in
the study. Nevertheless, we observed several significant correla-
tions among the imaging, clinical, and laboratory findings, pro-
viding a basis for future hypothesis testing in larger cohorts.
Different field strengths and susceptibility sequences in different
MR imaging scanners limit comparison of the prevalence of
microhemorrhages between cohorts. Lack of prior imaging in
several patients limits assessment of pre-existing or other pathol-
ogies. Finally, the retrospective design also limits the availability
of oxygenation data during ICU admission, which may have pro-
vided a more precise measure of the cumulative burden of hy-
poxia experienced by each patient.

CONCLUSIONS
The unusual pattern of white matter injury we observed, together
with the clinical and laboratory correlates, overlaps that of several
conditions that may help elucidate the pathophysiology of severe

COVID-19 encephalopathy. These include but are not limited to
delayed posthypoxic leukoencephalopathy, sepsis-related leu-
koencephalopathy, and metabolic encephalopathies related to
electrolyte disturbances. The anatomic distribution and presence
of reduced diffusivity within these white matter lesions suggest a
combination of several potential factors, including thrombotic
microangiopathy, underlying microvascular changes related to
electrolyte transport derangements that result in borderzone oli-
gemia, potentially direct viral injury,41 and silent hypoxia5,16 in
the context of the well-known cytokine storm seen in many criti-
cal patients with COVID-19.14,15
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ADULT BRAIN

A Stacked Generalization of 3D Orthogonal Deep Learning
Convolutional Neural Networks for Improved Detection of

White Matter Hyperintensities in 3D FLAIR Images
L. Umapathy, G.G. Perez-Carrillo, M.B. Keerthivasan, J.A. Rosado-Toro, M.I. Altbach, B. Winegar, C. Weinkauf, and

A. Bilgin, for the Alzheimer’s Disease Neuroimaging Initiative

ABSTRACT

BACKGROUND AND PURPOSE: Accurate and reliable detection of white matter hyperintensities and their volume quantification
can provide valuable clinical information to assess neurologic disease progression. In this work, a stacked generalization ensemble
of orthogonal 3D convolutional neural networks, StackGen-Net, is explored for improving automated detection of white matter
hyperintensities in 3D T2-FLAIR images.

MATERIALS AND METHODS: Individual convolutional neural networks in StackGen-Net were trained on 2.5D patches from orthogonal
reformatting of 3D-FLAIR (n ¼ 21) to yield white matter hyperintensity posteriors. A meta convolutional neural network was trained to
learn the functional mapping from orthogonal white matter hyperintensity posteriors to the final white matter hyperintensity prediction.
The impact of training data and architecture choices on white matter hyperintensity segmentation performance was systematically eval-
uated on a test cohort (n ¼ 9). The segmentation performance of StackGen-Net was compared with state-of-the-art convolutional neural
network techniques on an independent test cohort from the Alzheimer’s Disease Neuroimaging Initiative-3 (n ¼ 20).

RESULTS: StackGen-Net outperformed individual convolutional neural networks in the ensemble and their combination using averag-
ing or majority voting. In a comparison with state-of-the-art white matter hyperintensity segmentation techniques, StackGen-Net
achieved a significantly higher Dice score (0.76 [SD, 0.08], F1-lesion (0.74 [SD, 0.13]), and area under precision-recall curve (0.84 [SD,
0.09]), and the lowest absolute volume difference (13.3% [SD, 9.1%]). StackGen-Net performance in Dice scores (median ¼ 0.74) did
not significantly differ (P ¼ .22) from interobserver (median ¼ 0.73) variability between 2 experienced neuroradiologists. We found no
significant difference (P ¼ .15) in white matter hyperintensity lesion volumes from StackGen-Net predictions and ground truth
annotations.

CONCLUSIONS: A stacked generalization of convolutional neural networks, utilizing multiplanar lesion information using 2.5D spatial
context, greatly improved the segmentation performance of StackGen-Net compared with traditional ensemble techniques and
some state-of-the-art deep learning models for 3D-FLAIR.

ABBREVIATIONS: ADNI ¼ Alzheimer’s Disease Neuroimaging Initiative; AUC ¼ area under curve; Ax ¼ axial; CNN ¼ convolutional neural network; E-A ¼
ensemble average; E-MV ¼ ensemble majority vote; F1-L ¼ F1 lesion; HD ¼ Hausdorff distance; VD ¼ volume difference; WMH ¼ white matter hyperintensity
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White matter hyperintensities (WMHs) correspond to path-
ologic features of axonal degeneration, demyelination, and

gliosis observed within cerebral white matter.1 Clinically, the
extent of WMHs in the brain has been associated with cognitive
impairment, Alzheimer’s disease and vascular dementia, and
increased risk of stroke.2,3 The detection and quantification of
WMH volumes to monitor lesion burden evolution and its corre-
lation with clinical outcomes have been of interest in clinical
research.4,5 Although the extent of WMHs can be visually
scored,6 the categoric nature of such scoring systems makes
quantitative evaluation of disease progression difficult. Manually
segmenting WMHs is tedious, prone to inter- and intraobserver
variability, and is, in most cases, impractical. Thus, there is an
increased interest in developing fast, accurate, and reliable
computer-aided automated techniques for WMH segmentation.

Convolutional neural network (CNN)-based approaches have
been successful in several semantic segmentation tasks in medical
imaging.7 Recent works have proposed using deep learning–based
methods for segmenting WMHs using 2D-FLAIR images.8-11

More recently, a WMH segmentation challenge12 was also organ-
ized (http://wmh.isi.uu.nl/) to facilitate comparison of automated
segmentation of WMHs of presumed vascular origin in 2D multi-
slice T2-FLAIR images. Architectures that used an ensemble
of separately trained CNNs showed promising results in this
challenge, with 3 of the top 5 winners using ensemble-based
techniques.12

Conventional 2D-FLAIR images are typically acquired with
thick slices (3–4 mm) and possible slice gaps. Partial volume
effects from a thick slice are likely to affect the detection of
smaller lesions, both in-plane and out-of-plane. 3D-FLAIR
images, with isotropic resolution, have been shown to achieve
higher resolution and contrast-to-noise ratio13 and have shown
promising results in MS lesion detection using 3D CNNs.14

Additionally, the isotropic resolution enables viewing and evalua-
tion of the images in multiple planes. This multiplanar reformat-
ting of 3D-FLAIR without the use of interpolating kernels is only
possible due to the isotropic nature of the acquisition. Network
architectures that use information from the 3 orthogonal views
have been explored in recent works for CNN-based segmentation
of 3D MR imaging data.15 The use of data from multiple planes
allows more spatial context during training without the computa-
tional burden associated with full 3D training.16 The use of 3 or-
thogonal views simultaneously mirrors how humans approach
this segmentation task.

Ensembles of CNNs have been shown to average away the
variances in the solution and the choice of model- and configura-
tion-specific behaviors of CNNs.17 Traditionally, the solutions
from these separately trained CNNs are combined by averaging
or using a majority consensus. In this work, we propose the use
of a stacked generalization framework (StackGen-Net) for com-
bining multiplanar lesion information from 3D CNN ensembles
to improve the detection of WMH lesions in 3D-FLAIR. A
stacked generalization18 framework learns to combine solutions
from individual CNNs in the ensemble. We systematically eval-
uated the performance of this framework and compared it with
traditional ensemble techniques, such as averaging or majority
voting, and state-of-the-art deep learning techniques.

MATERIALS AND METHODS
StackGen-Net CNN Architecture
Figure 1A shows an overview of the proposed StackGen-Net
architecture. Our ensemble consists of 3 orthogonal 3D CNNs
(DeepUNET3D), each trained on axial, sagittal, and coronal
reformatting of 3D-FLAIR. This is followed by a stacked general-
ization18 of the orthogonal CNNs using a Meta CNN. The pro-
posed multiscale, fully-connected DeepUNET3D architecture is
shown in Fig 1B. Compared with a UNET,19 DeepUNET3D uses
convolutional blocks instead of convolutional layers. These convo-
lutional blocks consist of a sequence of convolutions with 3D ker-
nels (3 � 3 � 3), batch normalization, and rectified linear
activation layers separated by a dropout layer. A final convolution
layer combines the feature maps in the native resolution space to
generate posterior probabilities for WMHs.

The stacked generalization scheme attempts to maximize
the overall accuracy of the ensemble by deducing the bias
rate of the individual DeepUNET3D CNNs. If we consider
pa; ps; pc, and pf to be the axial, sagittal, coronal, and final
WMH posterior probabilities for a voxel, then the Meta CNN
learns a new functional mapping f :ð Þ from ½0;1�3 to ½0;1� where
pf ¼ f ðpa; p s; pcÞ and pf ; pa; ps; pc 2 ½0; 1�. In this work,
we consider the following mapping:

pf ¼ f pa; ps; pcð Þ ¼ s wa pa þ ws ps þ wc pc þ bð Þ;

where wa; ws; wc are the weights for axial, sagittal, and coronal
posteriors, respectively; b is the bias term, and sð:Þ represents a
softmax operation. These weights are learned during training of
the Meta CNN, which consists of a single convolution layer with
a 1� 1� 1 3D kernel.

Study Population and Image Acquisition
A cohort of 35 subjects was prospectively recruited (2016–2017)
for a study on extracranial carotid artery disease with approval
of the local institutional review board. Adults 50–85 years of
age with extracranial carotid artery disease (50%–90% steno-
sis) based on duplex sonography criteria were recruited from
outpatient clinics/inpatient hospitals. Exclusion criteria
included depression, dementia, MS, and contraindications to
MR imaging.

Sagittal 3D-FLAIR images were acquired using the 3D spatial
and chemical-shift-encoded excitation inversion recovery sequence
on a 3T MR imaging scanner (Magnetom Skyra). Five of the 35
subjects were excluded due to poor FLAIR image quality (motion
artifacts). The remaining study cohort (67.7 [SD, 8.7] years of age;
22 men, 8 women) was randomly split into groups for training
(n¼ 20), validation (n¼ 1), and testing (n¼ 9). These test subjects
formed test cohort 1.

To test the generalizability of the framework, we also eval-
uated its performance on a multi-institutional and multi-scanner
external cohort (test cohort 2) from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) data base (adni.loni.usc.edu).
The primary goal of ADNI, a public-private partnership led by
Principal Investigator Michael W.Weiner, is to test whether imag-
ing and biologic markers, along with clinical and neuropsycho-
logical assessments, can be combined to measure progression of
mild cognitive impairment and early Alzheimer’s Disease.
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Sagittal 3D-FLAIR volumes from 20 subjects (76.8 [SD,
9.3] years of age; 11 men, 9 women) were selected randomly
from the cognitively normal and mild cognitive impairment
groups. Additional information regarding the acquisition proto-
col and subject-selection criteria for ADNI3 is available in the
Online Supplemental Data.

WMH Annotations
Two neuroradiologists, with certificate of added qualification,
(observers 1 and 2) agreed on the following protocol to annotate
WMH: 1) Deep WMHs should at least be 2mm wide, spanning
more than 1 imaging section; 2) periventricular WMHs should
be.3 mm wide; 3) hyperintense regions due to partial volume
effects near the ventricles or sulci or CSF flow artifacts should
not be included; and 4) no deep gray matter lesions or cortical
hyperintense lesions should be included.

Observer 1 manually annotated WMHs on 3D-FLAIR
images for all the subjects. As part of an interobserver variability
study to establish baseline human performance, observers 1 and 2
independently annotated 60 FLAIR images (12 imaging volumes,
each with 5 consecutive images) from 3 subjects in test cohort 1.
Observer 1 re-annotated these images after 5months from the
first annotations to avoid recall bias; these images were used to
evaluate intraobserver variability. Observers 1 and 2 also

annotated 10 additional subjects (1600
images) from the test cohort 2 to es-
tablish human performance on the
external set. Both observers used an
in-house Matlab (MathWorks)-based
graphical user interface. The observers
manually traced the WMH pixels on
axial cross-sections of the 3D-FLAIR
images. The observers were allowed to
adjust the window width and level to
improve WMH contrast and use 3D
spatial context to annotate/edit/delete
individual WMHmasks.

Training Data
Image preprocessing consisted of skull
stripping,20 N4 bias correction,21 total
variation–based denoising, and con-
trast stretching. The image intensities
were normalized, per subject, using a
zero mean unit SD intensity normal-
ization. Here, the mean signal was cal-
culated from regions within the brain.

3D-FLAIR volumes in the train-
ing set were reformatted to axial, sag-
ittal, and coronal orientations. From
each orientation, overlapping 2.5D
patches (64 � 64 � 7) were extracted
using a sliding window over the
entire brain to train the correspond-
ing orthogonal CNNs. Patches with
,30% brain voxels were discarded.
Training data were generated by

sampling the remaining patches to ensure an equal representa-
tion of patches with and without WMHs. Data augmentation
was performed using the following schemes: in-plane flipping
of patches, through-plane flipping of patches, and image filter-
ing using Gaussian kernels.

Training data for the Meta CNN were generated by first
predicting WMH posteriors for each subject in the training
set using the trained orthogonal CNNs. After being reformat-
ted to the axial orientation, 3D patches (16 � 16 � 16) were
extracted from each of the posteriors and concatenated along
the channel dimension.

During the test phase, 3D-FLAIR images were passed through
the StackGen-Net framework to predict WMHs on the images in
1 pass through the network.

Experiments
Several ablation studies were conducted to systematically evaluate
the choice of training data and architecture made in this study. A
version of the DeepUNET3D architecture with 2D convolution
kernels (DeepUNET2D) was trained on axially oriented 2D
patches (64 � 64) to study the impact of additional spatial con-
text in 2.5D patches onWMH segmentation performance.

We also trained an ensemble of 3 DeepUNET3D CNNs on
axially oriented 2.5D training patches. The final prediction for

FIG 1. A, Overview of the proposed StackGen-Net. B, This consists of 3 DeepUNET3D CNNs,
which are made up of convolutional blocks. The number of output feature maps is presented
next to each convolutional block. Each DeepUNET3D predicts posterior probabilities for WMHs
on orthogonal (axial, sagittal, and coronal) orientations of the 3D-FLAIR volumes. The Meta CNN
combines axial, sagittal, and coronal posterior probabilities for a voxel to yield a final prediction
for WMH. Sag indicates sagittal; Cor, coronal; ReLU, rectified linear unit.
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WMHs for this ensemble (DeepUNET3D-Ax E-A) was obtained
by averaging posteriors from individual CNNs. For comparisons,
the WMH posteriors from the orthogonal CNNs used in
StackGen-Net were averaged (orthogonal E-A) or combined
using a majority-voting scheme (orthogonal E-MV). Together,
these experiments allowed us to determine whether a stacked
generalization of orthogonal CNNs improves WMH segmenta-
tion performance.

We also explored the impact of the in-plane and through-
plane spatial extent of the 2.5D training patches on WMH seg-
mentation performance by training a series of DeepUNET3D
CNNs with varying patch sizes.

All experiments were implemented in Python using Keras
(https://keras.io) with TensorFlow (https://www.tensorflow.
org/)22 backend on a Linux system, with Titan P100 (NVIDIA)
GPUs. The CNN implementation details, training parameters, and
loss function definitions are available in the Online Supplemental
Data. The StackGen-Net CNN used in this work will be available
at https://github.com/spacl-ua/wmh-segmentation.

Comparisons with State-of-the-Art Techniques
We compared the performance of StackGen-Net with several
state-of-the-art segmentation techniques. The UNET architec-
ture19 (UNET2D) was modified with zero-padded convolutions
to yield input image–sized predictions. The multiclass cross-en-
tropy loss used in the original article was modified to a weighted
binary cross-entropy function. This CNN was trained using the
same axial 2D patches as the DeepUNET2D.

DeepMedic16 was trained with 3D-FLAIR images with the
code and default training settings available at https://github.com/
deepmedic/deepmedic. We also compared our performance with
the ensemble technique10 that achieved the highest Dice score,
modified Hausdorff distance (95th percentile; HD95), and lesion-
recall values in the recent WMH segmentation challenge.12 This
winning submission (UNET2D-WS-E), an averaging ensemble of
three 2D UNETs, was trained using 2D-FLAIR images with the
author’s provided code and training settings (https://github.
com/hongweilibran/wmh_ibbmTum). In contrast to the pro-
posed DeepUNET3D, these reference architectures did not use
dropout.

Additionally, we also used the lesion-prediction algorithm
from the Lesion Segmentation Toolbox23 (FMRIB Automated
Segmentation Tool; https://www.applied-statistics.de/lst.html).
Although some of the techniques compared here10,16,23 can also
use T1-weighted images, we made use of only FLAIR images
to train and/or evaluate these techniques for a comparable
assessment.

Evaluation Metrics
The WMH detection performance was evaluated using the met-
rics defined in the Online Supplemental Data: Dice score, preci-
sion, recall, F1, HD95, and absolute volume difference (VD). The
precision, recall, and F1 metrics were evaluated at the pixel-level
(Precision-P, Recall-P, F1-P) as well as lesion-level (Precision-L,
Recall-L, F1-L). A connected component analysis was used to
identify individual lesions in the predicted segmentations. We
also generated precision-recall receiver operating curves to

compare the areas under the curve (AUCs) for this heavily imbal-
anced class-detection problem.

Statistical Analysis
Two-sided paired t tests were used to determine whether
StackGen-Net performance significantly differed from other
state-of-the-art comparisons. When applicable, P values were
Bonferroni-corrected for multiple comparisons. The total lesion
volume was calculated on the ground truth annotations as well as
WMH predictions from StackGen-Net. A Bland-Altman analysis
was performed to assess the agreement in the number of detected
lesions and lesion volume between ground truth and StackGen-
Net predictions. The reproducibility coefficient, coefficient of
variation, and correlation statistics were computed. A 2-sided
paired t test was used to assess whether the WMH volumes signif-
icantly differed between the ground truth and StackGen-Net
predictions.

Pair-wise Dice scores were calculated on the interobserver
variability set from test cohorts 1 and 2 between human observers
and StackGen-Net predictions. Repeated measures ANOVA was
used to test whether the pair-wise Dice scores were significantly
different between StackGen-Net and human observers. The value
of a was set to .05 for all statistical comparisons.

RESULTS
The training of each DeepUNET3D CNN in StackGen-Net took
approximately 40hours, whereas the Meta CNN took approxi-
mately 1 hour. The end-to-end prediction time for a preprocessed
3D-FLAIR test image (240 � 270 � 176) was approximately
45 seconds on a GPU. The training and validation loss curves for
a subset of DeepUNET3D architectures are presented in the
Online Supplemental Data.

Figure 2 shows WMH predictions from StackGen-Net for rep-
resentative multiplanar 3D-FLAIR images from a test subject,
along with reference manual annotations. We see that StackGen-
Net is able to identify smaller lesions, even when individual or-
thogonal CNNs miss them (Fig 2B and Online Supplemental
Data). A comparison of StackGen-Net segmentation performance
with variants of the DeepUNET3D CNN on test cohort 1 is pre-
sented in Table 1 and the Online Supplemental Data. StackGen-
Net achieved a higher Dice score (0.76) compared with the
individual orthogonal CNNs in the stacked generalization en-
semble or their ensemble using averaging and majority voting
(range, 0.72–0.75) (Table 1). StackGen-Net also yielded an
absolute VD (12.36%) lower than the other CNNs. We also
observed differences among performances of the orthogonal
CNNs. On average, DeepUNET3D-Ax achieved the highest
Dice score (0.74), whereas DeepUNET3D-Sagittal achieved the
lowest absolute VD (16.9%), though these differences were not
significant.

The introduction of convolutional blocks (DeepUNET2D-Ax
versus UNET2D) significantly improved Dice scores (P ¼ .002),
F1-L (P , .001), and absolute VD (P ¼ .02). Additional spatial
information in the form of 2.5D patches (DeepUNET3D-Ax
versus DeepUNET2D-Ax) significantly improved the per-
formance in Dice scores, F1-L (P , .005), and absolute VD
(P ¼ .03). WMH segmentation performance of DeepUNET3D-
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Ax with changes to the in-plane and through-plane spatial con-
text of the training patch is shown in the Online Supplemental
Data.

The predictions from StackGen-Net on test cohorts 1 and 2 are
compared with state-of-the-art WMH segmentation techniques
in Table 2 and the Online Supplemental Data. As expected, all
deep learning CNNs outperformed the Lesion Segmentation
Toolbox in all evaluation metrics. On average, StackGen-Net
achieved significantly higher Dice scores (0.76 versus 0.33–0.66)
(P , .001), F1-L (0.74 versus 0.40–0.65) (P , .001), and AUC

(0.84 versus 0.53 - 0.62) (P , .001) in the test cohorts (n ¼ 29).
The absolute VD was significantly lower (13.3% versus
32.7%–64.1%) than UNET2D-WS-E (P ¼ .03), DeepMedic
(P , .001), and UNET2D (P , .001). The UNET2D-WS-E
architecture had the next best performance across most of
the evaluation metrics. The boxplots (Fig 3) show the median
scores and interquartile ranges for these techniques over
the test cohorts (n ¼ 29). The correlation and Bland-Altman
plots to assess agreement between ground truth and
StackGen-Net WMH predictions in terms of the total

Table 1: Comparisona of StackGen-Net with variants of DeepUNET3D architecture

DeepUNET3D Orthogonal
StackGen-NetAxial Sagittal Coronal Axial (E-A) (E-A) (E-MV)

Dice (F1-P) 0.74
[SD, 0.06]

0.73
[SD, 0.08]

0.72
[SD, 0.02]

0.73
[SD, 0.07]

0.75
[SD, 0.08]

0.75
[SD, 0.08]

0.76
[SD, 0.07]

Precision-P 0.84
[SD, 0.08]

0.81
[SD, 0.07]

0.83
[SD, 0.08]

0.84
[SD, 0.08]

0.87
[SD, 0.06]

0.87
[SD, 0.06]

0.73
[SD, 0.11]

Recall-P 0.66
[SD, 0.08]

0.67
[SD, 0.10]

0.64
[SD, 0.12]

0.78
[SD, 0.09]

0.66
[SD, 0.10]

0.67
[SD, 0.10]

0.79
[SD, 0.1]

Precision-L 0.81
[SD, 0.10]

0.79
[SD, 0.09]

0.85
[SD, 0.11]

0.84
[SD, 0.09]

0.88
[SD, 0.09]

0.87
[SD, 0.09]

0.75
[SD, 0.11]

Recall-L 0.80
[SD, 0.15]

0.80
[SD, 0.10]

0.78
[SD, 0.11]

0.77
[SD, 0.14]

0.80
[SD, 0.13]

0.81
[SD, 0.13]

0.87
[SD, 0.08]

F1-L 0.80
[SD, 0.11]

0.79
[SD, 0.07]

0.80
[SD, 0.08]

0.80
[SD, 0.09]

0.83
[SD, 0.08]

0.83
[SD, 0.08]

0.80
[SD, 0.09]

jVDj(%) 21.2
[SD, 10.5]

16.9
[SD, 10.8]

23.5
[SD, 13.0]

22.7
[SD, 11.2]

24.3
[SD, 11.3]

22.3
[SD, 10.9]

12.3
[SD, 12.7]

Note:—jVDj indicates absolute volume difference; P, pixel; L, lesion.
aMean [SD] on test cohort 1.

FIG 2. Qualitative evaluation of WMH detection performance by StackGen-Net. Representative axial, coronal, and sagittal slices from a test
subject are shown in the left panel. Manual annotations and predictions from StackGen-Net are overlaid in red. A, The insets from coronal
images are zoomed in for better comparison of the prediction with the ground truth. Compared with manual annotation, StackGen-Net slightly
overestimates the lesion contour. B, A comparison of WMH predictions from the orthogonal CNNs (axial, sagittal, and coronal) is shown. The
yellow arrows show WMHs that were missed by a majority of the CNNs in the ensemble. These lesions would have been missed by a simple
averaging or majority voting of the orthogonal CNN predictions but are identified correctly by StackGen-Net. Sag indicates sagittal; Cor,
coronal.
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number of lesions (Online Supplemental Data) and their vol-
umes (Fig 4) are also shown. The predicted WMH lesion vol-
umes from StackGen-Net were highly correlated (r ¼ 0.99)
and were not significantly different from WMH volumes in
ground truth (P ¼ .15).

Table 3 compares human interobserver variability on the 2
test cohorts. The average intraobserver variability in Dice scores
in observer 1 annotations on test cohort 1 was 0.70 (median ¼
0.71). The average pair-wise agreement in Dice scores between
humans, calculated as an average of observer 1 versus observer 2,
was 0.67 (median ¼ 0.73) and 0.66 (median ¼ 0.72) for test
cohorts 1 and 2, respectively. The average agreement between
human observers and StackGen-Net was 0.70 (median ¼ 0.74)
and 0.70 (median ¼ 0.73) in these cohorts. Although the average
pair-wise Dice scores for StackGen-Net were higher compared
with human observers, we did not find this difference to be sig-
nificant (P¼ .22).

DISCUSSION
Data and Architecture
In this work, we present the use of a stacked generalization of
CNNs trained on 2.5D patches from orthogonal 3D-FLAIR ori-
entations to improveWMH segmentation performance. The sub-
stantial improvement in performance as we move from UNET2D
to DeepUNET2D illustrates the benefits of the convolutional
blocks in the proposed architecture. The impact of additional
spatial context provided by 2.5D training patches is evident in the
superior performance of DeepUNET3D over its 2D counterpart.

The use of 2.5D training patches can be beneficial when work-
ing with a limited collection of annotated data or computational
burden in optimally training a 3D network with 3D training
patches.24 Furthermore, in addition to random initialization in an
ensemble framework, training each orthogonal CNN with 2.5D
patches from a different orientation can provide training data di-
versity, a feature crucial to any ensemble-based training model.

The choice of CNN architecture, weights initialization, and
hyperparameters has been shown to affect the task-specific per-
formance of a CNN.10,17 An ensemble of CNNs has been shown
to average away the variances in the solution and model- and
configuration-specific behaviors.17 We also observed a similar
trend (Table 1), in which the ensemble combination of CNNs per-
formed better compared with individual CNNs in the ensemble.

The stacked generalization of orthogonal CNNs, with a higher
Dice score and a lower absolute VD, outperformed individual
DeepUNET3D CNNs or their ensemble combination using aver-
aging or majority voting. An averaging ensemble assigns equal
weights to WMH posteriors from individual CNNs, whereas ma-
jority voting prefers a majority consensus. Stacked generalization,
on the other hand, learns a new functional mapping from indi-
vidual CNN predictions in the ensemble to the target labels. This
allows the Meta CNN to deduce the bias rate of individual
DeepUNET3D CNNs in the ensemble and compensate for their
flaws. In our experiments, we observed a difference in segmenta-
tion performance between the orthogonal CNNs, possibly due to
learning different lesion characteristics that may depend on ori-
entation. A stacked generalization framework is well-suited to
learn and combine performance gains from the orthogonal
CNNs. StackGen-Net is able to accurately detect WMHs, even
when a majority in the ensemble predict a false-negative (Fig 2).

Human Observer Variability
The inter- and intraobserver variability in Dice scores
between 2 experienced neuroradiologists reinforces the sub-
jective nature of manual WMH annotations, even in the pres-
ence of pre-established annotation guidelines. The use of a
trained CNN, with its deterministic framework, already elimi-
nates intraobserver variability in predictions for a given FLAIR
volume. Because we did not find the improvements in Dice
scores between StackGen-Net and observers to be significant,
we can say that StackGen-Net performance is comparable
with human interobserver variability.

Table 2: Comparison of StackGen-Net with other WMH detection techniques

Test Cohort 1 Test Cohort 2
UNET2D DeepMedic UNET2D WS-E StackGen-Net UNET2D DeepMedic UNET2D WS-E StackGen-Net

Dice (F1-P) 0.43
[SD, 0.17]

0.62
[SD, 0.09]

0.67
[SD, 0.09]

0.76
[SD, 0.07]

0.27
[SD, 0.20]

0.58
[SD, 0.15]

0.66
[SD, 0.17]

0.76
[SD, 0.09]

Precision-P 0.72
[SD, 0.19]

0.63
[SD, 0.13]

0.72
[SD, 0.15]

0.73
[SD, 0.11]

0.73
[SD, 0.32]

0.66
[SD, 0.22]

0.69
[SD, 0.23]

0.77
[SD, 0.11]

Recall-P 0.32
[SD, 0.19]

0.63
[SD, 0.18]

0.64
[SD, 0.07]

0.79
[SD, 0.1]

0.18
[SD, 0.16]

0.53
[SD, 0.13]

0.67
[SD, 0.12]

0.75
[SD, 0.09]

Precision-L 0.60
[SD, 0.20]

0.47
[SD, 0.23]

0.69
[SD, 0.18]

0.75
[SD, 0.11]

0.72
[SD, 0.24]

0.43
[SD, 0.23]

0.60
[SD, 0.23]

0.84
[SD, 0.14]

Recall-L 0.37
[SD, 0.09]

0.86
[SD, 0.09]

0.79
[SD, 0.15]

0.87
[SD, 0.08]

0.26
[SD, 0.14]

0.71
[SD, 0.10]

0.74
[SD, 0.13]

0.67
[SD, 0.13]

F1-L 0.44
[SD, 0.10]

0.54
[SD, 0.11]

0.71
[SD, 0.09]

0.80
[SD, 0.09]

0.37
[SD, 0.16]

0.50
[SD, 0.20]

0.63
[SD, 0.15]

0.73
[SD, 0.11]

jVDj(%) 54.4
[SD, 22.1]

26.9
[SD, 20.0]

17.6
[SD, 11.2]

12.3
[SD, 12.7]

77.4
[SD, 16.5]

30.6
[SD, 18.6]

37.6
[SD, 51.5]

13.7
[SD, 9.7]

HD95 19.5
[SD, 8.6]

15.9
[SD, 16.1]

10.8
[SD, 6.7]

5.27
[SD, 3.15]

30.6
[SD, 20.9]

21.8
[SD, 22.9]

19.5
[SD, 18.8]

17.1
[SD, 21.0]

AUC 0.53
[SD, 0.21]

0.66
[SD, 0.12]

0.61
[SD, 0.11]

0.84
[SD, 0.07]

0.54
[SD, 0.28]

0.60
[SD, 0.20]

0.60
[SD, 0.20]

0.84
[SD, 0.10]

Note:—HD95 indicatesmodified Hausdorff distance (mm); P, pixel; L, lesion; jVDj = absolute volume difference.
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Comparison with Literature and
Limitations
A wide range of Dice scores (0.51–0.80)
have been reported in the literature
for CNN-based WMH segmentation
using 2D-FLAIR images.8-10,25,26 In
comparison with some state-of-the-
art techniques evaluated on the 2 test
cohorts in this study, we observed
higher average Dice scores of 0.76 and
0.75, respectively. Although the Dice
scores reported in this work are
slightly lower than those in some of
these earlier studies, the human inter-
observer variability baseline (0.67
compared with 0.77–0.79 reported in
the literature) is also low in our study
cohort.

The extent of WMH burden has
been reported to affect evaluation met-
rics such as the Dice score.8 The Online
Supplemental Data show the histogram
of WMH volumes in our study cohort
(n ¼ 50) and scatterplots of total WMH
volumes and average WMH volumes
versus Dice scores on the test cohorts
(n ¼ 29). We observed that most sub-
jects in our study cohort had low WMH
volumes (8.04 [SD, 11.3]mL), which are
associated with lower Dice scores. For a
comparable assessment, we trained and
evaluated some of these state-of-the-art
techniques on our 3D-FLAIR dataset.

The orthogonal CNNs in StackGen-
Net exploit the 3D nature of FLAIR ac-
quisition and combine WMH informa-
tion from the 3 orthogonal planes for
segmentation. The use of 3D convolu-
tions may result in suboptimal per-
formance when training on anisotropic
2D-FLAIR images with thick slices.9,11

Interpolation to 3D space may affect
the performance of 3D CNNs as a
result of the blurring introduced
along the slice direction. A similar ob-
servation was also made in Kuijf et
al12 regarding the results of the WMH
segmentation challenge on 2D-
FLAIR, in which most methods that
used 3D convolutions appeared to
perform poorly, ranking near the
bottom.

Although 3D-FLAIR images are
being widely used in research proto-
cols such as ADNI, their clinical usage
is not widespread. The clinical applic-
ability of the proposed technique

FIG 3. Boxplot comparison of Dice scores, lesion-based F1 (F1-L), volume difference (VD),
and area under precision-recall curve (AUC) scores on the test set. We found a significant
improvement in Dice scores, AUC, and F1-L in StackGen-Net compared with other WMH
segmentation techniques compared here. The asterisk denotes P , .001 (2-sided paired t
test, n ¼ 29).

FIG 4. Correlation between WMH volumes (milliliters) in ground truth annotations and
StackGen-Net predictions. A, We observed a strong correlation between the predictions
and ground truth. B, Bland-Altman plot shows a good agreement in WMH volumes
between the ground truth annotations and StackGen-Net predictions. We found no signif-
icant differences between the 2 volumes (P ¼ .15, n ¼ 29). The coefficient of variation (CV)
and the repeatability coefficient (RPC) are also shown.
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needs to be further investigated on clinical 2D-FLAIR images
to understand the impact of blurring on the detection of
smaller lesions. Additionally, the CNNs in this study were all
trained/evaluated on cohorts that excluded other pathologies
that may produce hyperintensities on FLAIR images; the
applicability of these CNNs requires further investigation on
such images.

Although our study cohort is small compared with other
published deep learning–based studies, the use of a 2.5D
patch-based training framework, combined with data augmen-
tation, has been useful to avoid the problem of limited anno-
tated training data and overfitting. StackGen-Net, trained on
images from a single scanner type, showed consistently
improved performance on an independent cohort, demon-
strating generalizability on images spanning multiple institu-
tions and scanner manufacturers.

Clinical Outcomes
Results in the test cohorts show that StackGen-Net detects
WMHs on 3D-FLAIR images with high Dice scores and
lesion-wise F1. Fast and efficient 3D CNN architectures for
WMH segmentation, such as StackGen-Net, can be used for
the automatic, quantitative, and fast evaluation of WMH
extent. With the demonstrated generalizability on a subset of
ADNI data, the multiplanar StackGen-Net framework can be
easily applied to larger 3D-FLAIR based longitudinal data
repositories, including ADNI, to study the relationship
between WMH burden and cognition. In conjunction with
clinical visual rating scores, accurate WMH volume estima-
tion can provide a better understanding of the relationship
between lesion burden and clinical outcomes.

CONCLUSIONS
In this work, a stacked generalization of 3D orthogonal
CNNs (StackGen-Net) was proposed to detect WMHs using
multiplanar information from 3D-FLAIR images. We dem-
onstrated that a stacked generalization ensemble outperforms
traditional ensemble combinations as well as some state-of-
the-art WMH detection frameworks. We also showed that we
can reliably detect and quantify WMH in a time-efficient
manner with performance comparable to human interob-
server variability.
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Pending or Issued): Quantitative Differentiation of Tumor Heterogeneity using
Diffusion MR Imaging Data, Patent No. 016652-PRO1; Stock/Stock Options:
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am currently a paid employee of Siemens Healthineers.
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ORIGINAL RESEARCH
ADULT BRAIN

Machine Learning–Based Prediction of Small Intracranial
Aneurysm Rupture Status Using CTA-Derived

Hemodynamics: A Multicenter Study
Z. Shi, G.Z. Chen, L. Mao, X.L. Li, C.S. Zhou, S. Xia, Y.X. Zhang, B. Zhang, B. Hu, G.M. Lu, and L.J. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Small intracranial aneurysms are being increasingly detected while the rupture risk is not well-under-
stood. We aimed to develop rupture-risk models of small aneurysms by combining clinical, morphologic, and hemodynamic infor-
mation based on machine learning techniques and to test the models in external validation datasets.

MATERIALS AND METHODS: From January 2010 to December 2016, five hundred four consecutive patients with only small aneur-
ysms (,5mm) detected by CTA and invasive cerebral angiography (or surgery) were retrospectively enrolled and randomly split
into training (81%) and internal validation (19%) sets to derive and validate the proposed machine learning models (support vector
machine, random forest, logistic regression, and multilayer perceptron). Hemodynamic parameters were obtained using computa-
tional fluid dynamics simulation. External validation was performed in other hospitals to test the models.

RESULTS: The support vector machine performed the best with areas under the curve of 0.88 (95% CI, 0.85–0.92) and 0.91 (95% CI,
0.74–0.98) in the training and internal validation datasets, respectively. Feature ranks suggested hemodynamic parameters, including
stable flow pattern, concentrated inflow streams, and a small (,50%) flow-impingement zone, and the oscillatory shear index coef-
ficient of variation, were the best predictors of aneurysm rupture. The support vector machine showed an area under the curve of
0.82 (95% CI, 0.69–0.94) in the external validation dataset, and no significant difference was found for the areas under the curve
between internal and external validation datasets (P = .21).

CONCLUSIONS: This study revealed that machine learning had a good performance in predicting the rupture status of small aneur-
ysms in both internal and external datasets. Aneurysm hemodynamic parameters were regarded as the most important predictors.

ABBREVIATIONS: AUC ¼ area under the curve; AWSS ¼ averaged WSS; CFD ¼ computational fluid dynamics; CV ¼ coefficient of variation; LR ¼ logistic
regression; ML ¼ machine learning; MLP ¼ multilayer perceptron; OSI ¼ oscillatory shear index; ROC ¼ receiver operating characteristic; SVM ¼ support vec-
tor machine; WSS ¼ wall shear stress

Unruptured intracranial aneurysms are common, with an
overall prevalence of 3.2% in adults worldwide.1 In the

past decades, increasing unruptured aneurysms have been
detected because of wide application of CTA and MRA.
Notably, large numbers of incidentally detected aneurysms
(#87.6%) have small sizes (,3–4mm) and are usually

asymptomatic.2 To date, small aneurysms account for 35%–

47% of ruptured aneurysms and may impose a great burden on
intracranial vessel diseases.3,4

Treatment of patients with unruptured small aneurysms
remains controversial. Some researchers recommend no preven-
tive treatment or imaging follow-up for patients with aneurysmsof
,3mm based on the evidence of low annual growth and rupture
rates of small aneurysms.5,6 Current guidelines from the American
Heart Association and American Stroke Association have no con-
sensus opinion regarding the management of unruptured aneur-
ysms with small (3–5mm) and extra-small (#3mm) sizes.7 Thus,
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it is imperative to evaluate the rupture risk of small aneurysms to
derive optimal clinical decision-making for further treatment and
follow-up.

Various rupture risk factors and constructed scoring systems
have been advocated by researchers.8,9 The correlation of risk fac-
tors (such as clinical, morphologic, and hemodynamic parame-
ters) makes the prediction of aneurysm rupture complicated,
leading to the unreliability of conventional methods such as logis-
tic regression. Current scoring systems are not robust, especially
for small aneurysms, which have to be modelled specifically due
to their unique histologic characteristics.10-12 Therefore, novel
methodologies are required to construct rupture-risk models for
small aneurysms to facilitate clinical decisions.13,14 Aneurysms
were often treated only if any change in size or morphology of
the aneurysm was detected during follow-up, which would result
in a serious bias in the longitudinal study.13 It is feasible to per-
form a cross-sectional study to discriminate the ruptured aneur-
ysms and, further, to apply the model in predicting rupture risk
of unruptured aneurysms.

Machine learning (ML) techniques have attracted attention for
their ability to identify patterns from a large sample dataset with
multiple variables, using a highly effective method that facilitates
the model construction for data-driven prediction or classifica-
tion.15-17 Evidence has suggested that ML algorithms are superior
to traditional counterparts in contexts in which data input is abun-
dant and have potential for complex interactions.17,18 ML has also
been used in the classification of aneurysm rupture status with rel-
atively high accuracy.19,20 However, to the best of our knowledge,
no report to date has developed ML methods for small aneurysm
rupture prediction with routine clinical and morphologic features
combined with hemodynamic variables.

The aim of this study was to characterize patients who have a
higher risk of aneurysm rupture through developing and validating
MLmodels using routinely collected clinical, morphologic, and he-
modynamic variables in an internal cohort and to further test the
indicated models in external datasets from other hospitals.

MATERIALS AND METHODS
Study Population
Between January 2010 and December 2016, one thousand five
hundred seventy consecutive patients with suspected aneurysms or
other cerebral vascular diseases who underwent cerebral CTA in
Jinling Hospital verified by DSA or surgery were collected with the
interval of no more than 3months. The inclusion criterion was
patients with small aneurysms (,5mm).14 Exclusion criteria were
as follows: 1) no aneurysms (n=395); 2) patients with fusiform,
dissecting, and thrombotic aneurysms (n=51); 3) incomplete
image/clinical data (n=50); 4) inadequate CTA image quality or
failed computational fluid dynamics (CFD) simulation (n=67);
and 5) patients with aneurysms of $ 5mm (n=503). Finally, 504
small aneurysms (395 ruptured aneurysms and 109 unruptured
aneurysms) were included and were randomly separated into
training (410, 81%) and internal validation cohorts (94, 19%).

External validation cohorts enrolled patients who underwent
cerebral CTA examinations from the other 2 medical centers
(Tianjin First Central Hospital, Tianjin; and Taizhou People’s
Hospital, Taizhou, Jiangsu). Two neuroradiologists (G.Z.C. and

Z.S. with 7 and 3 years’ experiences in neuroradiology) identified
the location of aneurysms. In the case of disagreement between
the 2 observers, consensus was reached after a joint reading with
a senior neuroradiologist (C.S.Z. with 17 years of neuroimaging
experience). The study flow chart is shown in Fig 1. Cerebral
CTA protocols in the 3 medical centers are shown in the Online
Supplemental Data. Ethics approval was obtained by the institu-
tional review board of Jinling Hospital, Medical School of
Nanjing University, Nanjing, China.

Patient and Aneurysm Characteristics
Clinical characteristics included age, sex, family history of aneur-
ysmal SAH; comorbidities such as hypertension, diabetes melli-
tus, ischemic stroke, and coronary artery diseases; alcohol intake;
and smoking status collected in the in-hospital medical record.
Aneurysm characteristics included the multiplicity, size, shape,
daughter sac, and location. Locations were divided into anterior
communicating artery, ICA, MCA, posterior communicating ar-
tery, and others. Size was defined as the largest diameter meas-
ured on CTA with a volume-rendering algorithm. Specifically,
the assessment of rupture status of an aneurysm was established
as follows: For patients with SAH, when only 1 aneurysm adja-
cent to the cisternal clots was identified with CTA, the aneurysm
was judged to be ruptured; when 1 aneurysm not adjacent to the
cisternal clots was identified, its rupture status was judged intra-
operatively; and when$2 aneurysms were identified, the rupture
status of aneurysm was confirmed intraoperatively.19 Aneurysms
with neither SAH nor symptoms were judged to be unruptured.
We analyzed rupture risk on a per-patient basis for the analysis.
When a patient had multiple aneurysms, the largest one served to
categorize the patient.

Computational Fluid Dynamics–Derived Parameters
The computational model was constructed from CTA. CFD
analysis was performed under pulsatile-flow conditions, and
the procedure has been described in a previous study.21 The
Online Supplemental Data shows the procedure of the devel-
opment of the patient-specific CFD model reconstruction.
Eleven quantitative hemodynamic parameters were used to
describe and analyze the sophisticated blood flow condi-
tions,21,22 including pressure, wall shear stress (WSS), averaged
WSS-absolute (AWSS-ABSOLUTE), averaged WSS-mean
(AWSS-MEAN), WSS gradient, AWSS gradient, oscillatory
shear index (OSI), relative residence time, aneurysm formation
index, gradient oscillatory number, and spatial WSS gradient
(Online Supplemental Data). The coefficient of variation (CV)
was used to describe the dispersion degree of data to demon-
strate the hemodynamics of the aneurysm sac. Qualitative he-
modynamic parameters included flow complexity, impinge
ment zone, stability, and inflow concentration (Online
Supplemental Data).23 Two hundred aneurysms were ran-
domly selected and evaluated independently by 2 observers
trained for this task (G.Z.C. and Z.S.), who were blinded to the
clinical history and rupture status. After validating good inter-
reader agreement, 1 observer (G.Z.C.) performed the qualita-
tive hemodynamic assessment of the remaining aneurysms.
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Construction of Machine Learning Models
All features were preprocessed before model building. The quantita-
tive features were normalized by z scores, while the qualitative fea-
tures were encoded by one-hot encoder. ML methods were applied
in the DeepWise Medical Research platform (https://keyan.
deepwise.com). Supervised ML algorithms with binary classification
(ruptured and unruptured aneurysm) were used to build predictive
models, including logistic regression (LR), random forest, support
vector machine with linear kernel (SVM), andmultilayer perceptron
(MLP). For implementing the procedure, the feature-selection
method was used to reduce the overfitting problem. The best hyper-
parameters of the feature-selection method and models and regula-
rization parameters of each model would be searched automati-
cally on the basis of 10-fold cross-validation. After the optimal

hyperparameters and regularization pa-
rameters were chosen, the entire train-
ing cohort was used to train the model
and the performance was evaluated
on the internal and external validation
cohorts. A brief overview of the models
and the description of the feature-selec-
tion method are shown in the Online
Supplemental Data.

Assessment of Model
Performances
For the LR and MLP models, the pre-
dicted probability of rupture was esti-
mated by the models directly. For the
SVM model, the predicted probability
was the normalized distance of the test
sample to the separating hyperplane.
For the random forest model, the pre-
dicted probability was computed as the
mean predicted probabilities of the trees
in the forest. The performances of the
models were represented as the receiver
operating characteristic (ROC) curve,
the area under curve (AUC), and 95%
confidence interval (CI). The sensitivity
and specificity were determined by the
Youden index. The calibration of the 4
ML models was assessed using the cali-
bration curves in the internal valida-
tion dataset with Locally Weighted
Scatterplot Smoothing.24 The DeLong
test and Bonferroni correction were
applied to compare the AUCs of these
models. Feature importance was ranked
according to the coefficient of each pa-
rameter provided by the corresponding
ML algorithms. Specifically, the feature
importance of the random forest model
refers to the Gini importance.

Statistical Analysis
Quantitative variables were expressed as

mean 6 [SD] if normally distributed, while median and interquar-
tile range were used for non-normally distributed data. Categoric
variables (such as sex, the presence of hypertension, qualitative he-
modynamic parameters) were expressed as frequencies or percen-
tages; the difference in categoric variables was analyzed using the
Pearson x2 test or Fisher exact test when appropriate. For normally
distributed data (such as age, OSICV), an independent-samples t test
was used; otherwise, a Mann-Whitney U test was applied. The inde-
pendent-samples nonparametric test was used to analyze non-nor-
mally distributed data. The interreader agreement of the qualitative
hemodynamic assessment was evaluated by the Cohen k . The CI of
the AUC was calculated by the method of Hanley and McNeil.25

Statistical analyses were performed using SPSS statistical and com-
puting software (Version 22.0.0; IBM), Medcalc for Windows

FIG 1. Flow chart of this study. RA indicates ruptured aneurysm; URA, Unruptured aneurysms; CFD,
computational fluid dynamics.
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(Version 18.2; MedCalc Software), R (Version 3.5.2; http://
www.r-project.org/), and the Scikit-learn package26 in Python
(https://scikit-learn.org/stable/). A 2-sided P value , .05 was
used to represent statistical significance.

RESULTS
Patient and Aneurysm Characteristics
In this retrospective study, most patients with ruptured small
aneurysms were women. These patients were younger and had
a higher proportion of hypertension and a lower proportion of
ischemic stroke and coronary artery disease compared with
those with unruptured aneurysms (all, P, .05). In addition,
more small aneurysms with irregular shapes were found in the
ruptured group. The anterior communicating artery and MCA
tended to have more ruptured aneurysms (all, P, .05), while
the ICA and other intracranial arteries had fewer ruptured
aneurysms (all, P, .05). For hemodynamic parameters, the
ruptured group was more likely to have complex flow patterns
(52.9% versus 33.0%, P, .001), concentrated inflow streams
(61.5% versus 18.3%, P, .001), a small flow-impingement zone
(73.4% versus 28.4%, P, .001), and unstable flow patterns
(57.0% versus 29.4%, P, .001), as well as a smaller PressureCV
gradient oscillatory number, and OSICV and higher AWSS-
MEANCV, WSSCV, AWSS-ABSOLUTECV, WSS gradient, and
aneurysm formation index (all, P, .05) (Online Supplemental
Data). The interobserver agreement for the qualitative hemody-
namic assessment of aneurysms ranged from good to excellent,
with k values from 0.646 to 0.827.

The internal training cohort had 410 cases (320 ruptured
aneurysms), and the internal validation cohort had 94 cases (75
ruptured aneurysms). There were no significant differences for
the clinical, morphologic, and hemodynamic parameters
between the 2 cohorts (all, P. .10) (Online Supplemental
Data). In the external cohorts, 177 patients with cerebral CTA
(131 patients from the Tianjin center and 46 patients from the
Taizhou center) were screened, and 52 patients with small
aneurysms (19 unruptured and 11 ruptured aneurysms in the
Tianjin center, 11 unruptured and 11 ruptured aneurysms in
the Taizhou center) were included (Fig 1). There was a lower
incidence of ruptured aneurysms in the Taizhou and Tianjin
datasets (P= .002 and ,.001, respectively). Because of the small
sample size of both external datasets, we merged all the cases
into 1 external dataset to validate the performance of ML mod-
els (Online Supplemental Data).

Performances of ML Models
The 4 ML models derived from the training dataset performed
equally in all datasets (all, P. .05, DeLong test). The calibration
curves are shown in the Online Supplemental Data. Among
them, the SVM was well-calibrated with the highest AUC in the
internal validation dataset (Table and Fig 2A). The performances
of the other 3 models are shown in the Online Supplemental
Data. The AUCs of the SVM model were 0.88 (95% CI, 0.85–
0.92), 0.91 (95% CI, 0.74–0.98), and 0.82 (95% CI, 0.69–0.94) in
the training, internal, and external validation datasets, respec-
tively. The Delong test showed that the AUC had no significant
difference between internal validation dataset and the external
validation dataset (P= .21).

We further investigated the application of models in the
Tianjin and Taizhou sets (Table and Online Supplemental Data).
The SVM had a slightly higher AUC in the Taizhou set
(AUC=0.90; 95% CI, 0.70–0.99) than that in the Tianjin set
(AUC=0.71; 95% CI, 0.52–0.86), without a significant difference
(P= .15).

Feature Ranks
Selected features used for model fitting are seen in the Online
Supplemental Data.

The feature rank of the corresponding top 10 variants derived
by the SVM algorithm is shown in Fig 2B. Hemodynamics-related
parameters were the leading predictors contributing to the risk
model. Stable flow stream, higher OSICV, male sex, and older age
were protective variables, while concentrated inflow streams, a
small (,50%) flow-impingement zone, MCA, hypertension, larger
size, and irregular shape increased the risk of aneurysm rupture.

We also developed models based on sole clinical, morpho-
logic, or hemodynamic features, respectively, and validated the
models in the internal validation dataset for further evaluation.
Figure 2C demonstrates that the hemodynamic feature–depend-
ent model had a higher AUC (AUC=0.90; 95% CI, 0.84–0.96)
than morphologic features (AUC=0.69; 95% CI, 0.5–0.83;
P= .01) and clinical features (AUC=0.55; 95% CI, 0.4–0.70;
P, .001).

DISCUSSION
In this study, we derived and validated ML-based prediction
models for rupture status of small aneurysms, depending on clin-
ical, morphologic, and hemodynamic characteristics in the inter-
nal and external datasets. Our study highlighted the role of

Performance of SVM to predict rupture status of small aneurysms in the training, internal validation, and external validation
datasets

Training Set
(n = 410)

Internal Validation Set
(n = 94)

External Validation Set
(n = 52)

Tianjin Set
(n = 30)

Taizhou Set
(n = 22)

AUC 0.88 0.91 0.82 0.71 0.90
95% CI 0.85–0.92 0.74–0.98 0.69–0.94 0.52–0.86 0.70–0.99
Sensitivity 73.4% 77.3% 68.2% 54.5% 81.8%
Specificity 91.1% 84.2% 76.7% 73.7% 81.8%
Delong test – – .21a – .15b

Note:—CI indicates confidence interval; LR, logistic regression; SVM, support vector machine; RF, random forest; ROC, receiver operation characteristic; RF, random forest; -, NA.
a P, . 05 means a significant difference exists in AUCs of SVM in the internal and external validation datasets.
b P, . 05 means a significant difference exists in AUCs of SVM in Taizhou and Tianjin sets.

AJNR Am J Neuroradiol 42:648–54 Apr 2021 www.ajnr.org 651

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


hemodynamic parameters in predicting small aneurysm rupture
status. We found that the ML models, especially the SVM, had
good performance in the internal and external datasets, indicat-
ing the robustness and generalizability of ML models. Thus, the
ML models provided in this study can be regarded as decision-
support tools of unruptured small aneurysms, while further vali-
dation is required.

Traditional statistical methods, such as multivariable LR, have
explored the association between specific features and the rup-
tured/unruptured end point. However, determination of rupture
risk of aneurysms remains challenging, particularly when the exact
underlying etiology is unclear.27 In addition, multivariable LR has
several limitations, primarily resting on assumptions of the exis-
tence of the linear relationship between the log-odd of the pre-
dicted probability and the variables. ML has shown the potential to
improve diagnostic accuracy and prognostic outcomes compared
with conventional statistical methods.17,20 Our study used 4

representative branches of ML, including the subtypes of logistic
regression, ensemble model, SVM, and neural network. The 4
models had good performance in the internal and external cohorts.
A previous study had compared the logistic regression probability
model with ML classifiers and found that the performance of the
logistic regression probability model was comparable, but the study
did not specifically focus on small aneurysms.28

A convolutional neural network based on images of 3D-DSA
for detecting the rupture status of aneurysms of,7mm had also
been explored.20 And in the presented study, we compared 4 ML
methods combined with CTA-derived hemodynamics and found
that the SVM and MLP had slightly higher AUCs in predicting
small-aneurysm rupture status. The SVM performed better when
applied in the 2 external datasets in terms of generalizability.
Another interesting finding was that SVM, random forest, and
MLP seemed to have less overfitting than LR when applied to the
external validation dataset; among these, SVM had the lowest

FIG 2. Performance of the SVM algorithm, the derived top 10 variables, and the performances of feature—dependent models in the internal
validation dataset. A, ROC curves and AUCs for training and internal and external validation sets. B, The top 10 features of the variables
derived from the SVM algorithm. C, ROCs of the SVM based on the features belonging to the 3 categories separately in the internal valida-
tion dataset.
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overfitting. Considering the higher AUC and the lowest overfit-
ting of the SVM, it is reasonable for us to regard SVM as the
most valuable ML method in this context. The models did not
seem well-calibrated, probably due to the small size of the
dataset.

Most important, our findings highlighted the role of hemody-
namics in the prediction of rupture status of small aneurysms,
which had not been quantitatively identified. The process of rup-
ture of an aneurysm is complex because of the intertwining rela-
tionship between the blood flow and pathologic responses in the
endothelial cells and remodeling of vessel wall.29,30 Blood flow
hemodynamics emerged as an important role that can uncover
the underlying mechanism through hemodynamic-biologic path-
ways.11 Higher WSSCV and lower OSICV were further identified
in our study as the paramount rupture risk factors by the ML
algorithms. CV is a standardized measure of dispersion of a prob-
ability distribution or frequency distribution, and the smaller CV
was, the smaller the extent of variation was. That feature means
that the ruptured small aneurysms had higher WSS variation in
the sac, while OSI had less variation. A similar result had been
previously reported in a case-control study that showed a narrow
cumulative WSS distribution characterizing a hemodynamic
prone-to-rupture range for small-sized aneurysms.31 The spatial
minimum, maximum, average WSS, normalized WSS, spatial
WSS gradient, and OSI had been studied before, and low WSS
and high OSI were known to upregulate endothelial surface adhe-
sion molecules, causing dysfunction of flow-induced nitrous
oxide, increasing endothelial permeability, thus, promoting
inflammatory cell infiltration.31-35 Our study offered a novel
insight into the role of hemodynamics in rupture-risk prediction
of unruptured small aneurysms and can be used as a supplement
to the existing research. For example, the WSS in ruptured small
aneurysms could be lower in minimum/maximum/mean value
and more variated than in unruptured aneurysms, and OSI could
be higher with less variation.

Our study also found that qualitative hemodynamic parame-
ters had an important role in predicting the rupture status of
small aneurysms. The study showed that complex flow patterns,
concentrated inflow concentration, unstable flow, and a smaller
flow impingement zone played a critical role in the prediction of
rupture risk of aneurysms. These findings have been supported
by previous studies that showed ruptured aneurysms were more
likely to be associated with flow types with changing direction of
the blood inflow jet, which will create a single vortex.36 It appears
very instructive to add the qualitative hemodynamic parameters
in predicting rupture status of small aneurysms.

Specifically, we analyzed the distinctive performances of the 4
models in the 2 external datasets separately, among which random
forest and MLP exhibited significant differences (both P= .03).
The reasons can be attributed to the baseline characteristic differ-
ences, in which 9 variables in the Taizhou set and 12 in the Tianjin
set were significantly different, and most of the variables are hemo-
dynamics. Given the different scanner manufacturers in the
Tianjin and Jinling sets (Revolution CT, GE Healthcare, versus
Somatom Definition, Siemens), the hemodynamic differences may
arise from them; this issue requires further investigation. Although
the proportion of ruptured aneurysms was lower in the Taizhou

set (50% versus 78.4% for the Taizhou and Jinling datasets), the
performance of the models was encouraging. These results high-
light the influence of manufacturers on CFD simulation.

We acknowledged that our study had some limitations. First,
this retrospective study aimed to identify the characteristics of
ruptured aneurysms, and the model predicted only the current
rupture status rather than future aneurysm risk. Whether the
model can be used in the rupture-risk prediction of small aneur-
ysms requires further longitudinal studies. Our model is reliable
due to being derived from a large-scale internal cohort of small
aneurysms demonstrated by DSA/surgery and validated in inde-
pendent external validation datasets. Second, the morphologic
changes of aneurysms after rupture were not considered in this
study. Third, the external validation datasets from the other 2
medical centers had small sample sizes and were not verified by
DSA or an operation. Fourth, features of the wall of the vessel
and aneurysm have been investigated for precise evaluations
using high-resolution MR imaging and optical coherence tomog-
raphy, while the elements are not included in the study. Fifth,
CFD itself has some limitations, such as a huge number of differ-
ent parameters, the lack of consistency, and being time-consum-
ing, resulting in difficulties in clinical use with CFD.37 Sixth, the
assessment of the qualitative hemodynamic parameters was based
on the 2 observers, which was subjective and caused intra- and
interobserver variations. Other metrics for automated flow-com-
plexity assessment like the “inflow concentration index” and
“vortex core line length” may help in this context. Thus, a large,
prospective, multicenter study is needed to further demonstrate
our findings.

CONCLUSIONS
Our study provided impressive ML models for predicting rupture
status of small aneurysms by combining clinical, morphologic, and
hemodynamic features. ML methods, especially SVM, had a good
performance in internal and external validation datasets and high-
lighted the role of hemodynamics. Our model has the potential for
identifying high-risk aneurysms and facilitating proper clinical
management of incidentally found small aneurysms.
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ADULT BRAIN

Automated Detection and Segmentation of Brain Metastases
in Malignant Melanoma: Evaluation of a Dedicated Deep

Learning Model
L. Pennig, R. Shahzad, L. Caldeira, S. Lennartz, F. Thiele, L. Goertz, D. Zopfs, A.-K. Meißner, G. Fürtjes,

M. Perkuhn, C. Kabbasch, S. Grau, J. Borggrefe, and K.R. Laukamp

ABSTRACT

BACKGROUND AND PURPOSE: Malignant melanoma is an aggressive skin cancer in which brain metastases are common. Our aim
was to establish and evaluate a deep learning model for fully automated detection and segmentation of brain metastases in
patients with malignant melanoma using clinical routine MR imaging.

MATERIALS ANDMETHODS: Sixty-nine patients with melanoma with a total of 135 brain metastases at initial diagnosis and available multi-
parametric MR imaging datasets (T1-/T2-weighted, T1-weighted gadolinium contrast-enhanced, FLAIR) were included. A previously established
deep learning model architecture (3D convolutional neural network; DeepMedic) simultaneously operating on the aforementioned MR
images was trained on a cohort of 55 patients with 103 metastases using 5-fold cross-validation. The efficacy of the deep learning model
was evaluated using an independent test set consisting of 14 patients with 32 metastases. Manual segmentations of metastases in a voxel-
wise manner (T1-weighted gadolinium contrast-enhanced imaging) performed by 2 radiologists in consensus served as the ground truth.

RESULTS: After training, the deep learning model detected 28 of 32 brain metastases (mean volume, 1.0 [SD, 2.4] cm3) in the test
cohort correctly (sensitivity of 88%), while false-positive findings of 0.71 per scan were observed. Compared with the ground truth,
automated segmentations achieved a median Dice similarity coefficient of 0.75.

CONCLUSIONS: Deep learning–based automated detection and segmentation of brain metastases in malignant melanoma yields
high detection and segmentation accuracy with false-positive findings of ,1 per scan.

ABBREVIATIONS: CNN ¼ convolutional neural network; DLM ¼ deep learning model; GT ¼ ground truth

Malignant melanoma is an aggressive skin cancer associated
with high mortality and morbidity rates.1,2 Brain metasta-

ses are common in malignant melanoma,3,4 subsequently causing
potential severe neurologic impairment and worsened outcome.
Therefore, it is recommended that melanoma patients with an
advanced stage undergo MR imaging of the head for screening
purposes to detect metastases.5-8

Owing to an increased workload of radiologists, repetitive
evaluation of MR imaging scans can be tiresome, hence bearing

an inherent risk of missed diagnosis for subtle lesions, with satis-
faction of search effects leading to decreased sensitivity for addi-
tional lesions.9,10 Automatization of detection could serve as an
adjunct tool for lesion preselection that can support image evalu-
ation by radiologists and clinicians.11,12 Furthermore, automated
segmentations may be used as a parameter to evaluate therapy
response in oncologic follow-up imaging.13,14 Additionally, exact
lesion determination and delineation of size are required for ste-
reotactic radiosurgery.15,16 In clinical routine, brain lesions have
to be segmented manually by the radiosurgeon. This task proves
to be time-consuming, in particular if multiple metastases are
present. Furthermore, manual segmentation is potentially ham-
pered by interreader variabilities with reduced reproducibility,
hence resulting in inaccuracies of lesion delineation.17,18 In this
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context, accurate objective and automated segmentations of brain
metastases would be highly beneficial.17-19

Recently, deep learning models (DLMs) have shown great
potential in detection, segmentation and classification tasks in
medical image analysis while having the potential to improve
clinical workflow.20-25 The models apply multiple processing
layers that result in deep convolutional neural networks (CNNs).
Training data are used to create complex feature hierarchies.26-28

In general, a DLM includes different layers for convolution, pool-
ing, and classification.28 The required training data are supplied
by manual segmentations, which usually serve as the segmenta-
tion criterion standard.18,28,29

Previous studies on brain metastases from different tumor
entities have demonstrated promising results, reporting a sensi-
tivity for automated deep learning–based detection of lesions of
around 80% or higher.17,30-32 However, the often reported rela-
tively high number of false-positive findings questions their
applicability in clinical routine.17,30

The purpose of this study was to develop and evaluate a DLM
for automated detection and segmentation of brain metastases in
patients with malignant melanoma using heterogeneous MR
imaging data frommultiple vendors and study centers.

MATERIALS AND METHODS
The local institutional review board (Ethikkommission,
Medizinische Fakultät der Universität zu Köln) approved this
retrospective, single-center study (reference No: 19–1208) and
waived the requirement for written informed patient consent.

Patient Population
MR imaging of patients treated for malignant melanoma at our
tertiary care university hospital between May 2013 and October
2019 was reviewed using our institutional image archiving system.
Ninety-two patients could be identified by applying the following
inclusion criteria: 1) MR imaging scans at primary diagnosis of
brain metastases; 2) distinct therapy following diagnosis of brain
metastases, eg, stereotactic radiosurgery, resection, extended bi-
opsy, targeted chemotherapy; and 3) a complete MR image set,
being defined as T1-/T2-weighted, T1-weighted gadolinium con-
trast-enhanced imaging, and T2-weighted FLAIR. Patients with
unclear lesions in which follow-up imaging could not confirm
metastatic spread to the brain were not included (n¼ 11).

We applied the following exclusion criteria: 1) the presence of
a second malignant tumor (n ¼ 3); 2) large intracranial extrale-
sional bleeding (the definition of extralesional bleeding was based
on reviewing prior/follow-up imaging, n ¼ 3); 3) acute ischemic
stroke (n¼ 1) impeding delineation of brain metastases; 4) severe
MR imaging artifacts impairing image quality (n ¼ 3); and 5)
insufficient contrast media application (n¼ 2).

The 69 enrolled patients were randomly split into a training
cohort consisting of 55 patients and a test cohort with 14 patients,
ensuring that there was no overlap of data between the 2 cohorts.
The training cohort was used for training and performing 5-fold
cross-validation of the DLM. On the contrary, the test cohort was
used for independent testing of the DLM. MR images were ano-
nymized and exported to IntelliSpace Discovery (ISD, Version
3.0; Philips Healthcare).

Image Acquisition
MR images were acquired on different scanners from our (n ¼
48) and referring institutions (n ¼ 21), ranging between 1T and
3T. Detailed MR imaging parameters are given in the Online
Supplemental Data. The imaging protocol of our institution
included intravenous administration of gadolinium (gadoterate
meglumine, Dotarem; Guerbet; 0.5mmol/mL, 1mL ¼ 279.3mg
of gadoteric acid ¼ 78.6mg of gadolinium) with a concentration
of 0.1mmol/kg of body weight. Contrast medium application at
referring institutions was not standardized.

Ground Truth
To establish the reference standard and lesion count, 2 radiol-
ogists (each with at least 3 years of experience in neuro-onco-
logic imaging) confirmed all metastases. A board-certified
neuroradiologist with 13 years of experience in neuro-onco-
logic imaging was consulted when uncertainties occurred.
They conducted a review of the original radiology report and
double-reviewed the included MR imaging scans as well as
prior/follow-up imaging.

By assessing unenhanced T1- and T2-weighted, T1-weighted
gadolinium contrast-enhanced imaging, and FLAIR images on
ISD, the 2 radiologists performed manual segmentations of
lesions on T1-weighted gadolinium contrast-enhanced imaging
in a voxelwise manner in consensus, which served as the ground
truth (GT). First, initial segmentations of the metastases were
performed by 1 radiologist and then presented to/discussed with
the second radiologist to define the final segmentations of the
lesions in consensus.

Deep Learning Model
Before passing the sequences (T1/T2-weighted, T1-weighted gad-
olinium contrast-enhanced imaging, and FLAIR) to the DLM, we
performed preprocessing of data, which included the following:
bias field correction of all 4 sequences, coregistration of T1/T2-
weighted and FLAIR to T1-weighted gadolinium contrast-
enhanced imaging, skull-stripping, resampling to an isotropic re-
solution of 1� 1� 1 mm3, and z score normalization.24

In this study, a 3D CNN based on DeepMedic (Biomedical
Image Analysis Group, Department of Computing, Imperial
College London) was used. In recent studies, the DeepMedic
architecture has demonstrated encouraging results for detection
and segmentation of different brain tumors.24,33

The network consists of a deep 3D CNN architecture with 2
identical pathways. 3D image patches provide input to the 2 path-
ways. For the first pathway, original isotropic patches are used.
For the second pathway, the patches are down-sampled to a third
of their original size. This approach helps to capture higher con-
textual information. The deep CNN model comprises 11 layers
with size 33 kernels. The model consists of residual connections
for layers 4, 6, and 8. Each layer is followed by batch normaliza-
tion and a parametric rectified linear unit as the activation func-
tion. Layers 9 and 10 are fully connected. The last prediction
layer has a kernel size of 13 and uses sigmoid as the activation
function.34

For training of the DLM, multichannel GT 3D image patches
with a size of 253 were fed to the 3D CNN. These image patches

656 Pennig Apr 2021 www.ajnr.org



were extracted with a distribution of 50% between background and
metastases, ensuring class balance. To increase the number of
training samples, image augmentation was used by randomly flip-
ping the image patches along their axes. The Dice similarity coeffi-
cient was used as the loss function, and root mean square
propagation, as the optimizer. An adaptive learning rate schedule
was used, in which the initial learning rate was halved every time
the accuracy did not improve for .3 epochs. The training batch
size was set to 10, and the number of training epochs was set to 35.

Training was performed on the training set (n ¼ 55) using a
5-fold cross-validation approach using an 80%–20% training-val-
idation split without overlapping data, which resulted in 5 trained
models.

During inference on the independent test set (n ¼ 14), 3D
image patches of 453 in size are extracted. Larger patch sizes
reduced the time spent during inference. The 5 individual models
from the 5-fold cross-validation training were applied to the inde-
pendent test data. The segmentation results from each of the 5
DLMs were fused using a majority voting scheme to reduce false
lesion detections.35 By default, automatically detected lesions of
,0.003 cm3 (2 voxels on average) during inference of both the
training and test sets were regarded as image noise and discarded.
This threshold was based on the resolution of T1 -weighted gado-
linium contrast-enhanced sequences (in which a volume of
0.003 cm3 is approximately 2 voxels) and is determined by refer-
ring to the smallest annotated metastases on training (0.0035 cm3)
and test (0.0041 cm3) sets. Due to limitation of scan resolution,
lesions smaller than this volume cannot be accurately detected or
segmented by image readers.

Including image preprocessing, the average time needed to
run a complete pipeline on a dataset is about 8minutes: ,1 sec-
ond for bias field correction, 7minutes for coregistration and
skull-stripping,,1minute for image standardization, and around
10 seconds to run the inference (using a Tesla-P100 GPU card
(NVIDIA).

Statistical Analysis
Statistical analysis was performed using JMP Software (Release
12; SAS Institute). Tumor volumes are displayed as mean [SD],
and Dice similarity coefficients are reported as median with a 10–
90 percentile range. The Wilcoxon rank sum test was applied for
determination of a statistical difference with statistical signifi-
cance being set to P, .05. To determine the detection accuracy
of the metastases, we computed sensitivity (recall), precision
(positive predictive value), and F1 score. Because no scans

without metastases were included, a true specificity could not be
determined; hence, precision was calculated.

To evaluate the segmentation accuracy of the DLM on a vox-
elwise basis, we compared automatically obtained segmentations
with the GT annotations with overlap measures between the seg-
mentations being computed using the Dice similarity coeffi-
cient.23,24,35 For quantitative volumetric measurements, the
Pearson correlation coefficient (r) was calculated.

RESULTS
Patient Characteristics
The 69 enrolled patients (mean age, 61.5 [SD, 13.4] years; 30
women) had a total of 135 brain metastases on MR imaging, of
which 45 patients presented a single brain metastasis. Most
(n ¼ 48) patients received stereotactic radiosurgery using the
CyberKnife System (Accuray). The Online Supplemental Data
provide detailed patient information, including distribution of
brain metastases and treatment received.

Evaluation of the DLM on the Training Cohort
In the training cohort, 103 metastases with a mean volume of 2.6
[SD, 8.1] cm3 were identified as the GT.

Using 5-fold cross-validation, the DLM achieved a sensitivity
of 87% with a median corresponding Dice similarity coefficient
of 0.75 (range, 0.19–0.93). The DLM missed 13 metastases, yield-
ing a mean volume of 0.06 [SD, 0.1] cm3. On average, the DLM
produced 4 false-positive lesions per scan with a mean volume of
0.05 [SD, 0.17] cm3.

Evaluation of the DLM on the Independent Test Cohort
In the test cohort, 32 metastases with a mean volume of 1.0 [SD,
2.4] cm3 were identified as the GT, being smaller than in the
training cohort, though without a significant difference (P. .05).
The 5 DLMs from the 5-fold cross-validation as well as their
fusion using the majority voting scheme were tested on the inde-
pendent test cohort. Detailed results of the DLM on the test set
are given in the Table.

After we applied the majority voting scheme, the fused DLM
detected 28 of 32 brain metastases correctly and missed 4, corre-
sponding to a sensitivity of 88% and an F1 score of 0.80 (Figs 1 and
2 and Online Supplemental Data depict examples of true-positive
findings of the DLM). Missed brain metastases were small and
yielded a volume between 0.004 and 0.16 cm3 (Fig 3 provides the
metastases, which were missed by the DLM). Compared with
manual segmentations, the fused DLM provided a median Dice

Detection and segmentation accuracy on the independent test cohort

Majority Voting Scheme First Fold Second Fold Third Fold Fourth Fold Fifth Fold
Detection
Sensitivity 88% 88% 88% 81% 91% 91%
Precision 74% 49% 35% 40% 41% 51%
F1 score 0.80 0.63 0.50 0.53 0.57 0.65
Missed 4 4 4 6 3 3
FPs/scan 0.71 2.1 3.8 2.9 2.9 2.0
Segmentation
Dice coefficient 0.75 0.78 0.73 0.73 0.76 0.78

Note:—Missed indicates missed brain metastases in the test cohort; FPs/scan, false-positive lesion findings per patient; Dice coefficient, similarity score reported as me-
dian; Majority Voting Scheme, fusion of the 5 deep learning models from the 5-fold cross-validation; First Fold, first deep learning model from the 5-fold cross-validation.
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similarity coefficient of 0.75 (range, 0.09–0.93) and a volumetric cor-
relation of r¼ 0.97. The Online Supplemental Data display the rela-
tionship between obtained Dice similarity coefficients and the
volume of the metastases.

Figure 4A depicts a histogram demonstrating the volume of me-
tastases in the training and test groups as well as the size of missed
metastases and false-positive lesions. Figure 4B shows a boxplot
comparing Dice similarity coefficients, false-positives, and false-neg-
atives for the 5 different DLMs using the 5-fold cross-validation and
the combined DLMs, applying the majority voting scheme. Figure
4C provides the volumetric correlation between automated detec-
tion of metastases using the fused DLM and the GT.

In addition, the fusion of all 5 DLMs reduced the number of
false-positive lesions to 0.71 per scan (compared with 3.8 of the
second fold, as seen in the Table) and increased the precision
(74%). Examples of false-positive detections by the DLM are pro-
vided in Figs 3 and 4D, which show a free-response receiver oper-
ating characteristic curve displaying the relationship between the
lesion-detection sensitivity and the average number of false-posi-
tive lesions per scan.

DISCUSSION
In this study, we developed and trained a dedicated DLM for
automated detection and segmentation of brain metastases in

malignant melanoma and evaluated its performance on an inde-
pendent test set. On heterogeneous scanner data, the proposed
DLM provided a detection rate of 88%, while producing an error
of ,1 false-positive lesion per scan. Furthermore, a high overlap
between automated and manual segmentations was observed
(Dice similarity coefficient = 0.75).

Recent studies investigating automated detection of brain me-
tastases have not focused on a certain underlying pathology and
reported lesion sizes between 1.3 and 1.9 cm3 (Bousabarah et al32)
and 2.4 cm3 (Charron et al17) for various primary tumors, which
are comparable with the average tumor sizes in our training (2.6
[SD, 8.1] cm3) and test cohorts (1.0 [SD, 2.4] cm3). Despite the
small lesion size, the DLM provided a high detection sensitivity
(88%), similar to that in the aforementioned studies.16,17,30-32

Compared with the GT, the DLM obtained a median Dice simi-
larity coefficient of 0.75, which is in line with recent studies,

FIG 2. A 67-year-old male patient with malignant melanoma. The
DLM (turquoise) detects the metastases (yellow arrows) of the left
frontal lobe (A), the left temporal lobe (B), and the right parietal lobe
(C) accurately and provides manual segmentations (red) comparable
to segmentation performance.

FIG 1. A 55-year-old male patient with malignant melanoma. The
DLM (turquoise) detects and segments the metastases of the left
frontal lobe (yellow arrows, A and B) comparable to the manual seg-
mentations (red).
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which reported Dice similarity coefficients between 0.67 and
0.79.16,30 The high number of false-positive lesions poses a com-
mon drawback in automated detection of brain metastases, which
have been reported to be around 7–8 per scan.17,30 By combining
5 DLMs using a majority voting scheme, false-positive findings of
,1 per patient were obtained in the present study, as could also
recently be achieved by Bousabarah et al.32

Given the high risk of metastatic spread, screening exami-
nations are warranted in patients with malignant melanoma
and are suggested according to current guidelines.5,7,8 For lung
cancer, regular screening has also been proposed recently.36

However, when diagnosed at an early stage in an asymptom-
atic patient, metastases are often small and more difficult to
detect, even by experienced radiologists.1,2,5,6 Despite the small
size of the metastases in the test set, the trained DLM yielded a
sensitivity of 88%. Of note, the metastases in the test set were
smaller compared with those in the training cohort without
reaching a statistical significance. In part, this difference could
be explained by the higher number of patients treated by sur-
gery in the training cohort (18.2% versus 14.0%), who usually
present with larger metastases.37

Brain metastases screening examinations are increasing in
number, making evaluation tiresome while bearing an inherent
risk of missed diagnoses, in particular for subtle lesions.9,38 In
this context, our DLM can provide assistance for detection of
brain metastases in malignant melanoma. Compared with a
human reader, the DLM is not impaired by “satisfaction of
search,” which means that the physician may miss a second

metastasis when a first one has been found.9,10,38 Additionally,
automation of brain metastasis segmentation by a DLM could
serve as an accurate mechanism of lesion preselection, in particu-
lar when the number of false-positive lesions is ,1 per scan, as
obtained by the DLM of the present study.16,17,30,31 Automated
segmentation may also provide assistance in evaluating treatment
response during oncologic follow-up and may support radiolog-
ists in coping with an increased number of image readings, while
maintaining high diagnostic accuracy.

Compared with manual segmentations, the proposed DLM
achieved a high volumetric correlation despite the small size of the
metastases. Automated segmentation of brain tumors such as me-
tastases, being possible with the DLM of the current study, has sev-
eral applications to potentially improve patient care. For instance,
volumetric assessment proves to be a promising tool for quantifica-
tion of tumor burden.14,39,40 Furthermore, volumetric assessment
has advantages over user-dependent conventional linear measure-
ments because metastatic lesions are not entirely spherical.18

Stereotactic radiosurgery requires reliable and objective lesion
segmentation.15,16 Manual segmentation of multiple lesions
proves to be time-consuming and is impeded by inter- and intra-
reader variabilities. Next to increased efficiency, higher reprodu-
cibility of lesion delineation potentially boosts reliability of
radiation therapy while improving patient outcome.17

Regarding automatic detection and segmentation of brain
metastases, one must consider the following challenges: 1)
multifocal lesion occurrence; 2) very small and subtle lesions;
3) more complex tumor structures when lesions enlarge

FIG 3. False-negative findings of the DLM (A–D, white arrows) as shown in a 67-year-old male patient (A, same patient as in Fig 2; metastasis vol-
ume: 0.004 cm3), a 56-year-old male patient (B and C, metastases volume: 0.008 and 0.01 cm3), and a 62-year-old male patient (E, metastasis vol-
ume: 0.016 cm3) with malignant melanoma. As demonstrated, the DLM missed small metastases. Examples of false-positive findings of the DLM
(E–I, white arrows) as shown in a 50-year-old female patient (E), a 67-year-old male patient (F, same patient as in Fig 2), a 55-year-old male patient
(G and H, same patient as in Fig 1), and a 62-year-old female patient (I) with malignant melanoma. False-positive findings (turquoise) were related
to blood vessels (E, developmental venous anomaly), variations in brain tissue contrast (F and G), and the choroid plexus (H and I).
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(contrast-enhancing tumor, necrosis, bleeding, and edema);
4) variations in patient anatomy; and 5) heterogeneous imag-
ing data due to varying vendors, MR imaging manufacturers,
scanner generations, scan parameters, and unstandardized
contrast media application.16,17,25,28,30,34,41,42 In the present
study, our DLM provides high detection accuracy on hetero-
geneous scanner data as reflected by a large number of scans
from referring institutions and examinations performed over
a wide range of field strengths.

The results of this study indicate that training of an already
established deep-learning architecture initially used for other

tumor entities, ie, glioma and glioblastoma,24,34 can be successfully
applied to other brain tumors16,43,44 but dedicated retraining is
usually warranted.16,32,33 Still, previous studies have also suggested
that dedicated training might be omitted if tumor appearance is
similar, although accuracy will/might be negatively impacted by
the missing dedicated training.23,44 Therefore, our DLM, though
dedicated to patients with melanoma, might also be applied, for
example, to metastases of different origins, which may nurture
further investigations.

The following limitations need to be discussed. The study
has typical drawbacks of a retrospective setting, not allowing

FIG 4. A, Histogram depicting the distribution of metastases volumes in the training and test cohorts. Furthermore, the volumes of missed me-
tastases and false-positive findings in the test group are also depicted, all of which were small (mean missed metastases volume of 0.01 [SD,
0.005] cm3; mean volume of false-positive lesions of 0.02 [SD, 0.02] cm3). To better visualize the small volumes of false-positive and false-nega-
tive findings in the independent test set, we limited the x-axis to 15 cm2. Hence, 5 metastases of the training data larger than this volume are not
shown. B, Performance of the 5 different DLMs obtained using the 5-fold cross-validation training and the combined DLM using the majority
voting scheme on the independent test cohort.Magenta circles represent the number of false-positives (FP) and red circles indicate the num-
ber of false-negatives (FN). DSC indicates the Dice similarity coefficient; CV1–5, the cross-validation folds; and MV, majority voting. C, Volume
correlation of the metastases between the automatically segmented lesions and the ground truth on the independent test set on a lesion level.
D, Free-response receiver operating characteristic (FROC) curve of the DLM on the independent test cohort.
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evaluation if detection and segmentation accuracies are sufficient
for clinical needs. This drawback may be addressed in future
studies with a focus on specified clinical necessities and tasks.
Although almost one-third of included scans were acquired at re-
ferring institutions, the application of the DLM should be investi-
gated in a true multicenter setting. Our relatively small number
of patients, which resulted from focusing exclusively on malig-
nant melanoma, needs to be considered. This is especially impor-
tant regarding our test cohort, which consisted of 14 patients
only. Future studies, preferably including more cases from differ-
ing institutions, are warranted to further validate our DLM. Only
patients with melanoma were included, which potentially limits
the transferability of our DLM to brain metastases of other pri-
mary tumors. In this context, future studies are needed. Because
no posttreatment MR images were included, the performance of
the DLM in this setting is unknown and requires future research.

The applied DLM operates on 4 MR images, ie, FLAIR, T1-/T2-
weighted, and T1-weighted gadolinium contrast-enhanced images.
Consequently, this feature limits the application of the DLM if one
of these sequences is unavailable. Our study included a relevant
amount of imaging data from referring institutions where contrast
media application was different and not standardized with our
application protocol, potentially reflecting more inhomogeneous
imaging data. Because we did not include MR images without any
findings, our study did not capture the proper target population of
interest. This bias might underestimate the false-positive rate in a
true population. For our evaluation, we excluded 10% of initially
identified patients due to, for example, a second cerebral tumor,
strong artifacts, or insufficient contrast media application. Hence,
images of these patients might not be suited to the proposed DLM.

CONCLUSIONS
Despite small lesion size and heterogeneous scanner data, our
DLM detects brain metastases in malignant melanoma on multi-
parametric MR imaging with high detection and segmentation
accuracy, while yielding a low false-positive rate.
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ORIGINAL RESEARCH
ADULT BRAIN

Vessel Type Determined by Vessel Architectural Imaging
Improves Differentiation between Early Tumor Progression

and Pseudoprogression in Glioblastoma
M. Kim, J.E. Park, K. Emblem, A Bjørnerud, and H.S. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Currently available perfusion parameters are limited in differentiating early tumor progression and
pseudoprogression with no insight about vessel size and type. We aimed to investigate differences in vessel size and type between
early tumor progression and pseudoprogression in posttreatment glioblastoma and to demonstrate diagnostic performance using
vessel architectural imaging.

MATERIALS AND METHODS: Fifty-eight patients with enlarging contrast-enhancing masses in posttreatment glioblastomas under-
went simultaneous gradient recalled-echo and spin-echo dynamic susceptibility contrast imaging. Relative CBV and vessel architec-
tural imaging parameters, including the relative vessel size index, peak shift between gradient recalled echo and spin-echo bolus
signal peaks, and arterial dominance scores using spatial dominance of arterial/venous vessel type, were calculated and compared
between the 2 conditions. The area under the curve and cross-validation were performed to compare the diagnostic performance
of the relative CBV, vessel architectural imaging parameters, and their combinations.

RESULTS: There were 41 patients with early tumor progression and 17 patients with pseudoprogression. Relative to pseudoprogres-
sion, early tumor progression showed a lower peak shift (�0.02 versus 0.33, P ¼ .02) and a lower arterial dominance score (1.46 ver-
sus 2.11, P ¼ .001), indicating venous dominance. Patients with early tumor progression had higher relative CBV (1.88 versus 1.38, P ¼
.02) and a tendency toward a larger relative vessel size index (99.67 versus 83.17, P ¼ .15) than those with pseudoprogression.
Combining arterial dominance scores and relative CBV showed significantly higher diagnostic performance (area under the curve ¼
0.82; 95% CI, 0.70–0.94; P ¼ .02) than relative CBV alone (area under the curve ¼ 0.64; 95% CI, 0.49–0.79) in distinguishing early tu-
mor progression from pseudoprogression.

CONCLUSIONS: Vessel architectural imaging significantly improved the diagnostic performance of relative CBV by demonstrating
venous dominance and a tendency toward larger vessel size in early tumor progression.

ABBREVIATIONS: AUC ¼ area under the curve; ETP ¼ early tumor progression; CCRT ¼ concurrent chemoradiotherapy; GRE ¼ gradient recalled-echo;
PP ¼ pseudoprogression; rCBV ¼ relative CBV; rVSI ¼ relative vessel size index; SE ¼ spin-echo; VAI ¼ vessel architectural imaging

Pseudoprogression (PP) remains a diagnostic challenge in
neuro-oncology, occurring in about 20% of patients with

high-grade gliomas within 12weeks of the completion of concur-
rent chemoradiotherapy (CCRT).1 An accurate and timely diag-
nosis of PP is critical to avoid erroneous termination of
successful treatment, which could negatively influence survival.
However, a confirmatory scan may be required before PP can be

confidently distinguished from early tumor progression (ETP),
which might delay a prompt therapeutic intervention. Both PP
and ETP manifest as new or enlarging contrast-enhancing lesions
on follow-up imaging after the completion of CCRT. Abnormal
enhancement in PP likely results from increased permeability
caused by direct damage to the blood-brain barrier and treat-
ment-related cellular hypoxia, which results in increased expres-
sion of hypoxia-regulated molecules in surrounding cells.2,3 This

Received June 22, 2020; accepted after revision November 1.

From the Department of Radiology and Research Institute of Radiology (M.K., J.E.P.,
H.S.K.), University of Ulsan College of Medicine, Asan Medical Center, Seoul, Korea;
Department of Diagnostic Physics, (K.E.) and Unit for Computational Radiology and
Artificial Intelligence (A.B.), Division of Radiology and Nuclear Medicine, Oslo
University Hospital, Oslo, Norway; and Department of Physics (A.B.), University of
Oslo, Oslo, Norway.

This research was supported by a National Research Foundation of Korea grant
funded by the Korean government (Ministry of Science, ICT and Future Planning)
(grant Nos: NRF-2020R1A2B5B01001707 and NRF-2020R1A2C4001748).

Please address correspondence to Ji Eun Park, MD, PhD, Department of Radiology
and Research Institute of Radiology, University of Ulsan College of Medicine, Asan
Medical Center, 88 Olympic-ro 43-gil, Songpa-Gu, Seoul 05505, South Korea; e-
mail: jieunp@gmail.com

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

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A6984

AJNR Am J Neuroradiol 42:663–70 Apr 2021 www.ajnr.org 663

https://orcid.org/0000-0002-5382-9360
https://orcid.org/0000-0002-4419-4682
https://orcid.org/0000-0002-6580-9519
https://orcid.org/0000-0002-3486-3141
https://orcid.org/0000-0002-9477-7421
mailto:jieunp@gmail.com


appears indistinguishable from increased enhancement associated
with early tumor progression, which represents tumoral neoan-
giogenesis. Such differences in tumoral vasculature and microen-
vironment cannot be shown by conventional MR imaging.

So far, perfusion parameters have shown promise in differenti-
ating PP from ETP. CBV from DSC imaging has been found to be
particularly useful for diagnosing PP.4-7 Although high CBV on
DSC imaging may result from overall increased vascular density,
it does not specify whether high CBV comes from vessel recruit-
ment or dilation of vessels.8 In addition, CBV is unable to differ-
entiate the dominant vessel type within the ROI. Vessel
architectural imaging (VAI) is a recent MR imaging technique
with the potential of providing further insight into vessel size and
type. Emblem et al9 demonstrated the use of VAI to characterize
the vessel architecture of recurrent glioblastoma and its changes in
response to antiangiogenic agents to successfully identify respond-
ers to antiangiogenic treatment. It exploits the differences in
observed proton relaxation from simultaneously acquired contrast
agent–enhanced gradient recalled-echo (GRE) and spin-echo (SE)
MR imaging for vessel-size estimation.10-12 The temporal shift
between the 2 relaxation rate curves from GRE and SE may be
visualized in a hysteresis plot, and its slope and direction provide
estimates of vessel size and type, respectively. It has been shown
that vessel size measures on MR imaging accurately reflected his-
tologic measures of vessel caliber while CBV correlated with vessel
density in high-grade gliomas.8 Because VAI can estimate vessel
size and type, it may be able to provide further insight into the
mechanism of PP and to differentiate tumoral neoangiogenesis
seen in ETP and treatment-induced change seen in PP.

We hypothesized that VAI could improve the diagnostic per-
formance for identifying PP over DSC perfusion parameters by
reflecting vessel size and type in the early posttreatment stage of
glioblastoma. Thus, the purpose of this study was to investigate
differences in vessel type and size between ETP and PP in post-
treatment glioblastomas and to demonstrate the diagnostic per-
formance in the enlarging contrast-enhancing mass using VAI.

MATERIALS AND METHODS
Study Patients and Inclusion Criteria
Asan Medical Center institutional review board approved this ret-
rospective study, and the requirement for informed consent

was waived. We searched the elec-
tronic data base of the Department of
Radiology at our tertiary center and
retrospectively reviewed the records
of patients between August 2018 and
July 2019. Figure 1 shows the patient
inclusion process. We identified 71 con-
secutive patients who met the following
inclusion criteria: 1) histopathologic di-
agnosis of a newly diagnosed glioblas-
toma according to the 2016 World
Health Organization criteria;13 2) CCRT
with temozolomide from Stupp et al14

and 6 cycles of adjuvant trimetazidine
performed after surgical resection or bi-
opsy; 3) newly developed or enlarging

(.25%) and measurable contrast-enhancing lesions on surveillance
MR imaging following completion of CCRT;15and 4) DSC perfusion
and VAI sequences available at the time of newly developed or
enlarging and measurable contrast-enhancing lesions, and 5) patho-
logic diagnosis or clinicoradiologic consensus of ETP or PP.
Measurable contrast-enhancing lesions were defined as bidimen-
sionally enhancing lesions with 2 perpendicular diameters of at least
10mm being visible on $2 axial slices on conventional MR
imaging.

A final diagnosis of PP and ETP was confirmed pathologically
in second-look operations when clinically indicated. When sec-
ond-look operations could not be performed, clinicoradiologic
diagnoses were made by consensus between a neuro-oncologist
(J.H.K. with 26 years of experience in neuro-oncology practice)
and a neuroradiologist (H.S.K. with 18 years of experience in
neuro-oncology imaging) according to the Response Assessment
in Neuro-Oncology criteria.15 A final diagnosis of PP was made
when there was an increase in contrast-enhancing lesions that
subsequently regressed or became stable without any changes in
the treatment for at least 6months after an operation and com-
pletion of CCRT. Alternatively, a final diagnosis of ETP was
made if enhancing lesions gradually increased on.2 subsequent
follow-up MR imaging studies performed at 2- to 3-month inter-
vals and required a prompt change in treatment. Patients were
excluded if contrast-enhancing lesions did not meet the criteria
for ETP or PP (n ¼ 4), there was inadequate follow-up to confi-
dently determine ETP or PP on clinicoradiologic consensus (n ¼
6), and VAI sequences were inadequate for image analysis (n ¼
3). Finally, 58 consecutive patients were enrolled in the study.

MR Imaging Protocol and Image Processing
The brain tumor imaging protocol after completion of CCRT at
our institution included T2-weighted imaging, FLAIR imaging,
T1-weighted imaging, diffusion-weighted imaging, simultaneous
GRE-SE DSC perfusion, contrast-enhanced T1-weighted imag-
ing, and conventional DSC perfusion MR imaging. Simultaneous
GRE-SE DSC MR imaging was acquired using axial gradient-
echo, spin-echo echo-planar images with TR ¼ 1.33 seconds,
TE ¼ 34 and 103ms (respectively), section thickness ¼ 5mm,
intersection gap ¼ 2.5mm, in-plane resolution ¼ 1.70 � 1.70
mm, matrix size ¼ 128 � 128, ten slices, and 120 volumes with a

FIG 1. Flow diagram showing the patient-selection protocol and the inclusion and exclusion
criteria.
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total acquisition time of 6minutes 30 seconds. For simultaneous
GRE-SE DSC perfusion, a dynamic bolus was administered
as a standard dose of 0.1mmol/kg of gadoterate meglumine
(Dotarem; Guerbet) delivered at a rate of 4mL/s by a MR imag-
ing–compatible power injector (Spectris MR injector; Medrad).
The bolus of contrast material was followed by a 20-mL bolus of
saline, injected at the same rate. For conventional DSC perfusion,
a second, standard dose of 0.1mmol/kg of gadoterate meglumine
was administered. Conventional DSC perfusion MR imaging was
acquired using TR ¼ 1.72 seconds, TE ¼ 40ms, flip angle ¼ 35°,
FOV ¼ 240mm, section thickness ¼ 5mm, intersection gap ¼
2mm, matrix size¼ 128� 128, and number of slices¼ 20 with a
total acquisition time of 1minute 50 seconds. The dynamic ac-
quisition was performed with a temporal resolution of 1.5 sec-
onds, and 60 dynamics were acquired.

Definition of CBV and VAI Parameters
The simultaneous GRE-SE DSC perfusion data obtained during
the first injection were used for VAI analysis, while the conven-
tional DSC perfusion data obtained during the second injection
were used for whole-brain relative CBV (rCBV). The whole-
brain rCBV, normalized to contralateral normal-appearing
white matter, was calculated using numeric integration of the

time concentration curve after correcting for contrast agent
leakage. Leakage correction was performed using the method of
Weisskoff et al16 with further adaptations from Boxerman et
al17 for both VAI perfusion analysis and conventional DSC per-
fusion analysis with leakage being estimated from the deviation
in each voxel according to a nonleakage reference tissue
response curve.

The VAI perfusion-related maps were generated according to
previously published definitions and notations.9,18,19 In short, the
pixel-wise GRE and SE dynamic signals were converted to changes
in R2* and R2, respectively, for the GRE and SE signals. The result-
ing DR2 values were then raised to the power of 3/2, and a
Gaussian function was fitted to the resulting time curves. The fitted
curves were then plotted with DR2^3/2 along the x-axis and DR2*
along the y-axis, forming hysteresis loops. The hysteresis loops
were characterized by the loop direction, long axis, and slope of
long axis that are shown to be affected by changes in microvascular
function and structure.20 The voxelwise loop direction was visual-
ized by the arrows representing the temporal vortex propagation
(Fig 2). We estimated the following VAI metrics:

1) Relative vessel size index (rVSI):9 defined by rVSI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rCBV � ADC
p � b , where b is the slope of the long axis of
the resulting hysteresis curve, as shown in Fig 2, ADC is the appa-
rent diffusion coefficient, and rCBV is relative cerebral blood

FIG 2. Peak shift and hysteresis plot. A, Peak shift: the time curves of GRE-based DR2* and SE-based DR2^3/2 were fitted to a g -variate func-
tion. A positive peak shift indicates a GRE peak preceding the SE peak, while a negative peak shift indicates the SE peak preceding the GRE peak.
B, Hysteresis plot: the fitted curves are plotted with DR2^3/2 (SE-based) along the x-axis and DR2* (GRE-based) along the y-axis. The clockwise
rotation indicates that GRE-based changes precede SE-based changes, corresponding to the positive peak shift with arterial dominance. The
counter-clockwise rotation indicates that SE-based change precedes GRE-based changes, corresponding to the negative peak shift with venous
dominance. Max indicates maximum.
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volume obtained from the GRE signal normalized to contralateral
normal-appearing white matter.

2) Peak shift: the shift in the peak (g-fitted) GRE versus SE
signals. Peak shift showed positive value when the GRE peak sig-
nal preceded the SE peak signal (Fig 2). Here, we applied a 2-stage
fitting procedure for optimal stability. First, we approximated the
g variate model parameters from linear regression after pixel-
wise transforming of the nonlinear g variate expression to a lin-
ear form, as described by Madsen.21 The estimated parameters
from the linear fit were then used as initial values in a nonlinear
least-squares model using a standard implementation of the itera-
tive Levenberg-Marquardt algorithm.22 In addition, Gaussian
smoothing was applied to the raw data before analysis to reduce
noise.

3) Arterial dominance score: dominant vessel type (artery ver-
sus venule/capillary) was assigned for each voxel depending on
the direction of the vortex. Here, arterial dominance was assigned
to the voxels with a positive (clockwise) vortex direction, while
venule/capillary dominance was assigned to the voxels with a
negative (counterclockwise) vortex direction. Because the average
value of vortex direction for a given VOI representing the con-
trast-enhancing mass did not account for spatial dominance of
arterial-versus-venous vessel type, 2 expert radiologists (J.E.P.
with 7 years of experience in neuro-oncologic imaging, and
H.S.K.) determined the dominant vessel type by observation of
the spatial dominance of negative (venule/capillary dominance)
or positive vortex directions (arterial dominance) based on the
colorized VAI vessel-type map. The arterial dominance score was
assigned on the following scale: 1, capillary/venule-dominant; 2,
mixed; and 3, arterial-dominant. The readers were blinded to the
clinical information and reference standard when assigning the
score.

Lesion segmentation of the contrast-enhancing mass was per-
formed using a 3D region-growing based on the multiplanar
reconstruction view of 3D contrast-enhanced T1-weighted
images by a neuroradiologist (M.K., with 2 years of experience in
neuro-oncologic imaging) using segmentation threshold and
region-growing segmentation algorithms provided by Medical
Imaging Interaction Toolkit (MITK) software (www.mitk.org).
All segmented images were re-evaluated and validated by an
experienced neuroradiologist (H.S.K). Finally, the lesion mask

and 3D contrast-enhanced T1-weighted
images were coregistered to the rCBV
and VAI maps. All image analyses were
performed using the commercial soft-
ware package (nordicICE, Version 4.0.6;
NordicNeuroLab).

Statistical Analysis
The Student t test and x 2 test were
used to assess differences between PP
and ETP groups regarding the demo-
graphic data. The Student t test was
used to assess differences in the rCBV
and VAI parameters between the PP
and ETP groups. A receiver operating
characteristic curve analysis was per-

formed to determine the diagnostic performance of each perfu-
sion parameter for differentiating ETP and PP and was further
validated using leave-one-out cross-validation with 100-fold
bootstrapping. The diagnostic performance of each individual
VAI parameter combined with the rCBV was also evaluated.23

Subgroup analysis with patients diagnosed as ETP and PP within
9months of completing CCRT was performed. P values of areas
under the curve (AUCs) from each parameter were compared
using the Wald test. For the comparison of the AUCs and cross-
validation with bootstrap resampling, the pROC and cvTools
packages in R, Version 3.4.3 (R Project for Statistical Computing,
http://www.r-project.org) were used. A P value, .05 was consid-
ered statistically significant.

RESULTS
Patient Demographics
The clinical characteristics of the patients are summarized in
Table 1. Of the 58 study patients, 41 (70.7%) were classified as
ETP, and 17 (29.3%), as PP. Among 41 patients with ETP, 7
patients (17%) were pathologically confirmed and 34 cases (83%)
were diagnosed as having ETP by clinic-radiologic consensus.
There were no significant differences between the patients with
PP and ETP in terms of age, sex, baseline Karnofsky Performance
Status score, isocitrate dehydrogenase (IDH) mutation status,
MGMT methylation status, extent of surgery, and mean time
interval between the operation and imaging study. Subsequent to
study imaging, patients were treated by reoperations or second-
line agents including antiangiogenic treatment. There were no
patients on experimental therapies such as vaccines or checkpoint
inhibitors.

Comparison of rCBV and VAI Parameters in ETP and PP
DSC and VAI parameters are summarized in Table 2. Patients
with PP showed significantly lower rCBV (mean PP ¼ 1.38 [SD,
0.53] versus mean ETP ¼ 1.88 [SD, 0.78], P ¼ .02) and a tend-
ency toward a smaller rVSI (PP ¼ 83.17 [SD, 40.60] versus
ETP ¼ 99.67 [SD, 38.78], P ¼ .15) compared with patients with
ETP. Patients with PP showed a significantly higher positive peak
shift compared with those with ETP (PP ¼ 0.33 [SD, 0.77] versus
ETP ¼ �0.02 [SD, 0.36], P ¼ .02). The arterial dominance score
was significantly higher in the PP group compared with the ETP

Table 1: Clinical characteristics of the patientsa

ETP (n = 41) PP (n = 17) P
Age (yr) 57.2 [SD, 12.5] 55.1 [SD, 16.0] .64
No. of female patients 17 (41.5%) 11 (64.7%) .11
KPS $70 35 (85.4%) 14 (82.4%) .77
IDH wild-type 38 (92.7%) 15 (88.2%) .36
MGMT promoter status (methylated/

unmethylated/NA)
15/22/4 7/6/4 .28

Surgical extentb .97
Biopsy 4 (9.8%) 2 (11.8%)
Partial resection 13 (31.7%) 5 (29.4%)
Gross total resection 24 (58.5%) 10 (58.8%)

Mean time interval between completion of CCRT
and imaging (days)

204.4 [SD, 523.0] 112.4 [SD, 123.9] .48

Note:—KPS indicates Karnofsky Performance Status; IDH, isocitrate dehydrogenase; NA, not available.
a Data are expressed as the mean [SD]. Numbers in parentheses are percentages.
b Surgical extent refers to the extent of surgical resection at the initial cytoreduction surgery.
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group (PP ¼ 2.11 [SD, 0.6] versus ETP ¼ 1.46 [SD, 0.7], P ¼
.001). Figure 3 shows representative cases of PP and ETP, and
corresponding signal intensity curves with hysteresis plots are
provided in the Online Supplemental Data.

Diagnostic Performance of
Individual and Combined
Parameters
Table 3 summarizes the diagnostic
performance of VAI parameters when
used individually and combined with
rCBV. The diagnostic performance of
rCBV was 0.64 (95% CI, 0.49–0.79)
with a sensitivity of 88.2% and speci-
ficity of 48.8%. Among VAI parame-
ters, the arterial dominance score
showed the highest performance with
an AUC of 0.76 (95% CI, 0.64–0.88;
Wald test, P ¼ .005), followed by peak
shift (AUC ¼ 0.60; 95% CI, 0.43–0.76;
Wald test, P ¼ .20) and rVSI (AUC ¼
0.60; 95% CI, 0.43–0.77; Wald test,
P¼ .58).

The highest diagnostic perform-
ance was achieved when the rCBV was
combined with the arterial dominance
score with an AUC of 0.82 (95% CI,
0.70–0.94) with a sensitivity of 82.3%,
specificity of 78.0%, and accuracy of
79.3%, which was significantly higher
than rCBV alone (P ¼ .02). The diag-
nostic performance also improved
when the rCBV was combined with
the rVSI (AUC ¼ 0.67; 95% CI, 0.53–
0.82) or peak shift (AUC ¼ 0.70; 95%
CI, 0.56–0.86), but these did not reach
statistical significance.

Subgroup Analysis with Patients
Diagnosed as ETP or PP within 9
Months of Completing CCRT
There were 28 patients with ETP (68%,
28/41) and 14 patients with PP (82%)
diagnosed within 9months of com-
pleting CCRT. DSC and VAI parame-
ters in patients diagnosed with ETP or
PP within 9months of completing
CCRT are summarized in the Online
Supplemental Data. Patients with PP
showed significantly lower rCBV
(mean PP ¼ 1.30 [SD, 0.54] versus
ETP¼ 1.99 [SD, 0.82], P¼ .003) and a
higher arterial dominance score (PP ¼
2.07 [SD, 0.46] versus ETP¼ 1.43 [SD,
0.68], P ¼ .001). Patients with PP
showed a tendency toward a higher
peak shift and a smaller rVSI com-
pared with patients with ETP.

The diagnostic performance of VAI parameters when used
individually and combined with rCBV is shown in the Online
Supplemental Data. Among VAI parameters, the arterial domi-
nance score showed the highest performance with an AUC of

FIG 3. A, Early tumor progression. A 53-year-old woman who completed concurrent chemoradio-
therapy 8weeks ago developed a necrotic enhancing mass in the right frontal lobe surrounding the
surgical cavity. On the rCBV map and rVSI map, rCBV is increased with a high rVSI in the corre-
sponding area. A negative peak shift on the peak shift map with venous dominance on the vortex
direction map is noted, and an arterial dominance score of 1 was assigned. B, Pseudoprogression. A
67-year-old woman who completed CCRT 10weeks ago developed a necrotic enhancing mass in
the left frontal lobe. On the rCBV and rVSI maps, rCBV is mildly increased with a lower rVSI than in
the patient with ETP. A positive peak shift on the peak shift map and arterial dominance on the vor-
tex direction map are shown, and an arterial dominance score of 3 was assigned.

Table 2: Mean perfusion and VAI parameters in ETP and PP
Imaging Parameters ETP (n = 41) PP (n = 17) P Valuea

rCBV 1.88 [SD, 0.78] 1.38 [SD, 0.53] .02
rVSI 99.67 [SD, 38.78] 83.17 [SD, 40.60] .15
Peak shift –0.02 [SD, 0.36] 0.33 [SD, 0.77] .02
Arterial dominance score 1.46 [SD, 0.7] 2.11 [SD, 0.6] .001

a P values from an independent-samples t test.
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0.78 (95% CI, 0.64–0.91). The highest diagnostic performance
was achieved when the rCBV was combined with the arterial
dominance score with an AUC of 0.86 (95% CI, 0.75–0.98).

DISCUSSION
In this study, we demonstrated that vessel architectural imaging
parameters derived from simultaneously acquired contrast
agent–enhanced gradient-echo and spin-echo MR imaging
improved the diagnostic performance of rCBV by determining
vessel size and type in differentiating early tumor progression
from pseudoprogression. Early tumor progression showed ve-
nous dominance and a tendency toward larger vessel size, while
pseudoprogression showed arterial dominance and a tendency
toward smaller vessel size. The spatial dominance of vessel type
was analyzed using the arterial dominance score, which was lower
in early tumor progression. VAI parameters were able to provide
insight into tumor vasculature and mechanism of pseudoprogres-
sion by providing information about vessel size and type and
may be used to improve the diagnostic performance of rCBV in
diagnosing tumor progression in posttreatment glioblastoma.

The GRE and SE readouts have different sensitivities to contrast
agent–induced susceptibility effects, with the GRE data reflecting
vessels of all sizes and SE data predominantly reflecting capilla-
ries.20 Peak shift is mainly affected by the relationship between ar-
terial and venous volumes,19 and negative peak shift indicates SE
preceding the GRE peak with venous dominance. In our study, a
negative peak shift was obtained in the ETP group, implying an SE
peak preceding the GRE peak with venous dominance, which cor-
responds to a counterclockwise direction in the hysteresis plot. The
venous dominance of the tumor vasculature may be attributed to
arteriovenous connections within the tumor that lead to increased
vessel size and venous flow and reduced flow in the feeding arterio-
les.24 Tissue with treatment-related change, on the other hand,
showed a positive peak shift (GRE peak preceding the SE peak)
with arterial dominance. We speculate this as relatively less venous
dominance in tissue with treatment-related change with low rCBV
values. In recurrent tumor, proliferation of microvessels at early
neovascularization25 may be reflected in the SE peak by its high
sensitivity to microvessels, while treatment-related change showed
a less prominent SE peak resulting in a positive peak shift with the
GRE peak preceding the SE peak.

In our study, the rVSI was not shown to be significantly dif-
ferent between ETP and PP, though there was a tendency toward
larger vessel size in ETP. A previous study26 showed that mean
vessel size was higher in tumor progression (89 [SD, 45]mm)
compared with contralateral normal white matter (40 [SD,

11] mm) with borderline significance in a subgroup analysis
with patients suspected of tumor progression within 9months
after completing CCRT. In addition, vessel size measures on
MR imaging were reported to demonstrate higher specificity
and sensitivity in differentiating high-grade from low-grade
gliomas compared with rCBV.8 VAI was able to provide infor-
mation regarding vessel size and type better, reflecting underly-
ing tumor vasculature, and hence showed improved diagnostic
performance in detecting tumor progression.

The vasculature of viable tumor and damaged tissue is spa-
tially complex and heterogeneous, and conventional perfusion
parameters such as CBV cannot currently reflect such spatial
complexity and heterogeneity.26 The arterial dominance score in
this study successfully accounted for the spatial dominance of
arteries in PP over capillaries or venules. Previous studies
reported vessel type using the hysteresis plot18,26 or binarized
value26 of arterial or venous dominance, but these reports were
limited to selected voxels and did not account for dominance of a
particular vessel type or spatial heterogeneity. The arterial domi-
nance score was reported on a 3-number scale, and fraction of
dominance was considered, which may suggest that vessel type as
well as its spatial dominance can be helpful in differentiating PP
from ETP in posttreatment glioblastoma. In the current study,
the arterial dominance score was established by 2 experienced
neuroradiologists. In future studies, reproducibility and interob-
server agreement of the arterial dominance score among readers
with different levels of experience may need to be evaluated to
validate this parameter. Moreover, the possibility of deriving this
score directly from the VAI images may be investigated to elimi-
nate the need for manual expert analysis.

In the meta-analyses based on DSC perfusion MR imaging,
pooled sensitivities and specificities for the best-performing param-
eters ranged from 82% to 90% and from 86% to 95%, respec-
tively.6,7,27 However, these analyses did not strictly differentiate
between late radiation necrosis and early treatment effects of pseu-
doprogression. Our results showed that rCBV was a sensitive pa-
rameter (88.2%) with low specificity (48.8%), while rVSI, peak shift,
and the arterial dominance score had higher specificity (67.2%–
74.1%). Angiogenesis and vascular recruitment may consist of a
large number of small-caliber vessels or a small number of large-cal-
iber vessels.28 While rCBV may detect increased vascularity, it is
unable to discriminate the composition of vessels from these poten-
tial circumstances.8 Because peak shift and arterial dominance
scores were able to provide insight into the vascular composition
and its spatial distribution, VAI parameters exhibited higher speci-
ficity in detecting PP compared with rCBV.

Table 3: Diagnostic performance of individual and combined imaging parameters from perfusion and VAI in differentiating PP from
ETP

Individual Parameters AUC Criterion 95% CI Sensitivity Specificity Accuracy
rCBV 0.64 #1.74 0.49–0.79 88.2 48.8 60.3
rVSI 0.60 #70.8 0.43–0.77 47.5 75.6 67.2
Peak shift 0.60 .0.345 0.43–0.76 29.4 92.6 74.1
Arterial dominance score 0.76 .1 0.64–0.88 88.2 65.8 72.4
rCBV 1 rVSI 0.67 NA 0.53–0.82 94.1 39.05 55.2
rCBV1 peak shift 0.70 NA 0.56–0.86 100 39.0 56.9
rCBV 1 arterial dominance score 0.82 NA 0.70–0.94 82.3 78.0 79.3

Note:—NA indicates not available.

668 Kim Apr 2021 www.ajnr.org



Alternative approaches of vascular analysis exist, including
phase-sensitive and susceptibility-weighted imaging techniques
with improved detection of microvasculature and iron-containing
hemorrhagic foci. In patients with posttreatment glioblastoma, a
previous study showed that the increase in the percentage of hypo-
intensity on susceptibility imaging was higher in responders than
in nonresponders, and nonresponders showed a sparse amount of
hypointense signal in the area of contrast enhancement.29 This
finding revealed that radiation-induced damage to microvascula-
ture resulted in the formation of microbleeds on susceptibility
imaging.29,30 However, chronic hemorrhage also appears as hypo-
intensity, and differentiation of arterial- or venous-type vasculature
may not be feasible with susceptibility imaging.

This study has several limitations. First, the diagnostic perform-
ance of rCBV in our study was lower than previously reported in
differentiating tumor progression from treatment-related change.
This finding may be due to low rCBV values extracted from the
conventional DSC MR imaging protocol with a flip angle of 35°,
which is lower than that proposed by American Society of
Functional Neuroradiology recommendations.31 The use of a lower
flip angle may result in relatively small CBV from a low signal-to-
noise ratio and low baseline signal32 and may undermine its dis-
criminatory power between the 2 conditions. Previous studies33,34

quantified perfusion imaging metrics with histopathologic tumor
fraction and yielded a higher diagnostic performance from active
tumor portion. Because posttreatment glioblastoma exhibits spatial
heterogeneity from admixed treatment effect and tumor cells, vox-
elwise quantification to measure distributions and parametric maps
will be a preferred approach in imaging-based analysis.

In this study, we evaluated spatial heterogeneity using the arterial
dominance score, but the measurement was qualitative, and future
study with quantitative longitudinal assessment is deemed neces-
sary. Second, the VAI sequence provides a limited scan range com-
pared with conventional DSC MR imaging due to the need for an
SE readout with long TEs and requires a double-dose injection of
contrast material. However, the recent development of using the
combined spin- and gradient-echo–based MR imaging35 allows
whole-brain coverage and acquisition of robust CBV without a pre-
load in addition to VAI. Technical updates are necessary in our pro-
tocol, though double-dose perfusion studies have been performed
for.20years and were acknowledged by the consensus recommen-
dations of the American Society of Functional Neuroradiology31

and Jumpstarting Brain Tumor Drug Development Coalition
Imaging Standardization Steering Committee.36

CONCLUSIONS
Vessel architectural imaging significantly improved the diagnos-
tic performance of rCBV by demonstrating venous dominance
and a tendency toward larger vessel size in early tumor progres-
sion and may serve as an early identifier of disease progression in
posttreatment glioblastoma.
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ORIGINAL RESEARCH
ADULT BRAIN

Are Dynamic Arterial Spin-Labeling MRA and Time-Resolved
Contrast-Enhanced MRA Suited for Confirmation of

Obliteration following Gamma Knife Radiosurgery of Brain
Arteriovenous Malformations?

A. Rojas-Villabona, F.B. Pizzini, T. Solbach, M. Sokolska, G. Ricciardi, C. Lemonis, E. DeVita, Y. Suzuki,
M.J.P. van Osch, R.I. Foroni, M. Longhi, S. Montemezzi, D. Atkinson, N. Kitchen, A. Nicolato, X. Golay, and

H.R. Jäger

ABSTRACT

BACKGROUND AND PURPOSE: Intra-arterial DSA has been traditionally used for confirmation of cure following gamma knife radio-
surgery for AVMs. Our aim was to evaluate whether 4D arterial spin-labeling MRA and contrast-enhanced time-resolved MRA in com-
bination can be an alternative to DSA for confirmation of AVM obliteration following gamma knife radiosurgery.

MATERIALS AND METHODS: In this prospective study, 30 patients undergoing DSA for confirmation of obliteration following
gamma knife radiosurgery for AVMs (criterion standard) also underwent MRA, including arterial spin-labeling MRA and contrast-
enhanced time-resolved MRA. One dataset was technically unsatisfactory, and the case was excluded. The DSA and MRA datasets
of 29 patients were independently and blindly evaluated by 2 observers regarding the presence/absence of residual AVMs.

RESULTS: The mean time between gamma knife radiosurgery and follow-up DSA/MRA was 53months (95% CI, 42–64 months; range,
22–168 months). MRA total scanning time was 9 minutes and 17 seconds. Residual AVMs were detected on DSA in 9 subjects (oblit-
eration rate ¼ 69%). All residual AVMs were detected on at least 1 MRA sequence. Arterial spin-labeling MRA and contrast-
enhanced time-resolved MRA showed excellent specificity and positive predictive values individually (100%). However, their sensitiv-
ity and negative predictive values were suboptimal due to 1 false-negative with arterial spin-labeling MRA and 2 with contrast-
enhanced time-resolved MRA (sensitivity ¼ 88% and 77%, negative predictive values ¼ 95% and 90%, respectively). Both sensitivity
and negative predictive values increased to 100% if a composite assessment of both MRA sequences was performed. Diagnostic ac-
curacy (receiver operating characteristic) and agreement (k ) are maximized using arterial spin-labeling MRA and contrast-enhanced
time-resolved MRA in combination (area under receiver operating characteristic curve¼ 1, P, .001; k ¼ 1, P, .001, respectively).

CONCLUSIONS: Combining arterial spin-labeling MRA with contrast-enhanced time-resolved MRA holds promise as an alternative
to DSA for confirmation of obliteration following gamma knife radiosurgery for brain AVMs, having provided 100% sensitivity and
specificity in the study. Their combined use also enables reliable characterization of residual lesions.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; CE ¼ time-resolved contrast-enhanced; GKR ¼ gamma knife radiosurgery; NPV ¼ negative predictive value; PPV ¼
positive predictive value; ROC ¼ receiver operating characteristic

Brain AVMs are a potential source of neurologic morbidity and
mortality due to the life-long risk of intracranial bleeding if left

untreated (1.5%–4.0% per year).1 Gamma knife radiosurgery

(GKR) is a well-established treatment for selected patients with
brain AVMs.2 It triggers a gradual decrease in blood flow through
the AVM nidus a few months after treatment, which progresses so
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that by 2–3 years posttreatment, approximately 75% of AVMs are
completely obliterated.3 The risk of intracranial bleeding is thought
to persist until complete obliteration of the nidus is achieved, so it
is imperative to confirm AVM cure after treatment.

Intra-arterial DSA has been traditionally used for confirma-
tion of obliteration following GKR.4,5 Most GKR centers around
the world also use regular MRI and MRA for follow-up, but most
patients still undergo DSA to confirm a cure a few years after
treatment, usually once obliteration is suggested by MRI/MRA.6

Although widely used, DSA conveys some risk, which includes
neurologic complications (2.63%), stroke with permanent disabil-
ity (0.14%), death (0.06%), and access site hematoma (4.2%).7

DSA also exposes both patients and medical staff to ionizing radi-
ation, and it carries a risk associated with the injection of iodin-
ated contrast agents. It is an unpleasant experience for patients
due to pain, invasiveness, and prolonged bed rest after the proce-
dure.8 The cost associated with DSA examinations is also signifi-
cantly larger than that of diagnostic MRI.

The potential to improve follow-up procedures after GKR
using less invasive and radiation-free imaging methods has been
described elsewhere, and important attempts have been made
using MRA as an alternative to DSA.4,5,9,10 Multiple studies have
concluded that individually, TOF angiography and time-resolved
contrast-enhanced MRA (CE-MRA) have good diagnostic accu-
racy, which supports their addition to the standard follow-up
protocols. However, due to their limited sensitivity and specific-
ity, it is still recommended that DSA be performed to confirm
AVM obliteration. MR vascular imaging is being continuously
developed, with increasing spatial resolution achieved with con-
trast-based MR angiography and also subsecond temporal resolu-
tion with 4D MRA sequences.11,12 The introduction of arterial
spin-labeling MRA (ASL-MRA), for instance, has also allowed
the acquisition of time-resolved cerebral angiography with tem-
poral resolution comparable with that of DSA (100–200ms),
without the administration of contrast agents.13-15 This study
aimed to evaluate whether dynamic ASL-MRA and CE-MRA in
combination can be an alternative to DSA to confirm obliteration
of brain AVMs following GKR and to characterize residual
AVMs in cases with an incomplete response.

MATERIALS AND METHODS
Patients
Adult patients undergoing DSA for assessment of obliteration fol-
lowing GKR for AVMs at Verona University Hospital between
November 2014 and December 2016 were prospectively recruited.
The decision to perform follow-up DSA was made by the clinical
team on the basis of their routine follow-up procedures, which are
that DSA is performed once obliteration is demonstrated on regu-
lar follow-up MR imaging/MRA or after 4 years if no response or
only partial response is seen on MR imaging/MRA.

The study was approved by the Verona and Rovigo Research
Ethics Committee (European equivalent to an institutional review
board), and all participants gave written consent for MRA to be
performed on the same day as DSA. Exclusion criteria included
contraindications to MR imaging (ie, pacemakers, metallic
implants), patients unable to tolerate MR imaging without seda-
tion/anesthesia, abnormal renal function (estimated glomerular

filtration rate of , 30 mL/min), inability to consent, pregnancy,
and history of an allergic reaction to gadolinium.

Thirty consecutive patients were enrolled, and Table 1 shows
their demographic details and AVM characteristics. The mean age
was 37 years (range, 18–69 years), and 66% of participants were
female. Twenty-two patients (73%) presented with a ruptured
AVM on diagnosis. The mean AVM volume at the time of GKR
was 7.01 [SD, 9.8] mL (range, 0.07–50.54 mL), and the AVMs
were well-distributed across the head anatomy. Ten patients
(33.3%) had previously undergone glue embolization (N-butyl cya-
noacrylate), and 3 (10%), microsurgical resection before GKR. One
of them had undergone GKR twice for the same AVM.

In 1 case, the contrast agent was not detected by CE-MRA
due to mis-timing of the gadolinium injection with respect to the
dynamic acquisition. This dataset was considered technically
unsatisfactory, and the case was excluded. Final statistical analysis
included 29 patients.

MRA
MRA included 4D-ASL-MRA and CE-MRA. These were acquired
using an 8-channel head coil on an Achieva 3T MR imaging sys-
tem (Philips Healthcare) and the scanning parameters shown in
Table 2.

ASL-MRA labeling was performed with signal targeting with
alternating radiofrequency and a labeling slab of 300mm positioned
20mm below the imaging plane.16 An EPI readout17 enabled acqui-
sition of 8 dynamic phases with a temporal resolution of 200ms.
CE-MRA included 24 dynamic sagittal acquisitions using a 3D, T1-
weighted, fast-field echo sequence. Intravenous injection of 0.1mL/
kg of gadobutrol, 1.0mmol (Gadovist; Bayer Schering Pharma),
was administered with an automated injector at 3.5mL/s followed
by 20-mL normal saline flush at the same rate. A reference scan was
acquired before contrast injection for subtraction of stationary tis-
sue, and dynamic sampling was started at the same time as the
injection. The dynamic acquisition used contrast-enhanced robust-
timing angiography and the keyhole method, with 20% of the
k-space collected per frame, achieving a temporal resolution of
608ms/phase. MIPs of the individual MRA sequences were

Table 1: Demographic details and AVM characteristics of the
study subjects

Characteristics
Age (mean) (range) (yr) 37 (18–69)
Female (%) 66%
AVM location (No.) (%)
Temporal 9 (30%)
Frontal 6 (20%)
Parietal 6 (20%)
Occipital 3 (10%)
Basal ganglia/brain stem 4 (13%)
Posterior fossa 2 (7%)
Lateralization (%)
Right 30%
Left 70%
AVM volume (mean) (range) (mL) 7.01 (0.07–50.54)
GKR (mean) (range)
Dose (Gy) 17 (11–22)
Percentage isodose 50%
Mean time post-GKR (range) (mo) 53 (22–168)
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generated in orthogonal planes and transferred to an OsiriX
DICOMViewer 8.4 (http://www.osirix-viewer.com) for review.

DSA
DSA was performed using an AlluraXper biplane system (Philips
Healthcare) and an iodinated contrast agent (iohexol, Omnipaque,
240mg/mL; GE Healthcare). DSA acquisitions were performed at
a rate of 3–7 frames/s in standard anterior-posterior, lateral, and
oblique projections, when necessary.

Data Analysis
The DSA and MRA datasets (MIP reconstruction and source
images) were independently evaluated by 2 observers regarding
the presence/absence of residual AVMs. The observers were a
neuroradiologist with 13 years of experience (F.B.P.) and an inter-
ventional neuroradiologist with 15 years of clinical practice
(T.S.). They were blinded to the patient’s name and demo-
graphics, date of the examination, previous clinical reports, and
each other’s assessments. The observers had not performed or
previously interpreted the DSA examinations for clinical pur-
poses. DSA and MRA examinations were anonymized, randomly
numbered, and reviewed in different sessions several weeks apart
to prevent reporting bias. To simulate the clinical scenario in
which radiologic assessment is aided by pre-existing knowledge
of the size and location of the treated AVMs, the observers had
access to anonymized images of the stereotactic DSA or postcon-
trast T1WI performed on the day of GKR for comparison with
follow-up DSA and MRA, respectively.

AVM obliteration was defined as the complete absence of a
nidus and arteriovenous shunt (early-filling draining veins) in
both MRA sequences. The Spetzler-Martin grading system (sizes,

,3 cm, 3–6 cm, and.6 cm; venous
drainage: deep versus superficial
only; adjacent brain: eloquent ver-
sus noneloquent) was used to grade
residual lesions. Further characteri-
zation of residual AVMs included
the identification of feeding arteries
and draining veins.

DSA was regarded as the crite-
rion standard. The sensitivity, spec-
ificity, positive predictive value
(PPV), and negative predictive
value (NPV) of ASL-MRA, CE-
MRA and the combination of both
for detection of residual AVMs
were calculated. Their diagnostic
performance (accuracy) to discrim-
inate between patients with residual
AVMs and those with complete
obliteration was evaluated using
receiver operating characteristic
(ROC) curve analysis. An area
under the ROC curve of 1 denoted
complete agreement, while 0.5 was
no agreement other than what
would be expected by chance. The

weighed Cohen k coefficient was calculated to measure agree-
ment between DSA and MRA (k # 0.20 ¼ poor;$0.91 ¼ excel-
lent).18 Statistical significance was defined as P, .05, and
analyses were performed using the Statistical Package for the
Social Sciences (Version 23; IBM).

RESULTS
The mean time between GKR and follow-up DSA/MRA was
53months (95% CI, 42–64 months; range, 22–168 months). ASL-
MRA and CE-MRA scanning time was 5 minutes and 58 seconds
and 3 minutes and 19 seconds, respectively. At follow-up imaging,
no patients had received further treatment for residual AVMs nor
had they experienced any intracranial bleeds post-GKR.

Confirmation of AVM Obliteration
A residual AVM was detected on DSA in 9 subjects, and complete
radiographic obliteration was confirmed in 20 patients by both
observers using DSA, resulting in an obliteration rate of 69%, which
was in complete agreement with the clinical reports produced by the
interventional radiologist who had performed the DSA.

The residual AVM was detected by observers on ASL-MRA in
8 subjects and on CE-MRA in 7 of 9 patients who had been shown
to have a residual on DSA. Table 3 shows how all residual AVMs
were detected on at least 1 MRA sequence. The case in which ASL-
MRA failed to show the residual AVM (case 30) is presented in Fig
1. In 2 cases, the residual lesion was not observed on CE-MRA (Fig
2) due to the very small size of the residual lesion (6mm, case 13)
and the diffuse nature of the also very small residual nidus in case
9. No abnormalities were observed on MRA in those patients with
complete radiographic obliteration on DSA.

Table 2: Scanning parameters of ASL-MRA and CE-MRA
Parameter ASL-MRA CE-MRA

MRA type Dynamic (4D) Dynamic (4D)
Scan duration (min:sec) 5:58 3:19
Contrast
Acquisition T1-TFEPI T1-FFE
TR (ms) 12 3
TE (ms) 5 1
Flip angle 10° 25°

Resolution
FOV (RL � AP � CC mm) 210 � 210 � 90 150 � 210 � 210

Acquisition Transversal Sagittal
Slabs 1 1
Acquisition matrix 172 � 172 � 70 50 � 248 � 248
Acquired voxel size (mm) 1.22 � 1.26 � 1.3 3 � 0.85 � 0.85
Reconstruction matrix 256 � 256 288 � 288
reconstructed voxel size (mm) 0.82 � 0.82 � 0.65 1.5 � 0.73 � 0.73
No. of slices 140 100
SENSE factor 2.5/1 4/2
Dynamic acquisition
Dynamic imaging mode TFEPI CENTRA keyhole
No. of dynamic phases 8 24
Phase interval (temporal resolution) (ms) 200 608
Label delay (ms) 200 –

Contrast – Gadovist 0.1 mL/Kg; IV pump
injection: 3.5mL/s

Note:—indicates non-applicable; TFEPI, Turbo-field echo-planar imaging; FFE, fast-field echo; CENTRA, enhanced
robust-timing angiography; RL, right-left; AP, anterior-posterior; CC, caudo-cranial; SENSE, sensitivity encoding.
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The sensitivity, specificity, PPV, and NPV of ASL-MRA and
CE-MRA for detection of residual AVMs are presented in Table
4. ASL-MRA and CE-MRA showed excellent specificity and PPV
individually due to the absence of false-positives. Their sensitivity
and NPV, however, were suboptimal due to the finding of 1 false-
negative with ASL-MRA and 2 with CE-MRA (sensitivity ¼ 88%
and 77%; NPV ¼ 95% and 90%, respectively). Both sensitivity
and NPV increased to 100% if a composite assessment of both

MRA sequences was performed. Diagnostic accuracy (ROC) and
agreement (k ) are also maximized using ASL-MRA and CE-
MRA in combination (area under the ROC curve¼ 1, P, .001;
k ¼ 1, P, .001, respectively).

Characterization of Residual AVMs in Cases of
Incomplete Response
Table 5 shows the interpretation of DSA and MRA regarding
Spetzler-Martin grading of residual AVMs by both observers.
There was complete agreement on size and drainage scores
between MRA and DSA for both observers in all 9 residual
lesions (k ¼ 1; P, .003). Different eloquence scores were
noted on DSA and MRA in 1 case by the first observer and in
3 cases by the second observer. These were the result of lim-
ited anatomic localization on 2D DSA images compared with
MRA. Figure 3 shows a representative case of a residual AVM
that was fully and accurately characterized in terms of
Spetzler-Martin grading using ASL- and CE-MRA compared
with DSA.

Observer 1 identified a total of 14 feeding arteries and 13
draining veins on both DSA and MRA. Observer 2 identified
17 feeding arteries and 15 draining veins on DSA and 15 and
12 on MRA, respectively (Table 3). The same blood vessel
was identified by both observers as the main feeding artery

FIG 1. Post-GKR DSA and MRA of a study case in which the residual
AVM was not visualized on ASL-MRA (case 30). Post-GKR DSA (A and
B) shows a residual AVM nidus (white arrow) fed by the left posterior
cerebral artery. CE-MRA (E–F) shows slow filling of the AVM nidus
(white arrow) lateral to the deep venous system. No residual AVM is
noted on ASL-MRA (C and D).

FIG 2. Representative case of a residual AVM not visualized on CE-
MRA (case 13). The pre-GKR DSA (A) shows 2 AVM nidi (white arrows)
at the time of GKR in a patient with previous partial surgical excision
of a ruptured AVM. The most lateral nidus is not identified in post-GKR
imaging; however, a residual of the most medial nidus (arrowheads) is
identified on post-GKR DSA (B) and ASL-MRA (C and D). The small size
of the lesion renders it not identifiable on the CE-MRA (E–F).

Table 3: Identification of residual AVM with DSA, ASL-MRA,
and CE-MRA in cases with a residual lesion

Case
Residual AVM

DSA ASL-MRA CE-MRA
3 Yes Yes Yes
6 Yes Yes Yes
9 Yes Yes Noa

10 Yes Yes Yes
11 Yes Yes Yes
13 Yes Yes Noa

19 Yes Yes Yes
23 Yes Yes Yes
30 Yes Noa Yes

a False-negative.
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on DSA and MRA for 8 of 9 residual AVMs. In 1 case, ob-
server 1 named the superior cerebellar artery as the only
feeder on DSA, and the posterior cerebral artery, on MRA,
while observer 2 named the same feeding vessels but in the
opposite set of investigations, ie, superior cerebellar artery on
MRA and posterior cerebral artery on DSA.

DISCUSSION
This work presents the use of 2 dynamic MRA techniques based
on ASL and gadolinium bolus tracking for confirmation of oblit-
eration of brain AVMs following GKR. The ASL-MRA, CE-
MRA, and DSA sequences of 29 patients who underwent follow-
up imaging to confirm obliteration of brain AVMs following
GKR were blindly and independently assessed by 2 observers.
ASL-MRA and CE-MRA individually have limited sensitivity and
NPV for detection of residual AVMs after radiosurgery. This is of
clinical importance because false-negative investigations could
result in a persistent risk of hemorrhage from AVMs in patients
thought to have been cured. The combined use of ASL-MRA and
CE-MRA, which provide both temporal and spatial information,
appears to be a reliable method to confirm/rule out the presence
of residual AVMs after radiosurgery. The composite use of
dynamic ASL-MRA and CE-MRA in our study showed maximal
sensitivity and specificity compared with DSA; this outcome
makes this the first study demonstrating satisfactory diagnostic
accuracy of MRA for confirmation of obliteration following GKR
of brain AVMs. The results of this study support the use of ASL-

MRA and CE-MRA as a first-line
technique for confirmation of oblit-
eration following GKR, which is of
high clinical relevance because this
would not only avoid unnecessary
DSA examinations for patients
with cured AVMs (69% in our
study group) but also help rational-
ize its use in patients with residual
AVMs who may need more DSAs
for further treatment.

The major accomplishment of
using two 4D-MRA sequences is the combination of high tempo-
ral and spatial resolution, which is necessary to appreciate the
dynamic characteristics of AVMs.19 AVMs exhibit a high degree
of heterogeneity in terms of angioarchitecture and flow dynamics,
and even within the same lesion, there may be dramatic and
unpredictable differences in terms of vessel configuration and
blood flow. This accomplishment is most likely the reason for the
disappointing results of previous studies that attempted to detect
and fully characterize residual AVMs using either TOF or CE-
MRA.4,5,9,10 If used independently, those MRA sequences are
unable to capture all the complexity and heterogeneity of shapes,
sizes, and velocities seen on AVMs. However, in combination,
the chance of false-negatives is reduced and their combined abil-
ity to detect/rule out residual AVMs after GKR is increased. This
feature is demonstrated in our study by the visualization of all re-
sidual AVMs in at least 1 MRA sequence and the optimal charac-
terization of residual AVMs using structural and dynamic
information obtained from both MRA modalities. Such use of
multiple sequences for diagnostic purposes is commonplace in
radiology, and it is well-accepted that information from multiple
sources (ie, T1WI, T2WI, and contrast imaging) may be required
to achieve a full diagnosis.

The main limitation of our study is that a separate review of
each MRA sequence, to assess their ability to individually confirm
AVM obliteration, was not part of the design. This was because
multiple studies had previously concluded that individually, all
previously used MRA sequences have suboptimal diagnostic ac-
curacy compared with DSA.4,5,9,10 Also, the review of both MRA
sequences separately followed by their combined re-assessment
would have resulted in increasing and unpredictable reporting
bias. Instead, as part of the combined assessment of both MRA
sequences, the observers indicated which of the 2 showed the re-
sidual AVM, and this information provided some insight into the
diagnostic accuracy of each individual sequence. However, we
cannot assume that the outcome would have been the same if
each MRA technique were assessed independently because the
combined assessment of the 2 is highly likely to have resulted in a
degree of crossed reinforcement or reassurance of findings
between the individual sequences.

In our study, CE-MRA appeared to have lower diagnostic ac-
curacy by failing to show 2 residual AVMs that were clearly
visualized on ASL-MRA and DSA (Fig 2). CE-MRA is prone to
motion artifacts, and it relies on single-pass bolus tracking, which
contributed to a technically unsatisfactory MRA dataset that was
excluded from the analysis. Nonetheless, CE-MRA provided

Table 4: Sensitivity, specificity, PPV, and NPV of ASL-MRA, CE-MRA, and the combination of
the 2 for detection of residual AVMs

ASL-MRA CE-MRA Both
Sensitivity 88% 77% 100%
Specificity 100% 100% 100%
PPV 100% 100% 100%
NPV 95% 90% 100%
Diagnostic accuracy (ROC) 0.94 (P, .001)a 0.89 (P¼ .002)a 1 (P, .001)a

Agreement (k ) 0.92 (P, .001) 0.82 (P, .001) 1 (P, .001)
a Null hypothesis: true area ¼ 0.5.

Table 5: Characterization of residual AVMs using ASL-MRA and
CE-MRA compared with DSA

Observer 1 Observer 2
DSA MRA DSA MRA

SMS
Size
,3 cm 7 7 7 7
3–6 cm 2 2 2 2
.6 cm – – – –

Drainage
Superficial only 5 5 5 5
Deep 4 4 4 4
Eloquence
Noneloquent 5 4 3 4
Eloquent 4 5 6 5

Feeding arteries 14 14 17 15
Draining veins 13 13 15 12

Note:—indicates non-applicable; SMS, Spetzler-Martin Score.
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valuable dynamic information for the characterization of re-
sidual lesions, in terms of feeding arteries and draining veins,
and it can also depict arteriovenous shunting, which was
essential in the evaluation of AVM obliteration. CE-MRA
was very important in a case in which the residual AVM was
not visualized on ASL-MRA (Fig 1), and this case demon-
strates how the 2 sequences complement each other, increas-
ing the chances of AVM detection and enabling the
characterization of residual AVMs.

Regarding ASL-MRA, to date, no previous studies exist on its
use for confirmation of AVM obliteration after radiosurgery. A
number of studies have used it, together with ASL perfusion, for
assessment of AVMs with promising results, but their value com-
pared with DSA is also still to be fully established.20-22 ASL is an
appealing technique for confirmation of obliteration because ve-
nous signal in AVM draining veins can be considered a strong in-
dication of arteriovenous shunting, which is an unequivocal

defining element of an AVM. During an ASL acquisition, the ar-
terial blood water is labeled with a radiofrequency pulse proximal
to the brain, and it is used as an endogenous contrast agent.17,23

Under normal physiologic conditions, the time it would take for
the labeled water to reach the veins (either via intravascular trans-
port through the microvascular bed or via extravasation into the
extravascular compartment and subsequently being picked up in
the venous system) is longer than the time between the start of
labeling and the readout. Thus, there is normally little detectable
signal within the intracranial veins on ASL perfusion images24 or
on ASL angiography. Furthermore, decay of the tagged spins in
ASL angiography is accelerated by the train of readout excitation
pulses, resulting in additional signal reduction more distal into
the vascular tree. In AVMs, however, the labeled spins are rapidly
shunted directly into the venous circulation, giving rise to high
signal intensity in AVM draining veins.25 In our study, ASL-
MRA proved critical to the assessment of the response to GKR in

FIG 3. Characterization of a residual AVM (case 19) using ASL (D–F) and CE-MRA (G–I) compared with DSA (A–C) . The feeding arteries of this
AVM, which are branches of the anterior and middle cerebral arteries (white arrows), are clearly depicted on ASL-MRA and CE-MRA . The drain-
ing veins (arrowheads) seen on DSA can also be identified on ASL and CE-MRA, and they involve both the superficial venous system via the
superior sagittal sinus and the deep system via the left internal cerebral vein.
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2 cases in which CE-MRA failed to demonstrate the residual
lesion (Fig 2). It also provided important information on nidus
size and the number of feeding arteries. However, as in other
individual MRA sequences, ASL-MRA is, by itself, unable to cap-
ture all the possible scenarios of size, flow, and velocity to reliably
detect residual AVMs, evidenced by the occurrence of a false-pos-
itive in which ASL-MRA failed to show the residual nidus (Fig 1).

In our study, the observers were aided by a very high index
of suspicion because they were aware of the location of
AVMs at treatment and, therefore, knew where to look for re-
sidual lesions. It could be argued that results would have been
different if the observers had no indication of the potential
AVM location; however, the study was pragmatically
designed to replicate the clinical scenario in which DSA
examinations are reviewed specifically to confirm oblitera-
tion. We performed DSA once obliteration was demonstrated
on regular follow-up MR imaging/MRA or after 4 years if no
response or only partial response was seen on MR imaging/
MRA. This procedure could have introduced a degree of
selection bias. Also, we had a relatively small sample size,
which is a limitation of the study. The assessment of a larger
number of patients is needed to strengthen the power of the
results.

Optimization of MRA sequences for further implementation
should include individualized time resolution of ASL-MRA,
which can be used to better characterize the flow dynamics of re-
sidual AVMs. There is also a great potential for improvement of
MRA by postprocessing the individual datasets and, through their
combination, generating a single product that incorporates the
information provided by both sequences. This improvement is
still to be accomplished and developers should aim for more so-
phisticated 4D visualization maps, which enhance the visual ex-
perience and facilitate interpretation.

CONCLUSIONS
Combining ASL-MRA with CE-MRA holds promise as an alter-
native to DSA for confirmation of obliteration following GKR for
brain AVMs, having provided 100% sensitivity and specificity in
the study. In addition, their combined use enables reliable charac-
terization of residual lesions.
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COMMENTARY

Is Catheter Angiography Still Necessary to Evaluate
Obliteration of Brain Arteriovenous Malformations Treated

with Stereotactic Radiosurgery?

In this single-center prospective study, the authors investigated
the accuracy of 4D arterial spin-labeling MR angiography

(ASL-MRA) and contrast-enhanced time-resolved MRA (CE-
MRA) sequences for determining obliteration of brain AVMs
treated with stereotactic radiosurgery (SRS). Patients with SRS-
treated AVMs found to have obliteration on routine follow-up
MR imaging/MRA or residual nidus after 4 years of follow-up
were enrolled in the study. These patients then underwent MRA
with 4D ASL-MRA and CE-MRA sequences in addition to the
recommended catheter DSA on the same day. Images were ran-
domly allocated to and independently interpreted by 2 experi-
enced neuroradiologists who were blinded to clinical data. The
ability of the 4D ASL-MRA and CE-MRA sequences to distin-
guish AVM obliteration status was compared with that of DSA,
the current the criterion standard.

Thirty consecutive patients were enrolled, but 1 was subse-
quently excluded because of technical error during imaging acqui-
sition, so the final analysis included 29 patients. The mean follow-
up duration was 53months. Complete obliteration and residual
AVMs, based on DSA, were found in 20 (69%) and 9 (31%)
patients, respectively. Residual AVMs were accurately identified in
8 and 7 cases based on 4D ASL-MRA (sensitivity ¼ 88%, negative
predictive value [NPV] ¼ 95%) and CE-MRA (sensitivity ¼ 77%,
NPV ¼ 90%) sequences, respectively. The sensitivity and NPV
improved to 100% when these sequences were used together. The
authors also reported that 4D ASL-MRA and CE-MRA sequences
were able to provide data relevant to the Spetzler-Martin grade in
complete agreement with DSA with regard to nidus size and ve-
nous drainage pattern (Cohen k¼ 1, P, .003). The authors con-
cluded that 4D ASL-MRA and CE-MRA sequences are promising
alternatives to DSA for confirming AVM obliteration after SRS,
and they may also be able to characterize the angioarchitecture of
residual AVMs.

Despite improvements in catheters and its minimally invasive
nature, DSA continues to harbor small risks of stroke and access site
complications.1 Advances in image resolution and dynamic imaging
with MR imaging have improved contemporary noninvasive radio-
logic evaluation of AVMs. The role of MR imaging in determining

SRS-induced AVM obliteration has evolved concurrently with tech-
nological improvements in its neuroimaging resolution and capabil-
ities.2,3 The goal of AVM intervention is obliteration of the nidus
because any residual arteriovenous shunting represents persistent
hemorrhage risk.4 As such, sensitivity and NPV of the imaging tech-
nique under investigation for detecting residual AVM nidus are of
utmost importance.5 These factors are particularly crucial for AVMs
treated with SRS because obliteration after this intervention occurs
in a delayed fashion over a period of up to 5years.6,7 SRS-treated
AVMs often require routine serial imaging follow-up during this la-
tency period, so the accuracy of noninvasive imaging in guiding the
necessity and timing of DSA is essential.

4D ASL-MRA and CE-MRA sequences each demonstrated
reasonable sensitivities and NPVs for residual AVM detection
after SRS, and their combined sensitivity and NPV were both
100%. The authors should be commended for putting forth a
well-designed study investigating this topic, though readers
should recognize the study’s limitations. First, the sample
included a highly selected cohort of AVMs with a high likeli-
hood of obliteration (because of obliteration observed on MR
imaging) and patent nidi 4 years after SRS. The study did not
clearly define whether residual AVMs detected on 4D ASL-
MRA and CE-MRA sequences derived from the obliterated
or nonobliterated groups based on routine follow-up MR
imaging. The utility of DSA for post-SRS follow-up lies in its
ability to detect residual AVMs not otherwise identified on
MR imaging. Small and poorly defined AVMs usually include
residual nidi that are missed on routine follow-up MRI, and
detection of these lesions on 4D ASL-MRA and CE-MRA
sequences may not have been adequately assessed. Therefore,
inclusion of patent AVMs on routine follow-up MR imaging
may have falsely inflated the sensitivities and NPVs of these
MRA sequences.

Although the overall study cohort included 29 patients, the
sample size used to assess the sensitivities of 4D ASL-MRA and
CE-MRA included only 9 patients. The small sample size also
precluded subgroup analyses. Therefore, future studies of larger
cohorts are necessary to confirm the presented findings. The
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results of this study demonstrated a promising future for nonin-
vasive imaging in accurately assessing the obliteration status of
AVMs treated with SRS, thereby reducing the need for DSA in
post-SRS follow-up. Although noninvasive imaging may not
entirely supplant the need for DSA in future AVM imaging, a
larger proportion of these patients may be spared the procedural
risks associated with DSA.
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ORIGINAL RESEARCH
ADULT BRAIN

Determining the Degree of Dopaminergic Denervation Based
on the Loss of Nigral Hyperintensity on SMWI in

Parkinsonism
Y.J. Bae, Y.S. Song, J.-M. Kim, B.S. Choi, Y. Nam, J.-H. Choi, W.W. Lee, and J.H. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Nigrostriatal dopaminergic function in patients with Parkinson disease can be assessed using 123I-2b -car-
bomethoxy-3b -(4-iodophenyl)-N-(3-fluoropropyl)-nortropan dopamine transporter (123I-FP-CIT) SPECT, and a good correlation has been
demonstrated between nigral status on SWI and dopaminergic denervation on 123I-FP-CIT SPECT. Here, we aim to correlate quantified
dopamine transporter attenuation on 123I-FP-CIT SPECT with nigrosome-1 status using susceptibility map-weighted imaging (SMWI).

MATERIALS AND METHODS: Between May 2017 and January 2018, consecutive patients with idiopathic Parkinson disease (n¼ 109) and
control participants (n¼ 29) who underwent 123I-FP-CIT SPECT with concurrent 3T SWI were included. SMWI was generated from SWI.
Two neuroradiologists evaluated nigral hyperintensity from nigrosome-1 on each side of the substantia nigra. Using consensus reading,
we compared the 123I-FP-CIT–specific binding ratio according to nigral hyperintensity status and the 123I-FP-CIT specific binding ratio
threshold to confirm the loss of nigral hyperintensity was determined using receiver operating characteristic curve analysis.

RESULTS: The concordance rate between SMWI and 123I-FP-CIT SPECT was 65.9%. The 123I-FP-CIT–specific binding ratios in the stria-
tum, caudate nucleus, and putamen were significantly lower when nigral hyperintensity in the ipsilateral substantia nigra was absent than
when present (all, P, .001). The 123I-FP-CIT–specific binding ratio threshold values for the determination of nigral hyperintensity loss were
2.56 in the striatum (area under the curve, 0.890), 3.07 in the caudate nucleus (0.830), and 2.36 in the putamen (0.887).

CONCLUSIONS: Nigral hyperintensity on SMWI showed high positive predictive value and low negative predictive value with dopa-
minergic degeneration on 123I-FP-CIT SPECT. In patients with Parkinson disease, the loss of nigral hyperintensity is prominent in
patients with lower striatal specific binding ratios.

ABBREVIATIONS: PD ¼ Parkinson disease; SBR ¼ specific binding ratio; SMWI ¼ susceptibility map-weighted imaging; SN ¼ substantia nigra; 123I-FP-CIT ¼
123I-2[b ]-carbomethoxy-3[b ]-(4-iodophenyl)-N-(3-fluoropropyl)-nortropan dopamine transporter; MMSE ¼ Mini-Mental State Examination; MoCA ¼ Montreal
Cognitive Asses; UPDRS ¼ Unified Parkinson’s Disease Rating Scale; ROC ¼ receiver operating characteristic; AUC ¼ area under the curve

The second most common neurodegenerative disorder,1,2

Parkinson disease (PD) is characterized by dopaminergic
cell loss within the substantia nigra (SN) of the midbrain that

reportedly progresses from structures called nigrosomes,1 be-
ginning with the largest subdivision of nigrosome-1.3,4 The
presence of nigrosome-1 can be assessed using high-resolution
MR imaging, and its absence can serve as a powerful diagnostic
tool for PD.5-13

The standardized assessment of nigrostriatal dopaminergic

function in patients with PD has been performed using SPECT,

including 123I-2b -carbomethoxy-3b -(4-iodophenyl)-N-(3-fluo-

ropropyl)-nortropane (123I-FP-CIT) SPECT as its more common

variation.14-16 Although research has demonstrated a good corre-

lation between nigral status determined with SWI and the status of

dopaminergic denervation revealed with 123I-FP-CIT SPECT,5,7

the 2 methods lack absolute agreement. In addition, denervation

can reportedly be observed on 123I-FP-CIT SPECT, but nigral

hyperintensity is maintained onMR imaging,5,7 possibly informing

a false-negative diagnosis of PD. To the best of our knowledge, no

study has evaluated the relationship between the degree of
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dopaminergic denervation on 123I-FP-CIT SPECT and the status

of nigral hyperintensity on SWI.
The present study aims to determine the degree of the dopa-

minergic denervation on 123I-FP-CIT SPECT according to the
presence or loss of nigral hyperintensity on 3T MR imaging in
patients with PD. We evaluated the striatal specific binding ratios
(SBRs) of the 123I-FP-CIT and used susceptibility map-weighted
imaging (SMWI) to enhance the visibility of nigrosome-1.17,18

The purpose of this study was to correlate quantified dopamine
transporter attenuation on SPECT with the status of nigral hyper-
intensity on MR imaging.

MATERIALS AND METHODS
This study was approved by the institutional review board of our
institution (institutional review board no. B-1610–368-303).
Informed consent was obtained from all study participants.

Patients and Clinical Assessment
Consecutive patients who visited our hospital with suspected par-
kinsonism were enrolled between May 2017 and January 2018.
All patients were evaluated by a neurologist (J.-M.K.) with
17 years of experience in diagnosing and treating patients with
movement disorders, and the patients who were clinically diag-
nosed with de novo idiopathic PD were included in this study.
Clinical diagnoses of idiopathic PD were made in accordance
with UK Parkinson’s Disease Society Brain Bank clinical diagnos-
tic criteria, including bradykinesia and at least 1 of muscular ri-
gidity, resting tremor and postural instability, and clinical
findings.19 The exclusion and the supporting criteria were also
followed.19 Cognition was assessed with the Mini-Mental State
Examination (MMSE)20 and the Montreal Cognitive Assessment
(MoCA),21 and motor functioning was assessed with the Unified
Parkinson’s Disease Rating Scale-III (UPDRS-III) scores22 and
Hoehn and Yahr scales.23 All patients underwent both 123I-FP-
CIT SPECT and 3T SWI within a maximum period of 3months.
The clinical diagnosis of PD was consolidated by the results of the
123I-FP-CIT SPECT, 3T MR imaging, and follow-up. Patients were
excluded if they were diagnosed with atypical parkinsonism
including multiple system atrophy or progressive supranuclear
palsy, normal-pressure hydro-cephalus, or idiopathic REM sleep
behavior disorder or if more than 3months elapsed between the
123I-FP-CIT SPECT and SWI. Particularly, the patients who were
compatible with idiopathic REM sleep behavior disorder according
to the corresponding diagnostic criteria24 and polysomnographic
examination were excluded. The patients whose SWI was unsuit-
able for the reconstruction of SMWI because of severe motion arti-
fact were excluded as well. Last, the patients who demonstrated
any ischemic lesions on the striatum and occipital cortex on MR
imaging were excluded to avoid false-positive result from 123I-FP-
CIT SPECT. During the study period, the participants who did
undergo neurologic examination, 123I-FP-CIT SPECT, and 3T
SWI with suspicion of parkinsonism but who were not diagnosed
with idiopathic PD after work-up were enrolled as a control group.
The control group was composed of the participants who were
diagnosed with frontal gait disorder, essential tremor, and drug-
induced parkinsonism. Clinical diagnoses of respective diseases
were made according to the established diagnostic criteria25-27 and

the results of 123I-FP-CIT SPECT visual inspection. The patients
who were suspected to have idiopathic REM sleep behavior disor-
der24 and the patients who demonstrated striatal or occipital corti-
cal ischemic lesions onMR imaging were excluded from the study.

123I-FP-CIT SPECT
Patients were orally administered 6mL of Lugol solution before
receiving the 123I-FP-CIT injection. Scans were acquired 3 hours
after the IV injection of 185 MBq of 123I-FP-CIT (DATrace-123M,
Samyoung Unitech). Scans were performed with a triple-headed
rotating gamma camera system (Trionix XLT, Trionix Research
Laboratory) with low-energy, ultra-resolution, parallel hole colli-
mators. Scans were in 40 steps spanning 120°, with 40 seconds per
step, via the step-and-shoot method. Image reconstruction was
performed by filtered back-projection with a Butterworth filter
(cutoff frequency 0.4 cycle/cm; order, 13), and attenuation correc-
tion with the Chang method (coefficient of 0.12/cm). A nuclear
medicine physician (Y.S.S.) with 15 years of experience visually
interpreted the 123I-FP-CIT SPECT results. The reader was blinded
to the clinical information and the MR imaging finding at the time
of the interpretation. The interpretation of SPECT results for the
diagnosis was done by visual inspection. For the quantification
analysis, images were analyzed with a dedicated software program
(DATquant with the software package Xeleris 3.1, GE Healthcare).
VOIs were defined automatically with DATquant over the stria-
tum (caudate nucleus and putamen), caudate nucleus, putamen,
and occipital cortex. The SBRs of the striatal regions were calcu-
lated as follows: (mean counts in striatal regions – mean counts in
the occipital cortex)/(mean counts in the occipital cortex).

SWI Protocol and SMWI Processing
SWI was obtained using a 3T MR imaging scanner (Ingenia,
Philips) with a 32-channel SENSE head coil (Philips Healthcare).
To observe the nigrosome-1 structure, the imaging plane was ori-
ented perpendicular to the midbrain structure. All SWI proce-
dures were conducted using a 3D multiecho fast-field-echo
sequence with the following parameters: TR, 88 msec; total 5 ech-
oes; first TE, 10 msec; echo interval, 10 msec; flip angle, 10°;
FOV, 192� 192mm2; voxel size, 0.5� 0.5� 1mm2.

After SWI acquisition, SMWI was generated from the SWI
protocol by combining the magnitude images and quantitative
susceptibility mapping mask images to enhance the visibility of
nigrosome-1.17,18 The reconstruction of SMWI was performed fol-
lowing a previously reported protocol.17

SMWI Analysis
Blinded to the clinical diagnosis and 123I-FP-CIT SPECT find-
ings, 2 neuroradiologists (Y.J.B. and B.S.C., with 10 and 20 years
of experience, respectively) independently evaluated the status of
the bilateral striatal nigral hyperintensity on the generated
SMWI. The normal nigral hyperintensity was defined as a focal
oval or linear hyperintense area in the dorsolateral aspect of the
SN surrounded by hypointensity.5,6,10-12,17,28 The right and left
sides were read separately in each participant. After completing 2
independent readings, all discrepancies between the 2 raters were
resolved by consensus.
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Statistical Analysis
Demographic data and clinical scores were compared using the
Fisher exact test, chi-square test, Student t test, and Kruskal-
Wallis test. Interobserver agreement concerning the nigral hyper-
intensity on SMWI was tested using the Cohen k , with k . 0.75,
excellent agreement; k ¼ 0.40–0.75, fair to good agreement; and
k , 0.40, poor agreement.29 The diagnostic performance of
SMWI was calculated presuming that the loss of unilateral or
bilateral nigral hyperintensity on SMWI indicated PD. The 123I-
FP-CIT SBRs were compared according to clinical diagnosis
using the Student t test. The concordance rate between SMWI
and 123I-FP-CIT SPECT was then calculated, and the McNemar
test was performed. The 123I-FP-CIT SBR was compared accord-
ing to the status of nigral hyperintensity in a region-based
approach using the Student t test. Particularly in patients with
PD, the clinical scores and the averaged bilateral 123I-FP-CIT SBR
were compared between those who showed intact bilateral nigral
hyperintensities and those who did not on a per-patient basis as
well. Last, the efficacy of using a threshold of the 123I-FP-CIT
SBR to determine the loss of nigral hyperintensity was evaluated
using a receiver operating characteristic (ROC) curve analysis. P
values , .05 were considered to indicate significant differences.
All statistical analyses were performed using SPSS v. 25.0 (IBM)
and MedCalc 17.9 (MedCalc).

RESULTS
Clinical Characteristics
A total of 138 patients (82 women and 56 men; mean age, 68.46
9.2 years; age range, 42–87 years), including 109 patients with PD
and 29 control participants (frontal gait disorder, n¼ 14; essential
tremor, n¼ 12; drug-induced parkinsonism, n¼ 3), were
included in this study. The demographic findings and clinical
characteristics are summarized in Table 1.

Nigral Hyperintensity on SMWI and 123I-
FP-CIT SBR on SPECT According to
Clinical Diagnosis
Interobserver agreement on the status of nig-
ral hyperintensity between the 2 readers was
excellent for both the right (k = 0.91; 95%
CI, 0.846–0.981; agreement rate, 95.7%) and
left sides (k = 0.97; 95% CI, 0.931–1.000;
agreement rate, 98.6%). According to the
results from the consensus reading (Table 2),
the use of unilateral or bilateral loss of the
nigral hyperintensity on SMWI to diagnose
PD achieved a sensitivity of 67.0%, specificity
of 89.7%, positive predictive value of 96.1%,

negative predictive value of 41.9%, and accuracy of 71.7%. The
results of visual inspection and 123I-FP-CIT SBR analyzed accord-
ing to the clinical diagnosis are present in Table 3.

Correlation Between Nigral Hyperintensity on SMWI and
123I-FP-CIT SBR on SPECT
The status of nigral hyperintensity on SMWI and the result of vis-
ual inspection from 123I-FP-CIT SPECT are presented in Table 4.
When we matched the loss of nigral hyperintensity on SMWI
with abnormal findings on 123I-FP-CIT SPECT, the concordance
rate was 65.2% and 66.7% for the right and left sides of the nigro-
striatal tract, respectively. The overall concordance rate was
65.9% (Fig 1).

In a region-based comparison, the 123I-FP-CIT SBRs measured
in each right and left striatum, caudate nucleus, and putamen were
significantly lower when the nigral hyperintensity in the SN on the
same side was lost than when present (Table 5). On a per-patient
basis, the averaged 123I-FP-CIT SBRs in bilateral striatum, puta-
men, and caudate were all significantly lower in patients with PD
those who presented unilateral or bilateral loss of nigral hyperin-
tensity than those who presented bilateral intact nigral hyperinten-
sity (Table 5). However, the clinical scores including MMSE
(27.56 7.34; 25.36 2.66, P= .079), MoCA (23.066 5.13; 22.476
6.04, P= .642), UPDRS-III scores (18.37 6 9.63; 16.20 6 8.06,
P= .251), and Hoehn and Yahr scale (2.02 6 0.64; 2.02 6 0.63,
P= .971) did not differ significantly between both groups.

The ROC curve analysis revealed optimal threshold values of
the 123I-FP-CIT SBR for the determination of the loss of nigral
hyperintensity on SMWI to be 2.56 in the striatum (area under
the curve [AUC], 0.890; 95% CI, 0.847–0.924; P, .001; sensitiv-
ity, 85.1%; specificity, 80.2%), 3.07 in the caudate nucleus (AUC,
0.830; 95% CI, 0.780– 0.872; P, . 001; sensitivity, 69.4%; specific-
ity, 78.8%), and 2.36 in the putamen (AUC, 0.887; 95% CI, 0.843–
0.922; P, . 001; sensitivity, 90.3%; specificity, 73.9%) (Fig 2).

DISCUSSION
The present study performed a correlation analysis between the
SBR values of 123I-FP-CIT SPECT and the presence of nigral
hyperintensity. We have previously shown that the loss of nigral
hyperintensity corresponds to dopaminergic denervation as-
sessed with 123I-FP-CIT SPECT image findings.5 In the current
study, we have carefully included patients diagnosed with de
novo PD and control participants according to the dedicated

Table 1: Clinical characteristics
Control

Participants
(n= 29)

Patients with PD
(n= 109)

P
Value

Age (years, mean 6 SD) 71.8 6 8.2 67.7 6 9.2 .075
Sex (n, M:F) 5:24 51:58 .005a

Clinical scores of the PD group
MMSE (mean 6 SD) 26.9 6 2.4 26.8 6 6.7 .921
MoCA (mean 6 SD) 23.3 6 2.8 22.9 6 5.4 .704
UPDRS-III (mean 6 SD) 16.7 6 9.1 17.7 6 9.2 .597
Hoehn and Yahr scale (mean 6 SD) 2.0 6 0.7 2.1 6 0.7 .899

a P values , .05 indicate statistical significance.

Table 2: Nigral hyperintensity on SMWI according to clinical
diagnosis

Control
Participants
(n= 29)

Patients
with

PD (n= 109)
P

Value
Bilateral presence 26 36 , .001a

Unilateral loss 1 17
Bilateral loss 2 56

a P values , .05 indicate statistical significance.
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clinical criteria with an aid from MR imaging and 123I-FP-CIT
SPECT. We also only included patients who did not take any
medication that might affect the 123I-FP-CIT SPECT findings,
and we excluded patients who demonstrated pathologic findings
such as ischemia in the striatum and occipital cortex on MR
imaging to prevent possible false-positive SPECT findings.
Thereby, we aimed to avoid possible confounders and to provide
solid results for the determination of the 123I-FP-CIT uptake level
on the basis of the nigral status on MR imaging.

Presynaptic dopaminergic scans are considered more sensitive
diagnostic indicators of PD than clinical examination.30-32 We
observed decreased 123I-FP-CIT uptake in all the striatal regions
of patients with PD and the loss of nigral hyperintensity on
SMWI in 67% of patients. Moreover, our previous study of
patients with idiopathic REM sleep behavior disorder showed
that 61% exhibited the loss of nigral hyperintensity, which is a
lower prevalence than among patients with PD.28 Considering
the fact that a substantial portion of patients with idiopathic
REM sleep behavior disorder develop PD and .50% of the
whole dopaminergic neurons are already lost during the pro-
dromal stage of PD,33-35 the decrease of striatal FP-CIT bind-
ing might precede the loss of nigral hyperintensity in a
sequential process, which is an important implication of our

present study because it suggests that the diag-
nosis of PD based only on the status of nigro-
some-1 on MR imaging may result in a false-
negative result.

Indeed, our result demonstrated that loss of
nigral hyperintensity can strongly support the di-
agnosis of PD from its high positive predictive
value, but intact nigral hyperintensity may not
exclude PD because the negative predictive value
was low. Therefore, we can suggest that further
diagnostic procedures such as 123I-FP-CIT SPECT
might not be necessary in patients with the loss of
nigral hyperintensity. On the contrary, normal
nigral hyperintensity cannot rule out the diagno-
sis of PD, which may necessitate the further 123I-
FP-CIT SPECT evaluation for the concrete diag-
nosis. Thus, the assessment of nigral hyperinten-
sity on SMWI could assist the diagnostic process
of PD on a routine clinical basis.

In this regard, the determination of the quanti-
fied 123I-FP-CIT uptake level on the basis of the
nigral status on MR imaging can have an impor-
tant clinical impact. Especially in the present
study, we used SMWI to enhance the visibility of
nigrosome-1 and to improve the detectability of
the nigral hyperintensity. SMWI is a postgener-
ated image from conventional multiecho SWI.
Specifically, a reconstruction algorithm generates
a high susceptibility contrast between nigrosome-
1 and the neighboring SN structures.17,18 Because
it incorporates the information related to the iron
overload in the SN by quantitative susceptibility
mapping, SMWI significantly improves the
detectability of nigral hyperintensity relative to

the use of SWI alone and may thus increase the diagnostic accu-
racy for PD.17

Based on SMWI, we suggest threshold 123I-FP-CIT SBRs of
2.56, 3.07, and 2.36 for determining the loss of nigral hyperinten-
sity in the striatum, caudate nucleus, and putamen, respectively,
with high diagnostic performance. The high threshold of the cau-
date nucleus relative to that of the putamen reflects the anteropos-
terior gradient of 123I-FP-CIT binding in patients with PD.36

However, the presently observed overlap between SBR values in the
intact and the nonintact nigral hyperintensity groups suggests the
presence of greater unexplainable causes of nigral hyperintensity loss
during the progression of PD. Because the loss of nigral hyperinten-
sity reflects the accumulation of iron in the SN, which is regulated by
various genetic predispositions and environmental factors,37 the lack
of a direct correlation between iron accumulation and dopaminergic
denervation may be 1 such cause.6,9

Among the control participants, 3 of 29 participants, who
were diagnosed with frontal gait disorder (n¼ 1) and essential
tremor (n¼ 2), showed loss of nigral hyperintensity in 5 regions
of the SN (2, bilateral loss; 1, unilateral loss). The mean putaminal
SBRs of the 5 corresponding regions with loss of nigral hyperin-
tensity were 1.66 0.24, which were reduced to the level compara-
ble to the patients with PD met in routine clinical practice (data

Table 3: 123I-FP-CIT SBR according to clinical diagnosis
Control Participants

(n= 29)
Patients with PD

(n= 109)
P

Value
Right striatum 4.04 6 1.36 2.48 6 0.94 , .001a

Left striatum 4.0 6 1.3 2.45 6 0.88 , .001a

Right caudate 4.34 6 1.38 3.14 6 1.18 , .001a

Left caudate 4.32 6 1.33 3.12 6 1.16 , .001a

Right putamen 3.95 6 1.39 2.21 6 0.89 , .001a

Left putamen 3.85 6 1.33 2.12 6 0.82 , .001a

a P values , .05 indicate statistical significance.

Table 4: Nigral status on SMWI and visual inspection result on 123I-FP-CIT
SPECT

123I-FP-CIT SPECTa

P Value
Concordance

Rate (%)Abnormal Normal Total
Right Side , .001b 65.2

SMWI
Loss 64 3 67
Present 45 26 71
Total 109 29 138

Left side , .001b 66.7
SMWI
Loss 65 2 67
Present 44 27 71
Total 109 29 138

Total , .001b 65.9
SMWI
Loss 129 5 134
Present 89 53 142
Total 218 58 276

Note:—Values are numbers of cases.
a Abnormal finding on SPECT refers to the nigrostriatal dopaminergic denervation determined by a
nuclear medicine physician.
b P values , .05 indicate statistical significance.
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not shown). Thus, we can speculate that
the striatal SBRs on the same side of the
SN that shows loss of nigral hyperinten-
sity may be reduced compared with the
normal side. We can also presume that
the initial visual assessment of 123I-FP-
CIT SPECT of these patients was con-
cluded as normal based on the bilateral
symmetric 123I-FP-CIT uptakes without
anteroposterior gradients. These 3 partic-
ipants still do not present parkinsonian
features compatible with the clinical
diagnostic criteria for PD during follow-
up. Therefore, the interpretation of 123I-
FP-CIT SPECT should be cautiously per-
formed while taking account of relevant
practical issues for both visual assessment
and quantitative analysis.38

When defining a false-positive result
as the absence of nigral hyperintensity
on 3T SMWI on either side but with
normal 123I-FP-CIT findings, the false-
positive rate was lower than that of diag-
noses informed by SWI findings in a
previous study.5 To date, it remains
unclear whether iron accumulation is a
primary initiating or secondary event of
dopaminergic denervation.39 However,
because iron accumulation in the SN is
known to increase with age40 and most
of the control participants showed intact
nigral hyperintensity, we surmise that
dopaminergic denervation precedes iron
accumulation in the SN. Furthermore,
the 123I-FP-CIT SBRs in patients with
PD who presented loss of nigral hyper-
intensity on at least 1 side of the SN
were significantly lower than those of

Table 5: 123I-FP-CIT SBRs according to the nigral hyperintensity status on SMWI
Present Lost P Value

All patients
Striatum 3.51 6 1.15 2.03 6 0.61 , .001a

Caudate nucleus 4.01 6 1.20 2.63 6 0.92 , .001a

Putamen 3.25 6 1.21 1.76 6 0.55 , .001a

Patients with PD
Striatum 3.08 6 0.89 2.04 6 0.62 , .001a

Caudate nucleus 3.84 6 1.09 2.64 6 0.94 , .001a

Putamen 2.73 6 0.89 1.77 6 0.56 , .001a

Control participants
Striatum 4.22 6 1.88 1.88 6 0.16 , .001a

Caudate nucleus 4.50 6 1.27 2.48 6 0.35 , .001a

Putamen 4.12 6 1.20 1.60 6 0.23 , .001a

Per-patient basis analysis of the averaged
SBRs among patients with PD

Bilateral intact nigral
hyperintensity (n¼ 36)

Unilateral or bilateral loss
of nigral hyperintensity
(n¼ 73)

P Value

Striatum 3.16 6 0.90 2.13 6 0.63 , .001a

Caudate nucleus 3.89 6 1.10 2.76 6 0.95 , .001a

Putamen 2.81 6 0.88 1.84 6 0.55 , .001a

a P values , .05 indicate statistical significance.

FIG 1. SMWI and accordant 123I-FP-CIT SPECT findings. A, SMWI of a 56-year-old female control
participant with intact bilateral striatal nigral hyperintensity (white arrow). The specific binding
ratio values were 4.93 (right) and 5.01 (left) on 123I-FP-CIT SPECT. B, SMWI of a 65-year-old male
patient with PD and loss of bilateral striatal nigral hyperintensity. The SBR values were 1.25 (right)
and 1.10 (left) on 123I-FP-CIT SPECT.
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patients who presented intact bilateral nigral hyperintensity, but
the clinical scores between the 2 groups did not differ signifi-
cantly. Based on this result, we can assume that patients with PD
may present normal bilateral nigral hyperintensity when SBRs on
123I-FP-CIT SPECT are slightly decreased, and the nigral hyper-
intensity becomes lost with further decrease in SBRs. This hy-
pothesis requires investigation by future research.

In our study, we only adopted the qualitative visual assess-
ment for SMWI without quantitative measurement of nigral
hyperintensity or susceptibility. A recent study has adopted the
quantitative analytic method for nigrosome-1,41 but the result
was preliminary, and the quantitative measurement is not yet
widely applied in the clinical practice. Moreover, there has been
no study on the precise segmentation of the nigrosome on
SMWI, which is the essential prerequisite for correct quantifica-
tion. Thus, further study for the standardized quantification
method for nigrosome-1 is warranted.

Our study has several limitations. First, our PD group lacked
the inclusion of participants in either the prodromal or late
phases. Because the neurodegenerative process of PD occurs
across decades, this omission precluded the elucidation of a more
specific relationship between dopaminergic denervation and the
loss of nigral hyperintensity. Second, the number of control par-
ticipants was rather small compared with the number of patients
with PD. However, because we included the control participants
who underwent both 123I-FP-CIT SPECT and 3T SWI, the num-
ber of control participants was unavoidably small. Third, because
we focused on visual determination of the nigral hyperintensity,
we did not perform quantitative susceptibility analysis of SMWI
data. For quantitative analysis, further study on the segmentation
of the nigrosome on SMWI is needed. Based on this established
method, future studies of the susceptibility quantification in
nigrosome-1 on SMWI in correlation with 123I-FP-CIT SBRs are

warranted. Fourth, the diagnostic performances of SMWI for PD
in our study were different from those in the previous studies
using SWI.13,42 This is probably because of the enhanced visibility
of nigrosome-1 on SMWI with higher contrast-to-noise ratio
than SWI, which may contribute to the higher specificity and
positive predictive value of our study. In addition, the differences
in the study population and MR imaging protocol between the
studies could be another factor resulting in the difference in diag-
nostic performance. Future multicenter studies with a larger
number of patients will be needed to set the optimized imaging
protocol for nigrosome-1 assessment.

CONCLUSIONS
Nigral hyperintensity on SMWI showed good concordance with
dopaminergic degeneration on 123I-FP-CIT SPECT in patients
with PD and control participants. In the PD group, the loss of
nigral hyperintensity was dependent on the SBR values of 123I-
FP-CIT images. Our results thus suggest that dopaminergic de-
nervation and the loss of nigral hyperintensity might occur in a
sequential manner. Future studies on the correlation of clinical
characteristics and nigral hyperintensity may help overcome the
limitations of 123I-FP-CIT to predict disease severity.43
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Microstructural Tissue Changes in Alzheimer Disease Brains:
Insights fromMagnetization Transfer Imaging

I. Colonna, M. Koini, L. Pirpamer, A. Damulina, E. Hofer, P. Schwingenschuh, C. Enzinger, R. Schmidt, and
S. Ropele

ABSTRACT

BACKGROUND AND PURPOSE: Reductions in magnetization transfer ratio have been associated with brain microstructural damage. We
aim to compare magnetization transfer ratio in global and regional GM and WM between individuals with Alzheimer disease and healthy
control participants to analyze the relationship between magnetization transfer ratio and cognitive functioning in Alzheimer disease.

MATERIALS AND METHODS: In this prospective study, participants with Alzheimer disease and a group of age-matched healthy
control participants underwent clinical examinations and 3T MR imaging. Magnetization transfer ratios were determined in the cor-
tex, AD-signature regions, normal-appearing WM, and WM hyperintensities.

RESULTS: Seventy-seven study participants (mean age 6 SD, 72 6 8 years; 47 female) and 77 age-matched healthy control partici-
pants (mean age 6 SD, 72 6 8 years; 44 female) were evaluated. Magnetization transfer ratio values were lower in patients with
Alzheimer disease than in healthy control participants in all investigated regions. When adjusting for atrophy and extent of WM
hyperintensities, significant differences were seen in the global cortex (OR ¼ 0.47; 95% CI: 0.22, 0.97; P ¼ .04), in Alzheimer dis-
ease–signature regions (OR ¼ 0.31; 95% CI: 0.14, 0.67; P ¼ .003), in normal-appearing WM (OR ¼ 0.59; 95% CI: 0.39, 0.88; P ¼ .01),
and in WM hyperintensities (OR ¼ 0.18; 95% CI: 0.09, 0.33; P# .001). The magnetization transfer ratio in these regions was an inde-
pendent determinant of AD. When correcting for atrophy and WM hyperintensity extent, lower GM magnetization transfer ratios
were associated with poorer global cognition, language function, and constructional praxis.

CONCLUSIONS: Alzheimer disease is associated with magnetization transfer ratio reductions in GM and WM regions of the brain.
Lower magnetization transfer ratios in the entire cortex and AD-signature regions contribute to cognitive impairment independent
of brain atrophy and WM damage.

ABBREVIATIONS: AD ¼ Alzheimer disease; CERAD ¼ Consortium to Establish a Registry for Alzheimer’s Disease; MMSE ¼ Mini-Mental State Examination;
MTI ¼ magnetization transfer imaging; MTR ¼ magnetization transfer ratio; NAWM ¼ normal-appearing white matter

Alzheimer disease (AD) represents the most common cause
of dementia. Only a few neuroimaging biomarkers have

been approved for clinical use, and most are still objects of
research.1 Although structural MR imaging contributes to the
exclusion of other possible causes of a dementia syndrome,
brain atrophy measures have only modest sensitivity and speci-
ficity for the differential diagnosis of dementia.2 The role of

MR imaging techniques that allow assessment of microstruc-
tural brain changes, such as DTI and magnetization transfer
imaging (MTI) for detecting AD-related tissue abnormalities, is
still widely unknown. Numerous DTI studies have reported
loss of WM integrity in AD and related this to tau accumula-
tion in AD-specific regions.3 Only a few studies used MTI to
explore microstructural tissue abnormalities in AD.

The magnetization transfer ratio (MTR), which can be derived
from MTI, has been shown to be associated with axonal attenua-
tion and myelin content.4-6 In patients with AD, MTR reductions
were reported in the whole-brain analyses,7-9 cortical GM,8,10
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global WM,10 hippocampus,7,11,12 and temporal lobes.8 In a longi-
tudinal study of our own group, patients with AD had signifi-
cantly lower global MTR values than control participants. MTR
declined significantly over a follow-up period of 12months and
was paralleled by a brain tissue loss of 2.2% per year.13 So far, only
a few studies have explored the association between regional MTR
changes and cognition in patients with AD. Van der Flier et al9

reported a strong association between whole-brain MTR and
global cognitive deterioration in patients with AD, but there was
no significant relationship between regional MTR reductions and
domain-specific cognitive impairment. In our previous study, we
observed direct associations between MTR and Mini-Mental State
Examination (MMSE) scores for the hippocampus, putamen, and
thalamus. The relationship was stronger in the left than in the
right hemisphere.13

Here we extend previous work by assessing the role of MTR
reductions in the GM and WM in distinguishing patients with
mild to moderate AD from healthy control participants, and we
investigate their associations with cognitive decline independent
of atrophy andWM damage.

MATERIALS AND METHODS
Study Participants
This prospective study included 77 participants with AD from
the longitudinal cohort study Prospective Dementia Registry
Austria (PRODEM),14 a multicenter study. Current study partici-
pants originate exclusively from the Graz center because it was
the only center where an MTI sequence had been included in the
MR imaging protocol. The study was approved by the ethics
committee of the Medical University of Graz, and informed con-
sent was signed by all participants or their caregivers. The data
that support the findings of this study are available on request
from the corresponding author (R.S.). Dementia was diagnosed
according to the Diagnostic and Statistical Manual of Mental
Disorders-IV15 and National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA)
criteria.16 The severity of dementia was determined according to
the MMSE score, as previously described.17 A group of 77 age-
matched healthy control participants was selected from the
Austrian Stroke Prevention Study, a large prospective single-cen-
ter longitudinal study of the healthy older adult population of the
city of Graz, Austria, including individuals without neuropsychiat-
ric disease randomly selected from the community register.18 All
participants underwent a comprehensive clinical evaluation and
3TMR imaging on the same scanner with identical acquisition pa-
rameters. The cognitive function of the participants with AD was
assessed with the MMSE19 and the Consortium to Establish a
Registry for Alzheimer Disease (CERAD)20 test battery.

Image Acquisition
MR imaging was performed on a 3T whole-body MR system
(Tim Trio, Siemens) with a 12-channel head coil. The MR imag-
ing protocol included a T2 FLAIR sequence (TR/TE/
TI ¼ 10,000/69/2500ms, number of slices ¼ 40, section thick-
ness ¼ 3 mm, in-plane resolution ¼ 0.86mm �0.86mm), a
T2-weighted sequence with 2 echoes (TE1/TE2/TR ¼ 10/72/

5260ms, number of slices ¼ 40, section thickness ¼ 3mm, in-
plane resolution ¼ 0.86mm �0.86mm), and a 3D T1-weighted
magnetization-prepared rapid acquisition of gradient echo
sequence with whole-brain coverage (TR/TE/TI ¼ 1900/2.19/
900ms, flip angle ¼ 9°, isotropic resolution ¼ 1mm).

Additionally, MTI was performed with a spoiled 3D gradient-
echo sequence (TR/TE ¼ 40/7.38ms, flip angle ¼ 15°, number of
slices ¼ 40, section thickness ¼ 3mm, in-plane resolution ¼
0.86mm�0.86mm), which was performed twice, with and with-
out a Gaussian-shaped radiofrequency saturation prepulse.

Image Processing
MTR maps were calculated according to the formula MTR ¼
(Mo-Mss)/Mo, in which Mss and Mo are the signal intensities
obtained with and without MT saturation, respectively. For re-
gional assessment of MTR values, the cortical structures were seg-
mented fully automated using FreeSurfer (version 5.3; http://
surfer.nmr.mgh.harvard.edu). The technical details of these pro-
cedures are described elsewhere.21,22 The volumes of all seg-
mented structures were normalized by the estimated total
intracranial volume. A visual quality check was done for each
case using an in-house developed bash-script based tool, which
provides a graphic summary of the segmentations, overlaid on
the T1-weighted image. Of all segmentations provided by
FreeSurfer, we analyzed 6 ROIs (AD-signature regions) that were
previously identified as sensitive to early effects of AD.23 These
regions included the hippocampus, parahippocampal cortex,
cuneus, precuneus, entorhinal cortex, and inferior parietal lobule.

After affine registration with the T1-weighted scan using FSL
FLIRT (version 6; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT), re-
gional masks were overlaid on the MT-weighted images. To iden-
tify and exclude CSF-contaminated voxels in the registered
cortical masks, we performed a mask-segmentation optimization
using a semiquantitative T2 map,24 which was calculated from
the mono-exponential decay of both echoes of the T2-weighted
sequence and registered to the T1 sequence. After a histogram
analysis of the T2 map for each brain-lobe mask, voxel intensities
above the full width at half maximum of the histogram peak were
defined as CSF-contaminated voxels and were therefore excluded
from further analyses. Finally, median MTR values were extracted
from the CSF-corrected brain lobes using FSLSTATS (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). To assess binary masks of WM
hyperintensities, we segmented hyperintense T2 lesions on the
FLAIR images with an in-house-developed semiautomatic region-
growing tool.25 A normal-appearing white matter (NAWM) mask
was calculated by subtracting the manually segmented WM
hyperintensity masks from the total WM mask obtained by
FreeSurfer. The extent ofWM hyperintensity was assessed accord-
ing to the Fazekas scale.26

Statistical Analysis
For data analysis, we used SPSS (version 23; IBM). Assumptions
of normal distribution were tested with the Kolmogorov–
Smirnov test. For bivariate correlations, we performed the
Pearson test and a paired t test, and in case of non-normally dis-
tributed samples, a Wilcoxon signed-rank test was used to com-
pare the 2 groups. Z-scores were computed for raw scores of
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MTR and normalized volumes, and they were used in the regres-
sion analyses. Logistic regression analyses were performed to cor-
relate the diagnosis of AD with MTR metrics in the global cortex,
AD-signature regions, NAWM, and WM hyperintensities. To
assess the associations between MTRs and performance on the
MMSE and on CERAD, linear regressions were calculated with
cognition as the dependent variable and MTR as the predictor
variable. All models were adjusted for age, sex, years of education,
normalized regional volumes, and Fazekas score. Brain volume
and Fazekas score were considered as covariates to determine if
MTRs relate to AD and to cognitive impairment independent of
atrophy and extent of WM hyperintensities. For each regression
coefficient, the 95% confidence interval and the P value were deter-
mined. A P value,.05 was considered statistically significant.

RESULTS
Participant Characteristics
A total of 156 individuals with dementia were confirmed eligible
and recruited in the longitudinal cohort study PRODEM in Graz.

We excluded 19 participants who were affected by other causes of
dementia and 60 individuals who had not undergone a MR imag-
ing examination with sufficient MTI quality (Fig 1). Seventy-
seven study participants with AD were included in our study.
They were 30 men and 47 women with a mean age of 72 6

8 years, ranging from 51 to 87 years. Fifty-five patients had mild
AD (MMSE score: range 21–28, mean 6 SD: 23.98 6 2.13), and
22 patients were diagnosed with moderate to severe AD (MMSE
score: range 14–20, mean 6 SD: 17.14 6 1.86). Seventy-seven
healthy age-matched individuals (61 year) served as control par-
ticipants. Their mean age was also 726 8 years, ranging from 51
to 87 years. All control participants had MMSE scores $24 with
the exception of 3 individuals who had MMSE scores of 23. None
of the control participants had symptoms of dementia or mild
cognitive impairment. The comparison of demographics, neuro-
psychological findings, and MR imaging findings between AD
and healthy control participants are displayed in Table 1.
Whereas the distribution of sex was similar in both investiga-
tional subsets (P ¼ .62), the study participants with AD per-
formed significantly worse on the MMSE (P, .001), had lower

GM (P, .001) and NAWM (P ¼ .01)
volumes, and had higher WM hyper-
intensity volumes (P ¼ .02). A higher
grade of chronic small-vessel disease,
indicated by Fazekas grade 2 or 3, was
present in the 63.7% of the patients
with AD and in the 40.3% of the
healthy control participants.

Comparison of MTR Between
Patients with AD and Healthy
Control Participants
The study participants with AD had
lower MTR values in the GM (P ,

.001), NAWM (P ¼ .003), and WM
hyperintensities (P , .001) (Table 1).
Logistic regression analyses demon-
strated that lower MTR values in
global cortex (OR ¼ 0.47; 95% CI:
0.22, 0.97; P ¼ .04), AD-signature
regions (OR ¼ 0.31; 95% CI: 0.14,FIG 1. Flowchart shows the recruitment of the study participants with AD.

Table 1: Demographic, neuropsychological, and MR imaging findings of study participants
Study Participant Characteristic AD (n = 77) Healthy Control Participants (n = 77) P Valueb

No. female (%) 47 (61) 44 (57) .62
Age, years,a 72 (8) 72 (8) .98
Age range, years 51–87 51–87
MMSEa 22.03 (3.72) 27.57 (1.75) ,.001
Global cortex volume, cm3a 329.63 (14.53) 394.04 (41.25) ,.001
AD-signature regions volume, cm3a 54.81 (10.15) 70.28 (8.86) ,.001
Global NAWM volume, cm3a 305.77 (63.71) 334.70 (52.52) .01
WM hyperintensities volume, cm3a 16.19 (17.69) 11.64 (18.01) .02
Fazekas grade 2 or 3, no. (%) 49 (63.7) 31 (40.3)
Global cortex MTRsa 0.295 (0.016) 0.309 (0.008) ,.001
AD-signature regions MTRsa 0.297 (0.018) 0.309 (0.009) ,.001
Global NAWM MTRsa 0.384 (0.009) 0.388 (0.009) .003
WM hyperintensities MTRsa 0.322 (0.028) 0.350 (0.016) ,.001

a Data are mean 6 SDs.
b Pearson x2 for nominal, Wilcoxon, and paired t test for continuous variables were applied.
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0.67; P¼ .003), NAWM (OR¼ 0.59; 95% CI: 0.39, 0.88; P¼ .01),
and WM hyperintensities (OR ¼ 0.18; 95% CI: 0.09, 0.33;
P# .001) remained significantly related to AD even after correc-
tion for age, sex, and years of education as well as brain atrophy
and extent of WM hyperintensities (Table 2). When considering
the AD-signature regions individually, we found that decreased
MTR values in the parahippocampal cortex (OR ¼ 0.61; 95% CI:
0.37, 0.99; P ¼ .04), cuneus (OR ¼ 0.26; 95% CI: 0.09, 0.73; P ¼
.01), precuneus (OR ¼ 0.24; 95% CI: 0.12, 0.45; P# .001), and
entorhinal cortex (OR ¼ 0.57; 95% CI: 0.35, 0.95; P ¼ .03) were
associated with AD diagnosis (Online Supplemental Data).
Furthermore, we found that reduced MTRs in NAWM and WM
hyperintensities were related to AD independent of dementia se-
verity; by contrast, in only the patients with mild AD, lower
MTRs in the AD-signature regions (OR ¼ 0.38, 95% CI: 0.17,
0.82; P¼ .02) were associated with AD.

MTR and Cognition in AD
Table 3 displays the associations between MTRs and cognitive
functioning in the AD cohort. Only GMMTRs were significantly
related to cognitive measures; no such relationship existed for
WM MTRs. When adjusting for age, sex, education, normalized
regional volume, and Fazekas score, lower MTRs in the global
cortex were related to lower scores on the language subtest of the
CERAD test battery (b ¼ 0.31, P ¼ .02). Only a nonsignificant
trend was seen for the association between cortical MTR and
MMSE and between global MTRs in the AD-signature regions
and poorer performance on CERAD subtests for language func-
tion and constructional praxis. However, when considering the
AD-signature regions individually, lower MTRs in the cuneus
(b ¼ 0.30; 95% CI: 0.26, 1.95; P ¼ .01) and hippocampus (b ¼
0.29; 95% CI: 0.03, 2.22; P ¼ .04) were significantly related to a
poorer performance on the MMSE. With regard to the CERAD
test, reduced MTRs in the parahippocampal cortex (b ¼ 0.38;
95% CI: 0.28, 1.41; P ¼ .006), cuneus (b ¼ 0.45; 95% CI: 0.51,
1.56; P# .001), and entorhinal cortex (b ¼ 0.35; 95% CI: 0.25,

1.28; P ¼ .004) were associated with worse constructional praxis
(Online Supplemental Data). There existed no significant associa-
tions with other CERAD subtests. No effect of laterality on the
MTR correlations with poor language function was found (data
not shown).

DISCUSSION
Our study shows lower MTRs in cortical and subcortical struc-
tures, including AD-signature regions, in NAWM, and WM
hyperintensities in patients with AD. Lower WM MTRs were
related to AD diagnosis in patients with both mild and moder-
ately severe AD. However, MTRs in the AD-signature regions
were related to AD diagnosis only in study participants with mild
disease. One explanation for these discrepant associations
between GM MTRs in mild versus moderately severe AD might
be that GM microstructural changes are indeed an early disease
phenomenon. Yet we cannot exclude that the small sample size
of patients with severe disease and resulting low statistical power
are responsible for the lack of a significant association between
MTR in GM regions and AD diagnosis. With regard to cognition,
only GM but none of the WM MTR measures were related to
cognitive functioning in patients with AD. The effects of MTR
reductions in the cortex and in the AD-signature regions on
global cognition, language function, and constructional praxis
were modest, but they were independent of brain atrophy and
WM damage. Previous work also reported reduced MTRs in the
cortex,8,10 hippocampus,7,27 and WM10,28 in AD. So far, only a
limited number of studies have examined the relationship
between MTR values and cognition in individuals with
AD.7,9,10,29 In the current work, reduced MTRs in the GM were
associated with worse global cognition, language function, and
constructional praxis. Van der Flier et al9 reported an association
between poorer cognitive performance and lower peak heights of
the MTR histograms in the whole brain and frontal and temporal
lobes. Here we extend this previous study by demonstrating that
the association between MTR and cognition in AD exists particu-
larly with cortical MTR and that it is independent of brain atro-
phy. Like others,7,10,29 we failed to observe a relationship between
WM MTR and cognition in AD. We realize that we cannot rule
out with certainty that reductions in MTR might have been
caused by partial volume effects from the CSF as a consequence
of atrophy in patients with dementia. CSF has very low MTR val-
ues, and sulcal enlargement could cause a reduction of MTR in
voxels because of the combination of cortex and CSF.30 However,
we do not believe that partial volume effects had a considerable
effect in our study because cortical volume was considered as a

Table 3: Linear regression analysis in AD—cortical MTRs relate to poorer language function in patients with AD

MTR Region

MMSE, n = 77
Language Function (CERAD Test:
Boston Naming Test), n = 77

Constructional Praxis (CERAD
Test: Figure Copying), n = 73

b 95% CI P Valuea b 95% CI P Valuea b 95% CI P Valuea

Global cortex 0.23 �0.07–1.96 .06 0.31 0.19–1.95 .02 0.22 �0.09–1.24 .09
AD-signature regions 0.14 �0.50–1.52 .32 0.28 �0.02–1.74 .05 0.29 �0.01–1.32 .05
Global NAWM 0.17 �0.24–1.67 .14 0.11 �0.05–1.23 .40 0.23 �0.05–1.23 .07
WM hyperintensities 0.01 �0.78–0.88 .91 -0.01 �0.81–0.67 .89 0.01 �0.53–0.59 .92

Note:—b indicates standardized regression coefficient.
a Corrected for age, sex, years of education, normalized regional volume, and Fazekas score.

Table 2: Logistic regression analysis—lower MTRs relate to AD
independent of normalized regional brain volume and white
matter damage

MTR Region OR 95% CI P Valuea

Global cortex 0.47 0.22–0.97 .04
AD-signature regions 0.31 0.14–0.67 .003
Global NAWM 0.59 0.39–0.88 .01
WM hyperintensities 0.18 0.09–0.33 ,.001

a Corrected for age, sex, years of education, normalized regional volume, and
Fazekas score.
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confounder, and all MTR masks have been corrected by deleting
voxels with high intensities in the co-registered pseudo-T2 map
to prevent CSF contamination of cortical MTR. However, the his-
topathologic correlates of MTR reductions in the cortex in AD
are widely unknown. Decreased MTRs caused by focal demyelin-
ation in the cortex were found in patients with multiple sclero-
sis,31 but it is unlikely that loss of cortical myelin is responsible
for lowering of cortical MTRs in those with AD. A more likely ex-
planation comes from a study of Patel and coworkers,32 who
found that dendritic branching is likely to be the main driver of
MTR values in the cortex because higher surface area of cellular
membranes relates to greater magnetization transfer between the
free water and bound water pool. The authors indicated that den-
drites and their spines contribute 34-fold more exposure to the
extracellular water than myelin and concluded that MTRs in the
cortex are more sensitive to cellular membranes associated with
dendrites than myelin.32 The loss of dendritic spines directly cor-
relates with the loss of synaptic function. Patients with AD show
a significant loss of synapses and their cognitive capabilities cor-
relate strongly with synapse attenuation.33

Another possible explanation for MTR lowering in AD brains
is posttranslational modification of axonal proteins. This is sug-
gested by an MTI study on unfixed postmortem brain slices,
which assessed blocks containing microscopically nonlesional
brain tissue and microdissected adjacent tissue to quantify spe-
cific protein levels.34 The authors reported that lowering of MTR
was caused by a hyperphosphorylation-related change in proton
mobility. In line with this finding, altered cortical MTRs may
thus reflect hyperphosphorylation of proteins such as tau and
pathologic protein accumulation, a process that is known to pre-
cede cell death in AD and other primary neurodegenerative dis-
eases.35 The mentioned mechanisms are in keeping with the
main finding of our study that MTR changes in the cortex in
patients with AD are at least partly independent of cortical vol-
ume and that cortical MTR reductions explain cognitive impair-
ment beyond regional cortical atrophy.

Our study has several strengths. We investigated a consider-
ably large sample of individuals with AD and of healthy commu-
nity-dwelling older adults. The availability of a structural scan
with high resolution allowed segmentation of cortical and WM
compartments. One limitation of our study is that we used the
1984 NINCDS-ADRDA criteria for the diagnosis of AD.16 These
criteria were standard at the time of patient recruitment into the
study. Recently, the criteria have been revised, yet it was shown
that the 1984 criteria provide a diagnostic sensitivity and specific-
ity of 81% and 70%, respectively, in clinicopathologic studies.36

Another limitation was that the spatial resolution of the MT
sequence was limited, and therefore partial volume effects caused
by CSF in cortical regions cannot be ruled out with certainty.
However, these effects should be small, and they have been con-
sidered in image postprocessing and in the statistical analyses by
correcting for atrophy.

CONCLUSIONS
MTR values were reduced not only in the GM but also in the
WM of patients with AD. Only the MTR values in the GM were
related to cognitive impairment. At this point, the diagnostic

contribution of MTR in patients with AD is still unknown, but
our data indicate that it provides additional information beyond
pure assessment of brain atrophy and WM damage. How AD-
related pathophysiology can affect the MT mechanism in the GM
is not fully determined. Moreover, longitudinal studies in the
prodromal stages of AD are needed to evaluate if MTR is able to
add to the prediction of conversion to AD.

Disclosures: Reinhold Schmidt—UNRELATED: Consultancy: AXON Neuro-
science; Grants/Grants Pending: Austrian Science Fund.* *Money paid to
institution.
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Ivy Sign in Moyamoya Disease: A Comparative Study of the
FLAIR Vascular Hyperintensity Sign Against

Contrast-Enhanced MRI
L.-X. Wang, H. Wang, F.-B. Hao, J.-H. Lv, S.-H. Zhang, D.-S. Han, X.-B. Bian, D.-K. Zhang, Y.-N. Lan,

X.-R. Wang, M.-T. Wei, L. Duan, L. Ma, and X. Lou

ABSTRACT

BACKGROUND AND PURPOSE: The ability of the ivy sign on contrast-enhanced T1-weighted MR imaging (CEMR) to reflect cerebral perfusion
and postoperative revascularization in Moyamoya disease remains largely unknown. We aimed to compare the capabilities of CEMR and FLAIR.

MATERIALS AND METHODS: CEMR, FLAIR, arterial spin-labeling, and DSA were performed in 44 patients with Moyamoya disease. The
ivy sign was scored separately on CEMR and FLAIR using the Alberta Stroke Program Early CT Score. The status of leptomeningeal collat-
erals was scored on DSA. The postoperative Matsushima grade was evaluated at least 3months after surgical revascularization.

RESULTS: Scoring of the ivy sign on CEMR showed excellent interrater reliability, and FLAIR vascular hyperintensity showed moder-
ate interrater reliability. Correlation analyses revealed that DSA scores were more consistent with the CEMR-based ivy sign score
(r¼ 0.25, P¼ .03) than with FLAIR vascular hyperintensity (r ¼ 0.05, P¼ .65). The CEMR-based ivy sign score was significantly corre-
lated with CBF in late-Suzuki stage Moyamoya disease (t ¼ �2.64, P¼ .02). The CEMR-based ivy sign score at baseline was signifi-
cantly correlated with the postoperative Matsushima grade (r¼ 0.48, P¼ .03).

CONCLUSIONS: In this study, CEMR outperformed FLAIR in capturing the ivy sign in Moyamoya disease. In addition, the CEMR-based
ivy sign score provided adequate information on hemodynamic status and postoperative neovascularization. The current study suggested
that CEMR could be considered as an alternative to FLAIR in future studies investigating leptomeningeal collaterals in Moyamoya disease.

ABBREVIATIONS: CEMR ¼ contrast-enhanced T1-weighted MR imaging; FVH ¼ FLAIR vascular hyperintensity; MMD ¼ Moyamoya disease; PCA ¼ posterior
cerebral artery; EDAS ¼ encephaloduroarteriosynangiosis; FOV ¼ field of view

Moyamoya disease (MMD) is an uncommon cerebrovascular
disease characterized by chronic progressive occlusion of the

terminal portion of the internal carotid artery and its main
branches within the circle of Willis.1,2 In MMD, the perfusion of
brain tissue originates from the narrowed ICA, basal moyamoya
vessels, leptomeningeal collaterals derived chiefly from the poste-
rior circulation, and transdural collaterals from the external carotid

arteries. As MMD progresses, leptomeningeal collaterals remain
some of the most important sources of blood supply.

Leptomeningeal collateral flow appears as high signal intensity
in the subarachnoid space on contrast-enhanced T1-weighted
MR imaging (CEMR) and FLAIR images. Because of its charac-
teristic appearance (resembling ivy creeping on stone), this radio-
logic sign is known as the ivy sign.3 On CEMR, the ivy sign is
manifested as leptomeningeal enhancement, which can decrease
after bypass surgery, supporting the hypothesis that the enhance-
ment represents the fine vascular network over the pial surface.4

Another imaging feature characterizing the ivy sign, namely,
FLAIR vascular hyperintensity (FVH), has been extensively stud-
ied, especially in acute ischemic cerebrovascular diseases. In
recent years, FVH has been introduced into MMD studies and
was reported to be related to clinical severity and hemodynamic
status in prior literature.5,6 However, a previous study reported
that the ivy sign was captured better by CEMR than by FLAIR,7

raising questions of whether CEMR outperforms FLAIR as a
quantitative reflection of leptomeningeal collaterals for estimating
cerebral perfusion and predicting the status of postoperative neo-
vascularization in MMD.

Received June 22, 2020; accepted after revision November 3.

From the Medical School of Chinese PLA (L.-X.W., S.-H.Z., D.-S.H.), Beijing, China;
Department of Radiology (L.-X.W., J.-H.L., S.-H.Z., D.-S.H., X.-B.B., D.-K.Z., Y.-N.L.,
X.-R.W., M.-T.W., X.L., L.M.), the First Medical Center, Chinese PLA General
Hospital, Beijing, China; and Department of Neurosurgery (H.W., F.-B.H., L.D.), the
Fifth Medical Center, Chinese PLA General Hospital, Beijing, China.

L.-X. Wang, H. Wang, and F.-B. Hao contributed equally to this work.

This work was supported by the National Natural Science Foundation of China
(No. 81730048, 81825012).

Please address correspondence to Dr. Lin Ma, Department of Radiology, the First
Medical Center of Chinese PLA General Hospital, No. 28 Fuxing Rd, Haidian
District, Beijing 100853, China; e-mail: cjr.malin@vip.163.com

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

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7010

694 Wang Apr 2021 www.ajnr.org

https://orcid.org/0000-0002-7655-0397
https://orcid.org/0000-0002-1152-5860
https://orcid.org/0000-0001-5607-6926
https://orcid.org/0000-0002-5177-7640
https://orcid.org/0000-0001-7537-876X
https://orcid.org/0000-0002-4216-4869
https://orcid.org/0000-0002-7016-6503
https://orcid.org/0000-0002-9711-6733
https://orcid.org/0000-0002-5569-7883
https://orcid.org/0000-0001-7003-4917
https://orcid.org/0000-0002-2045-3117
https://orcid.org/0000-0001-7210-056X
https://orcid.org/0000-0002-2911-3653
https://orcid.org/0000-0003-2980-5171
mailto:cjr.malin@vip.163.com


In this study, we compared the ability of CEMR and FLAIR to
quantify the leptomeningeal ivy sign using DSA as a reference.
We further evaluated the ability of the CEMR-based ivy sign
score to reflect deficient perfusion in MMD and predict the post-
operative Matsushima grade.

MATERIALS AND METHODS
Patients
This study was approved by the institutional ethics committee and
registered as a clinical trial (NCT03785171). Written informed con-
sent was obtained from each patient or his or her legally authorized
representative.

From September 2018 to February 2019, this cross-sectional,
prospective study enrolled 44 adult patients who were diagnosed
with MMD according to the Japanese guidelines published in 2012,
with the exclusion of moyamoya syndrome.2 All patients received
MR imaging and DSA examinations at baseline (DSA was
performed within 2 weeks after MR imaging examination).
Encephaloduroarteriosynangiosis (EDAS) was performed in 34
patients (57 hemispheres) within 2weeks after DSA examination.
At least 3months after surgery, 12 patients (21 hemispheres) again
underwent DSA examination (the other patients had not met the 3-
month requirement before the data were analyzed). The exclusion
criteria were as follows: 1) massive cerebral infarction or hemor-
rhage that could not be evaluated by MR imaging; 2) patients who
had previously undergone bypass surgery with direct or indirect re-
vascularization (indirect revascularization consists of encephalo-
myosynangiosis, EDAS, and encephaloduroarteriomyosynangiosis);
and 3) patients with a history of systemic diseases, such as terminal

carcinoma and immune system dis-
eases. Ten patients had suspected family
histories of MMD in that their relatives
had ischemic or hemorrhagic stroke
but had not received a definite diagno-
sis of MMD.

Imaging Acquisition
All subjects were scanned on a 3T MR
scanner with an 8-channel phased-
array head coil.

Detailed parameters of CEMR, T2
FLAIR, high-resolution T1-weighted
structural imaging, 3D pseudo-continu-
ous arterial spin-labeling, DWI, and
MRA were as follows— 1) CEMR: TR
¼ 1850 ms, TE ¼ 24 ms, flip angle ¼
111°, field of view (FOV) ¼ 240 � 240
mm, matrix ¼ 320 � 256, slice thick-
ness ¼ 6 mm, number of slices ¼ 20,
contrast medium administration ¼ 14
ml (2.5 ml/s), acquisition time ¼ 1 mi-
nute 49 seconds; 2) T2 FLAIR: TR ¼
8500 ms, TE ¼ 162 ms, flip angle ¼
111°, FOV ¼ 240 � 240 mm, matrix ¼
288 � 224, slice thickness ¼ 6 mm,
number of slices ¼ 20, acquisition
time¼ 1 minute 43 seconds; 3) high-re-

solution T1-weighted structural image: TR ¼ 6 ms, TE ¼ 2.5 ms,
flip angle¼ 15°, FOV¼ 256� 256 mm, matrix¼ 256 � 256, slice
thickness ¼ 1 mm, number of slices ¼ 148, acquisition time ¼ 2
minutes 24 seconds; 4) 3D pseudo-continuous arterial spin-labeling:
TR ¼ 4844 ms, TE ¼ 10.5 ms, labeling duration ¼ 1500 ms, post-
labeling delay¼ 2000 ms, FOV¼ 240� 240 mm, slice thickness¼
4.0 mm, number of slices ¼ 36, acquisition time ¼ 3 minutes 33
seconds; 5) DWI: TR ¼ 3000 ms, TE ¼ 67.8 ms, b-value ¼ 1000,
FOV¼ 240� 240 mm, slice thickness¼ 6 mm, number of slices¼
20, acquisition time ¼ 24 seconds; 6) MRA: TR ¼ 34 ms, TE ¼ 2.1
ms, FOV ¼ 240 � 240 mm, slice thickness ¼ 1.4 mm, acquisition
time¼ 2 minutes 32 seconds.

DSA data were collected after contrast injection in both inter-
nal carotid arteries, both external carotid arteries, and 1 or 2 ver-
tebral arteries. Lateral and anteroposterior views of each artery
injection were collected.

Imaging Assessment
MRI Assessment at Baseline. The ivy sign was defined on both
CEMR and FLAIR images as continuous linear or punctate
regions of leptomeningeal high signal intensity along the cortical
sulci and subarachnoid space (Fig 1). Two radiologists, each with
2 years of experience, reviewed all CEMR and FLAIR images in-
dependently at 2 levels of the cerebral hemisphere (ganglionic
and supraganglionic levels). The mean value was used as the final
score for statistical analysis. We modified ASPECTS (Alberta
Stroke Program Early CT Score, a semiquantitative method for
estimating infarct size on CT) by omitting the deeper cerebral
structures because they were not relevant to the assessment of

FIG 1. Illustrative case of a 45-year-old woman with bilateral MMD. MRA reveals occlusion of
bilateral MCA (white arrow) (A). CEMR shows better delineation of the ivy sign than FVH (white
arrows) (B and C, E and F). The CBF of bilateral hemisphere shows no difference (D).
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leptomeningeal collaterals (only the M1–M6 cortical regions
were included). Thus, each hemisphere was divided into 6 regions
(3 regions for each level). The ivy sign score of each region was
defined as follows: 0 represents no ivy sign, 1 represents the ivy
sign reaching less than half of the region, and 2 represents the ivy
sign reaching more than half of the region. The total ivy sign
score of each hemisphere was defined as the sum score of 6
regions.8,9

The DWI-positive or DWI-negative (presence of hyperintense
lesion on DWI was defined as positive) status of bilateral MCA
territory was recorded at baseline and was used to indicate
whether cerebral lesions in the acute or subacute phase existed.
DWI features were used to investigate whether the ivy sign was
related to the time from stroke onset to imaging (which was
reflected by the DWI signal).

MCA stenosis was rated on MRA by 1 radiologist and defined
as moderate to severe stenosis (50%–99%). MCA occlusion was
recorded when no visible blood flow could be seen on MRA
images.

DSA Assessment at Baseline. The DSA score was defined as fol-
lows: leptomeningeal collateral assessment on DSA was eval-
uated according to Liu et al10 by 2 experienced neurosurgeons.
This leptomeningeal scoring system ranges from 0 to 6 and
includes 3 parts of the collateral networks: pPCA!ACA (the
parieto-occipital branch of the posterior cerebral artery (PCA)
anastomoses to the ACA), tPCA!tMCA (the anterior temporal
branch of the posterior cerebral artery anastomoses to the tem-
poral branch of the MCA), and pPCA!MCA (the pPCA anas-
tomoses to the MCA). Additionally, transdural collaterals were
assessed and scored (0 represents the absence of transdural col-
laterals, and 1 represents the presence of transdural collaterals).
The total DSA score was defined as the sum of leptomeningeal
collaterals and transdural collaterals and was considered the ref-
erence standard in this study.

The Suzuki stage, a well-known cerebral angiographic classi-
fication for MMD, was also recorded. In this study, we defined
the late-Suzuki stage group as Suzuki stage$IV and the early-
Suzuki stage group as Suzuki stage#III for further subgroup
analysis.

DSA Assessment at Follow-up. As stated earlier, postoperative fol-
low-up DSA examinations were valid for 12 patients (21 hemi-
spheres). At least 3months after EDAS, the 21 hemispheres were
graded postoperatively according to the following system proposed
by Matsushima et al11: grade I was defined as revascularization of
less than one-thirds of the MCA distribution, grade II as revascu-
larization of one-thirds to two-thirds of the MCA distribution, and
grade III as revascularization of more than two-thirds of the MCA
distribution. The Matsushima score was used to assess the effect of
revascularization after EDAS.

Quantitative Estimation of CBF
Quantitative estimation of the CBF of the MCA territory was per-
formed automatically. First, the CBF map of 3D pseudo-continu-
ous arterial spin-labeling was processed and generated using
FuncTool (AW 4.5 Workstation, GE Healthcare). Second, high-

resolution T1 structural images were normalized to Montreal
Neurological Institute space using FLIRT (FMRIB Linear Image
Registration Tool; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT)
and FNIRT (FMRIB Non-Linear Image Registration Tool;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT) within the FMRIB
Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl). Then CBF
maps were affine registered to the normalized T1 structural
images using FLIRT.12 Next, a brain mask of the MCA territory
was projected to the normalized CBF maps, as described else-
where.13 Finally, the mean CBF of the MCA territory of each
hemisphere was extracted and prepared for further statistical
analysis.

Statistical Analysis
The interrater reliability of scoring was evaluated by calculating
the intraclass correlation coefficient (ICC). ICC values range
from 0 to 1, and a value above 0.75 was considered to indicate
excellent reliability.14 The correlations of the CEMR and FLAIR
ivy sign scores with DSA were examined by Pearson correlation
analysis. The relationships of these 2 scoring modalities with
Suzuki stage were assessed using Spearman correlation analysis.
A 2-tailed independent Student t test was performed on the
CEMR and FLAIR ivy signs to differentiate between MCA steno-
sis and MCA occlusion. Linear regression was used to evaluate
the statistical significance of these 2 scoring modalities in reflect-
ing the CBF of each hemisphere. Because the PCA is a major
source of blood supply for leptomeningeal collaterals and the
involvement of the PCA may greatly affect cerebral perfusion,
PCA involvement was included as a covariant. Other potentially
relevant covariates included sex, age, and illness duration. A sub-
group analysis was performed in patients with MMD in late ver-
sus early Suzuki stages using the same method. Ivy sign scores
based on CEMR and FLAIR were compared between DWI-posi-
tive and DWI-negative cases using a 2-tailed independent
Student t test. Partial correlation analysis was used to determine
the relationship between imaging parameters and Matsushima
grades, with PCA involvement included as a covariate. P, .05
was considered to indicate statistical significance. All statistical
analyses were performed using SPSS 22.0 (IBM).

RESULTS
Demographic Characteristics
A total of 44 patients with MMD (including 9 patients with uni-
lateral MMD and 35 patients with bilateral MMD, for a total of
79 hemispheres) were recruited in the current study. The demo-
graphic and clinical characteristics of the enrolled patients are
shown in Table 1.

Consistency of CEMR-Based Ivy Sign Score and FVH with
DSA Scores
There was excellent interrater reliability of CEMR-based ivy sign
score and DSA scores. FVH showed moderate interrater reliabil-
ity (Table 2).

Correlation analysis revealed a statistically significant relation-
ship between CEMR-based ivy sign scores and DSA scores
(r¼ 0.25, P¼ .03) but not between FVH and DSA scores
(r¼ 0.05, P¼ .65). Regarding the correlations between these 2
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imaging modalities and Suzuki stage, the CEMR-based ivy sign
score showed a significant correlation (r ¼ 0.44, P, .001). For
FVH, although a significant correlation was found, the correla-
tion coefficient was lower than that of the ivy sign on CEMR
(r ¼ 0.24, P¼ .03) (Fig 2).

Patients with DWI-positive and DWI-negative MMD had sig-
nificantly different ivy sign scores based on FLAIR (t=2.82,
P¼ .01) but not on CEMR (t ¼ �0.19, P¼ .85) (Online
Supplemental Data).

CEMR-Based Ivy Sign Score and FVH for Differentiating
the Severity of MCA Stenosis
The CEMR-based ivy sign score outperformed FVH (FVH, t ¼
�1.73, P¼ .09; CEMR-based ivy sign score, t ¼ �2.32, P¼ .03;
DSA, t ¼ �3.01, P¼ .005) in differentiating between MCA stenosis
andMCA occlusion.

Relationships between the Ivy Sign and CBF
High-resolution T1-weighted structural images were unavailable
in 13 patients with MMD because of severe head motion or
patients’ reluctance to undergo the scan. A total of 31 patients’
CBF (in 54 hemispheres) was quantified and included in the anal-
yses. In stepwise linear regression analysis with the CEMR-based
ivy sign score or FVH, involvement of PCA, age, sex, and illness
duration specified as independent variables, no variable was
included in the final model for either the CEMR-based ivy sign
score or FVH.

In the subgroup analyses, the early-Suzuki stage MMD
group had a trend of positive correlation between CEMR-based

ivy sign score and CBF, though the
correlation was not statistically signif-
icant (Online Supplemental Data). In
the late-Suzuki stage MMD group, a
linear regression model showed that
the CEMR-based ivy sign score can
serve as an independent indicator for
determining CBF (Table 3).

Relationship between Imaging
Parameters andMatsushima Grade
Partial correlation analysis demon-
strated a statistically significant correla-
tion between the CEMR-based ivy sign
score and Matsushima grade (r¼ 0.48,
P¼ .03). No significant relationship was
found between FVH and Matsushima
grade (r¼ 0.17, P¼ .46).

DISCUSSION
In patients with MMD, leptomenin-

geal collaterals play an important role in maintaining cerebral
perfusion. On MR images, these collaterals can be represented by
the ivy sign. In this study, we compared 2 MR approaches for
assessing the ivy sign (ie, CEMR and FLAIR), with DSA as a ref-
erence. We found that the ivy sign on CEMR outperformed the
ivy sign on FLAIR in depicting leptomeningeal collaterals, as well
as in reflecting the Suzuki stage of MMD. More important, we
found that the CEMR-based ivy sign score could serve as an inde-
pendent biomarker for predicting CBF in late-Suzuki stage
MMD. In addition, the CEMR-based ivy sign score can predict
the status of postoperative neovascularization in patients with
MMD after EDAS.

The current study found that the ivy sign was less obvious on
FLAIR than on CEMR. Moreover, FVH failed to reflect the DSA
score for leptomeningeal collaterals. FVH has been extensively
studied in the field of atherosclerotic diseases, such as ischemic
stroke.15 This radiologic sign is considered to be related to collater-
alization,16 stroke severity,17 and functional outcomes.16 Physically,
FVH is likely to reflect slow retrograde or turbulent flow in the
engorged pial collateral arteries through leptomeningeal anastomo-
ses.18 In recent years, FVH has also been introduced into MMD
studies as an indicator of collateral blood flow. With regard to
acute ischemic stroke, a previous study reported a 98% prevalence
of FVH in the first 6 hours after onset.19 Another study also sug-
gested that FVH was a temporary phenomenon that commonly
disappeared within the first 24–36 hours after stroke onset.17 The
short-term presence of FVH raised the question of whether it is
appropriate for use in MMD studies. Although conceptually com-
parable to MMD, the underlying mechanism of collateral forma-
tion in acute stroke and MMD may not be the same. In a chronic
state of hypoperfusion, as is found in MMD, FVH was unlikely to
appear as a rapid reaction as in acute stroke. In this study, DWI
hyperintensity was used to indicate whether lesions in the acute or
subacute phase existed, which could indirectly reflect the time
from onset to imaging. We found significant differences between
patients with DWI-positive and DWI-negative MMD with respect

Table 2: Interrater reliability of FVH, CEMR-based ivy sign
score, and DSA score

ICC
95% CI

Lower Bound Upper Bound
FVH 0.71 0.55 0.82
CEMR-based ivy sign score 0.81 0.70 0.88
DSA score 0.83 0.73 0.89

Table 1: Demographic characteristics and clinical measurements of patients with MMD

Left Hemisphere (n= 38) Right Hemisphere (n= 41)
Age (years) 41.63 6 12.31
Sex (male/female) 18/26
Illness duration (months) 45.85 6 76.76
Family history (y/n) 3/31
Initial manifestation on imaging
Ischemic onset 11 6
Hemorrhagic onset 3 9
DWI (positive/negative) 7/31 3/38
MCA (stenosis/occlusion) 11/27 8/33
PCA (normal/stenosis/occlusion) 25/8/5 29/8/4
Mean Suzuki stage IV (III–V) IV (III–V)
CBF of MCA territory (mL/100

g/min)
47.52 6 11.39 46.50 6 15.43

Scoring of leptomeningeal
collaterals

FVH 2.91 6 1.59 2.68 6 1.52
CEMR-based ivy sign score 7.87 6 2.18 7.55 6 2.20
DSA score 2.63 6 1.84 2.65 6 1.88

Note:—Continuous data were presented as mean 6 SD, and categorical data were presented as median (IQR).
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to FVH, which added further evidence in support of this explana-
tion. Physically, the presence of FVH is rooted mainly in slow flow
via leptomeningeal collaterals,20 which may not be the case in
MMD. A possible hypothesis is that the flow velocity of leptome-
ningeal collaterals in MMD after a relatively long illness duration
was different from that in acute stroke. A previous study demon-
strated obviously increased cortical microvascular attenuation and
diameter in MMD compared with atherosclerotic disease.21 Such
differences in the diameters, lengths, and pressures of the collateral
routes may induce different flow velocities, which are related to the
presence of FVH.

Previous studies have demonstrated that CEMR is superior to
FLAIR in capturing the ivy sign.7,22 To our knowledge, there has
been no quantitative comparison of these 2 modalities with
regard to their consistency with DSA. Additionally, previous
studies reached different conclusions in terms of the incidence of
the ivy sign; that is, Yoon et al7 found a higher incidence of the
ivy sign on CEMR than FLAIR, but Jung et al22 found the oppo-
site phenomenon. Yoon et al7’s finding is readily comprehensible
because from a pathophysiological viewpoint, one can predict
enhancement of the engorged pial vessels with thickened

arachnoid membranes and edema.
Our results agreed with those of Yoon
et al7; CEMR-based ivy sign score was
higher than FVH and was significantly
correlated with DSA score, but such a
correlation was not found for FVH.

During the course of MMD, MCA
stenosis and occlusion can appear at
different stages of disease. Some uni-
lateral MMD cases can even show a
normal MCA. We included hemi-
spheres with MCA stenosis or occlu-
sion in this study and found that
CEMR-based ivy sign scores and DSA
scores could differentiate between
these levels of stenotic severity, but
FVH could not. Such results further
supported the hypothesis that FVH
might not be appropriate for the eval-
uation of leptomeningeal collaterals in
patients with MMD.

Taking a step further, we studied
the relationship of the CEMR-based
ivy sign score and FVH with CBF.
FVH and CBF were found to be unre-
lated. A previous study by Noguchi et
al23 found similar results. These inves-
tigators found that CBF showed no
difference among patients with MMD
with 3 levels of FVH, though a differ-
ent scoring system for the ivy sign was
used in their study. Mori et al18

claimed that the cerebral vasculature
in the region with decreased perfusion
pressure is already dilated to maintain
CBF. In their study, FVH could indi-

cate decreased cerebrovascular reserve, which suggested that the
cerebrovascular reserve might be more sensitive than CBF.

We also found a nonsignificant correlation between the CEMR-
based ivy sign score and CBF of the MCA territory when all cases
were included in the statistical analysis. We then divided the
patients with MMD into an early-Suzuki stage group and a late-
Suzuki stage group. In patients with early-Suzuki stage MMD, the
trend of correlation between CEMR-based ivy sign score and CBF
was positive, though no statistical significance was achieved.
Interestingly, a negative correlation was found between the CEMR-
based ivy sign score and CBF in patients with late-Suzuki stage
MMD. A possible explanation for this result was the imbalance
between leptomeningeal collaterals and abnormal ICA and moya-
moya vessels. We hypothesized that in the late Suzuki stages, the
ability of leptomeningeal collaterals to compensate for cerebral per-
fusion was inadequate. However, in early-Suzuki stage MMD, the
trend of a positive correlation between CEMR-based ivy sign scores
and CBF suggested that the more collaterals there were, the higher
the CBF was. The potentially significant correlation found between
CEMR-based ivy sign scores and CBF in all cases might be covered
by the inclusion of patients with early-Suzuki stage MMD.

Table 3: Multivariable linear regression analysis results for CEMR-based ivy sign score
with CBF as the dependent variable in patients with late-Suzuki stage MMDa

B SE b t P Value
Included variable
Constant 65.91 8.49 � 7.77 ,.001b

CEMR-based ivy sign score �2.49 0.94 �0.49 �2.64 .015b

Excluded variable
Age � � �0.02 �0.12 .54
Sex � � �0.09 �0.46 .65
Illness duration � � 0.12 0.62 .54
PCA � � �0.18 �0.95 .35

a F¼ 6.95, P¼ .015; R2 ¼ 0.24, adjusted R2 ¼ 0.21.
b P , 0.05.
Note:—CEMR indicated contrast-enhanced T1-weighted MR images; MMD, Moyamoya disease; PCA, posterior cer-
ebral artery; B, partial regression coefficient; b , standardized partial regression coefficient; SE, standard error.

FIG 2. Scatter plots of the correlation between ivy sign score on CEMR (A), FVH (B) and DSA
score of leptomeningeal collaterals; correlation between ivy sign score on CEMR (C), FVH (D) and
Suzuki stage of Moyamoya disease. The asterisk indicates P, 0.05.

698 Wang Apr 2021 www.ajnr.org



In an article by Liu et al,10 the grading of leptomeningeal collat-
erals on DSA was defined as the sum of collaterals from PCA with-
out transdural collateral vessels. However, unlike DSA, MR
imaging signs represent all possible leptomeningeal collaterals
regardless of the origin of blood flow. In this study, the DSA score
for leptomeningeal collaterals was defined as the sum of scores for
blood flow originating from the posterior circulation and trans-
dural vessels. The significant correlation between the CEMR-based
ivy sign score and DSA score implies that the ivy sign on CEMR
may represent all collaterals to brain tissue, including collaterals
from the PCA and external carotid artery. The ivy sign on CEMR
may have an advantage in that it provides a noninvasive visualiza-
tion of leptomeningeal collaterals, including transdural collaterals.

Previous literature has reported that leptomeningeal collaterals
decrease in abundance after cerebral revascularization in patients
with MMD.24 Such findings suggest that leptomeningeal collaterals
are associated with cerebral hemodynamics, which would improve
after surgery.24 After EDAS, newly formed collaterals from the
external carotid artery serve as an important source of cerebral per-
fusion. Thus, it is possible that leptomeningeal collaterals at base-
line could predict the growth of transdural collaterals, an essential
indicator of the effectiveness of EDAS. In this study, we found that
Matsushima grades correlated significantly with the CEMR-based
ivy sign score at baseline. The results indicated that the more lepto-
meningeal collaterals were present at baseline, the better the out-
come of the revascularization operation would be.

Our results should be considered in the context of several limi-
tations. First, among the 79 hemispheres studied, only 10 showed
hyperintense lesions on DWI. The statistical power may be jeopar-
dized because of the disparity between DWI-positive and DWI-
negative hemispheres. A similar shortage occurred in the linear
regression subgroup analysis of CEMR-based ivy sign scores and
CBF. The relatively small sample size of early-Suzuki stage MMD
may have resulted in failure to find a significant association
between these 2 variables. Second, because of the limited number
of hemispheres with postoperatively evaluated Matsushima grades
(only 21 hemispheres), future studies with additional subjects are
needed to estimate the association between leptomeningeal collat-
erals at baseline and the effectiveness of surgical revascularization.
Third, when contrast-enhanced MR imaging is performed, the
potential long-term risks associated with gadolinium retention
should be carefully considered. Finally, techniques such as deep
learning may have the potential to considerably enhance the diag-
nostic value of the ivy sign on CEMR and FLAIR.

CONCLUSIONS
The current study concerning the application of FVH in the
field of MMD suggested that the CEMR-based ivy sign score
was superior to FVH in visualizing leptomeningeal collaterals,
with DSA as a reference. Furthermore, the CEMR-based ivy
sign score could serve as a possible independent predictor of
CBF in late-Suzuki stage MMD and reflect the effectiveness of
surgical revascularization.

Disclosures: Xin Lou—RELATED: Grant: the National Natural Science Foundation
of China, Comments: No. 81730048, 81825012.
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ORIGINAL RESEARCH
ADULT BRAIN

CTA Evaluation of Basilar Septations: An Entity Better
Characterized as Aberrant Basilar Fenestrations

J.E. Small, M.B. Macey, A.K. Wakhloo, and S. Sehgal

ABSTRACT

BACKGROUND AND PURPOSE: A basilar artery intraluminal septation is an exceedingly rarely reported, presumed congenital abnor-
mality. In our clinical practice, we have occasionally noticed an intraluminal band within the inferior aspect of the basilar artery on
CTA. Furthermore, we have noticed, at times, the presence of a punctate calcification associated with this finding. We hypothe-
sized that what previous studies have called “basilar septations” in fact represent miniature and thus aberrant basilar fenestrations.

MATERIALS AND METHODS: We retrospectively reviewed CTA studies obtained between January 1, 2017, and August 31, 2019.
Identified intraluminal basilar abnormalities were classified as either basilar septations or basilar fenestrations. Association with
other posterior circulation abnormalities was documented.

RESULTS: A total of 3509 studies were examined. A basilar intraluminal abnormality was evident in 80 patients (2.3%). Of these 80
patients, 59 were classified as having a basilar fenestration (1.7%) and 21 were classified as having basilar septations (0.6%).
Associated calcification was evident in 3 of the basilar fenestration cases and 13 of the basilar septation cases.

CONCLUSIONS: Basilar septations most likely represent and should be referred to as aberrant basilar fenestrations. They should be
interpreted as benign congenital incidental findings and should not be misinterpreted as focal dissections or arterial webs.
Important variations in the morphology of aberrant basilar fenestrations exist, including areas of thinning, varying thickness, and
nodularity. Therefore, when associated with calcification or nodularity, aberrant basilar fenestrations should not be confused with
focal intraluminal thrombi or calcified or noncalcified emboli.

ABBREVIATIONS: aBF ¼ aberrant basilar fenestration; FMD ¼ fibromuscular dysplasia

The most common congenital finding of the basilar artery is a
fenestration (prevalence range, 0.28%–5.26% in postmortem

series).1-4 Other congenital intraluminal abnormalities of the bas-
ilar artery have been rarely reported in the literature. In particu-
lar, case reports of intraluminal basilar septations and basilar
webs are exceedingly rare.5,6 Although infrequently seen, these
variations can be detected on routine vascular imaging.

Arterial fenestrations are segmental duplications of the vessel
lumen into 2 endothelial cell-lined ducts that share a common or-
igin and reconnect distally.7,8,9,10,11 Fenestrations result from an
incomplete fusion in the early embryonic stage, yielding a devel-
opmental abnormality that can range in length from 1mm to a
near-complete doubling of the artery.10 A large fenestration

appears like a “window” perforating the vessel, whereas a very
small fenestration can look like a dimple in the vessel wall.10

Prevalence varies greatly between postmortem and imaging
reports, with a reported angiographic prevalence of 1.1%.13

Additionally, prevalence based on 3D reconstruction of CT and
MR angiography has been reported at 13%.11,12 Although rela-
tionships between fenestration and neurovascular pathology are
not well-defined, associations with aneurysms and ischemic
stroke have been observed.10,12-14

A basilar intraluminal septation is an exceedingly rarely
reported, presumed congenital abnormality. To our knowledge,
only 2 published articles describe this entity. These articles
describe them as intraluminal bands within the vessel.6,15 The
most frequent location for this variation is in close proximity to
the junction of the vertebral arteries.6,15 The initial study describ-
ing this finding was published by Davy,15 in 1839, in which he
described 17 cases in 98 postmortem examinations (17.35%). The
most recent article is a single cadaveric study that found 1 septa-
tion in a sample of 150 cadavers (0.67%).6 In this case, the septa-
tion measured 3mm long and 1.5mm wide.6 Tubbs et al6 have
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suggested that these septations may represent a form fruste of
basilar fenestrations and may be misinterpreted as dissections or
thrombus.16 A similar finding has been described in a few imag-
ing case reports as a presumed basilar web when associated with
thrombosis and infarction.5 However, only correlational evidence
was reported. Of note, these findings were not present at a
branching point and did not mirror the ledge-like imaging find-
ings of a carotid web.17,18 In fact, the imaging findings appear to
be identical in location and morphology to the aforementioned
basilar septations.

In our clinical practice, we have occasionally noticed an in-
traluminal band within the inferior aspect of the basilar artery
on routine CTA. Because there is no theoretic inferior limit to
the size of a basilar fenestration, we hypothesized that what pre-
vious studies have called “basilar septations” or “basilar webs”
in fact represent miniature and thus aberrant basilar fenestra-
tions (aBFs).

MATERIALS AND METHODS
In an institutional review board–approved study, we retrospec-
tively reviewed all diagnostic-quality head and neck CTA stud-
ies performed between January 1, 2017, and August 31, 2019.
Any studies with serious motion at the level of the basilar artery
were excluded from the analysis. A total of 3509 diagnostic-
quality head and neck CTAs were identified within the time pe-
riod of analysis. Scanning was performed on 64-, 128-, and
256-section multidetector row CT scanners (VCT 64, GE
Healthcare; Definition 64, Siemens; Ingenuity 128, IQon 128,
and ICT 256, Philips Healthcare). The standard CTA protocol
was intravenous injection of 80mL of nonionic contrast, with
arterial phase imaging performed from the aortic arch to the
calvarial apex with an axial CTA source image thickness of
0.625mm. The arterial vertebrobasilar system was inspected
for the presence of any clearly defined, intraluminal abnor-
mality on axial CTA source images. Any other CTA or MRA
studies performed previously or subsequently were used to
confirm the finding and assess interval changes. Any DSA
studies with images of the posterior circulation were also
examined.

Identified basilar intraluminal abnormalities were classified as
either basilar septations or basilar fenestrations. Basilar fenestra-
tions were defined as areas of incomplete fusion of the basilar ar-
tery with a visible extravascular lumen (ie, window) or puckering,
indentation, or dimple of the vessel wall. Basilar septations were
defined as an intraluminal linear hypodensity without a visible
window, puckering, indentation, or dimple. In identified cases,
the location within the vessel (inferior, middle, or superior one-
third) was documented.

Basilar fenestrations and septations were further classified by
appearance. Basilar fenestrations were classified as window-,
hourglass-, or funnel-shaped. Basilar septations were classified as
either linear if a smooth intraluminal band was evident or nodu-
lar if any areas of bulging or protuberance existed along the intra-
luminal band. Any associated morphologic findings such as
calcification were also documented.

Measurements of the intraluminal finding were obtained
using axial CTA. In the case of a fenestration, the measurement

was obtained from the point of maximum vessel wall aperture.
Alternatively, septations were measured at the point of maximum
width. A measurement of #0.6 mm (CT scanner section thick-
ness) was given for septations whose thickness was at the limit of
study resolution.

To ascertain whether any of these findings were associated
with any other posterior circulation abnormalities, we also docu-
mented the presence of an aneurysm, ischemic infarct, parenchy-
mal hemorrhage, severe atherosclerotic stenosis or occlusion,
dissection, and vascular webs. The data obtained from our ret-
rospective review were analyzed using descriptive statistics,
and 95% confidence intervals are provided for the estimated
proportions of patients with abnormal anatomy. Abnormal
anatomy is further divided into basilar fenestrations and basi-
lar septations.

RESULTS
A total of 3509 patients (1727 men [49.2%] and 1782 women
[50.8%]; age range, 18–102 years; mean age, 64 years) had a diag-
nostic-quality head and neck CTA study performed during the
designated time period. A normal vertebrobasilar system was
seen in 3429 of these patients (3429/3509 [97.7%], 1690 men
[49.3%] and 1739 women [50.7%]; age range, 18–102 years; mean
age, 64 years). A detectable basilar artery intraluminal abnormal-
ity was evident in the remaining 80 patients (80/3509 [2.3%]; 95%
CI, 1.79%–2.77%; 43 men and 37 women; age range, 36–94 years;
mean age, 67 years). Of these 80 cases, 59 were classified as a basi-
lar fenestration (59/3509 [1.7%]; 95% CI, 1.26%–2.11%; 33 men
[55.9%] and 26 women [44.1%]; age range, 38–94 years; mean
age, 67 years) and 21 were classified as a basilar septation (21/
3509 [0.6%]; 95% CI, 0.34%–0.85%; 10 men [47.6%]; 11 women
[52.4%]; age range, 36–92; mean age, 68 years). No cases with.1
fenestration or septation were found.

Of the 59 cases classified as a basilar fenestration, 27 had win-
dow-shaped fenestrations, 30 had hourglass-shaped fenestrations,
and 2 had funnel-shaped fenestrations (Fig 1). The mean aper-
tures of these 3 variations were 3.9mm (range, 1.5–15mm),
1.2mm (range, 0.8–2.0mm), and 1.4mm (range, 0.9–1.9mm),
respectively. All the small basilar fenestrations without a window
were associated with visible puckering/indentation of the vessel
wall. Of the patients with basilar fenestrations, 53 were located in
the inferior third (53/59, 89.8%); 4 in the middle third (4/59,
6.8%); and 2 in the superior third of the vessel (2/59, 3.4%). Of
the 59 basilar fenestration cases, 17 had at least 1 other CTA or
MRA with the imaging findings evident and unchanged on all
studies. Of these 17 cases, 3 also had DSA and VasoCT (Philips
Healthcare; conebeam CT with contrast) images of the posterior
circulation confirming the basilar fenestration, also well-visual-
ized with this technique.

Of the 21 septations, 9 had at least 1 other CTA or MRA with
the imaging findings evident and unchanged on all studies (Fig
2). Of these 9 cases, 3 also had DSA images of the posterior circu-
lation, with the septations not clearly evident on angiographic
images. When we compared the saliency of the septations on
CTA versus MRA, the septation was more evident on CTA than
on MRA in 1 patient, equally evident on CTA and MRA in 2
patients, and better evident on MRA than CTA in 2 patients. Of
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note, the saliency of the findings appeared primarily related to
the quality of the imaging study, including motion, artifacts, and
bolus timing rather than superiority of one technique over the
other. Of the 21 cases classified as basilar septations, 12 were lin-
ear (Fig 2) and 9 were nodular (Fig 3). The mean width of these 2
variations was 0.63mm (range, #0.6–0.7mm) and 0.98mm
(range, 0.7–1.4mm), respectively. None of the patients with basi-
lar septations were seen to have puckering/indentation of the ves-
sel wall. Of the patients with basilar septations, 14 septations were
located in the inferior third (14/21, 66.7%); 5, in the middle third
(5/21, 23.8%); and 2, in the superior third (2/21, 9.5%) of the
vessel.

Calcification was associated with intraluminal abnormalities
in 16 patients. Associated calcification was evident in 3 of the
patients with a basilar fenestration and in 13 of those with the
basilar septations (Figs 1 and 3). With respect to calcified basilar
septations, 5 of 12 linear septations were associated with calcifica-
tion, while 8 of 9 nodular septations were associated with
calcification.

A total of 16 cases with incidentally detected fenestrations
or septations demonstrated coincident evidence of infarction
(16/80, 20%). However, 12 patients had infarction involving
the anterior circulation only (12/80, 15%), while only 3
patients had evidence of posterior circulation infarction (3/80,

3.8%), and 1 patient had an embolic pattern of infarction
involving both the anterior and posterior circulation (1/80,
1.3%). Of the total number of patients with evidence of infarc-
tion, only 2 had basilar septations, one involving the anterior
circulation (1/21, 4.8%) and the other the posterior circulation
(1/21, 4.8%).

A total of 7 cases with either a basilar fenestration or septation
demonstrated coincident evidence of parenchymal hemorrhage
(7/80, 8.8%). A total of 4 cases had hemorrhage involving the an-
terior circulation territory only (4/80, 5%), 2 cases had evidence
of posterior circulation territory hemorrhage (2/80, 2.5%), and 1
case had a parenchymal hemorrhage involving both the anterior
and posterior circulation territories (1/80, 1.3%). Only 2 cases
with basilar septations demonstrated coincident evidence of
parenchymal hemorrhage, and both involved the anterior circula-
tion territory (2/21, 9.5%).

No cases of intracranial arterial dissection were identified.
Basilar fenestrations or septations with coincident dissection of
the extracranial neck circulation were seen in 6 cases (6/80,7.5%).
A total of 3 patients had dissection involving the extracranial ver-
tebral arteries (3/80, 3.8%), and the other 3 had dissection involv-
ing the extracranial internal carotid arteries (3/80, 3.8%).
Extracranial vertebral artery dissection was recognized in 2 of the
basilar fenestration cases (2/59, 3.4%) and 1 of the basilar

FIG 1. Basilar fenestrations. I) Classification. Basilar fenestrations were classified as either window-, hourglass-, or funnel-shaped (upper row illus-
trations: printed with permission from Insil Choi, copyright 2020). Axial CTA images (A–C) and magnified axial CTA images focusing on the basilar
artery fenestration (A1, B1, C1) and coronal 3D reconstructions of the posterior circulation (A2, B2, C2) in various patients depict different mor-
phologies of basilar fenestration apertures. II) Fenestration with calcification. Associated calcification is evident in 3 of the basilar fenestration
cases (3/59; 5.1%). Sequential axial CTA images in one of these patients demonstrate a fenestration (D, wide gray arrow) with a small nodular cal-
cification along its superior aspect (E, thin white arrow), a finding better evident on coronal MIP (F) and 3D reconstruction (G) of the basilar ar-
tery (fenestration highlighted by a thick gray arrow, and the nodular calcification, by the thin white arrow).
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septation cases (1/21, 4.8%). Extracranial internal carotid artery
dissection was recognized in 2 of the basilar fenestration cases (2/
59, 3.4%) and 1 of the basilar septation cases (1/21, 4.8%).

Aneurysms of the cerebral circula-
tion were recognized in 19 cases (19/
80, 23.8%). However, almost all aneur-
ysms were present in the anterior cir-
culation, with only a single basilar tip
aneurysm noted (1/80, 1.3%) with an
associated basilar septation.

No cases fitting the description of
an arterial web were found within the
basilar artery. An extracranial internal
carotid artery carotid web was discov-
ered in 1 patient with an associated
basilar fenestration. No arterial webs
were evident in cases of basilar septa-
tion. Fibromuscular dysplasia (FMD)
was recognized in 5 cases (5/80; 6.3%),
with an associated basilar fenestration.
No cases of FMD associated with basi-
lar septations were noted.

No cases of moderate or severe
intracranial posterior circulation
atherosclerosis were identified. Severe
extracranial atherosclerotic stenosis or
occlusion was identified in 22 patients
who also were found to have fenestra-
tions or septations (22/80, 27.5%). A
total of 15 patients had severe athero-
sclerosis involving the anterior circula-
tion only (15/80, 18.8%), 4 patients
had evidence of severe extracranial
posterior circulation atherosclerosis (4/
80, 5%), and 3 patients had severe ste-
nosis or occlusion affecting both the
anterior and posterior circulation (3/
80, 3.8%). Basilar fenestration cases
were associated with severe anterior
cerebral circulation atherosclerosis
22% of the time (13/59), while severe
posterior circulation atherosclerosis
was seen in only 6.8% of cases (4/59).
Basilar septation was associated with
severe anterior cerebral circulation
atherosclerosis 8.5% of the time (5/59),
while posterior circulation severe ath-
erosclerosis was seen in 5.1% of cases
(3/59). Results are summarized in the
Table.

DISCUSSION
A basilar intraluminal abnormality
was detectable in 2.3% of patients on
CTA. Of these, 1.7% had a basilar
fenestration. To our knowledge, no
previous study has documented mor-

phologic differences in the aperture of basilar fenestrations. Our
results reveal there are clear variations in the spectrum of size,
morphology, and appearance of basilar fenestrations with less

FIG 2. Basilar septations. I) Lack of interval changes: a basilar septation (upper row illustration,
printed with permission from Insil Choi, copyright 2020) is identified in 21 patients (0.6%). A typical
basilar septation can be seen on sequential axial CTA images at initial presentation in case 1 (A–C).
Note the clearly defined linear hypodensity without a visible window or clear evidence of pucker-
ing or indentation of the vessel wall (A–C, arrows). Sequential axial CTA images obtained 1 year later
(D–F) clearly show the absence of interval changes. Of the small subset of patients with .1 CTA,
there is no evidence of interval changes at any time point. II) Evident on CTA and MRA: axial CTA
image in case 2 (G1) demonstrates a septation along the ventral aspect of the basilar artery (white
arrow). Note that the septation is thick anteriorly but markedly thins posteriorly. This finding is cor-
roborated on axial MRA images with the thin posterior aspect slightly more evident (G2, white
arrows). Axial CTA image in a different patient (H1) demonstrates a markedly subtle septation per-
haps best visualized along the central lumen of the basilar artery (H1magnified insert, arrowheads).
This finding is again corroborated and much better visualized on a high-quality axial MRA (H2, white
arrowhead). Although MRA was available in only a small subset of the patients, the presence of a
septation was corroborated on this technique. Of note, depending on the quality of the CTA or
MRA acquisition, the septations were, at times, better defined on CTA instead.
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than half of our cases conforming to a typical window-shaped
appearance, a little more than half of the cases exhibiting an
hourglass shape, and only a few cases exhibiting funnel morphol-
ogy depicted in our illustrations. Hourglass and funnel morphol-
ogies had smaller-but-measurable apertures in the vessel wall
compared with window-type fenestrations. Furthermore, to our
knowledge, no previous study has documented a congenital non-
atherosclerotic pattern of calcification associated with basilar fen-
estrations, evident in 3 cases.

No previous imaging study has
focused on the prevalence of basilar
septations based on CTA. Our results
reveal that findings fitting the descrip-
tion of a basilar septation are visible
on arterial imaging and exhibit a mor-
phology best described as an intralu-
minal linear hypodensity without a
visible arterial vessel wall aperture,
wall puckering, or indentation. Basilar
septations comprised 0.6% of our
cases. Our results show that septations
mirror the location and distribution of
basilar fenestrations, with most pres-
ent in the inferior third of the vessel.
Because there is no theoretic inferior
limit to the size of a basilar fenestra-
tion, we propose that a basilar septa-

tion is likely best conceptualized as a miniature fenestration and
best referred to as an aberrant basilar fenestration. We will, there-
fore, refer to basilar septations in the remainder of this discussion
as aBFs.

Our findings show that calcification is clearly associated
with both basilar fenestrations and aBFs, further supporting the
notion that they represent variations in the size of the same en-
tity. As noted above, a nonatherosclerotic pattern of focal calcifi-
cation was evident in 5.1% of basilar fenestration cases while

FIG 3. Basilar septations with nodularity without and with calcification (upper row illustrations, printed with permission from Insil Choi, copyright
2020). I) Several basilar septation cases exhibited areas of nodularity. Three representative cases are shown above. Axial CTA in the first case (A) dem-
onstrates subtle nodularity along the midpoint of the basilar septation (A magnified insert, white arrow). Axial CTA image in a different patient (B)
shows calcification associated with central nodularity (Bmagnified insert,white arrow). Axial CTA in a third patient (C2) demonstrates a prominent but
only partially calcified nodular septation. The calcification is clearly evident on an axial noncontrast CT image (C1, arrow). The partially calcified promi-
nent nodularity associated with the septation is well-demarcated on axial CTA (C2amagnified insert,white arrow) and coronal MIP (C2b,white arrow)
images. II) Calcified basilar septations: focal calcification associated with basilar septations is seen in 13 cases (13/21, 61.9%). Axial CTA images in 6 differ-
ent patients (D–I) demonstrate different patterns of calcification with some exhibiting a more linear pattern (D–F, arrows) and others exhibiting a
more nodular pattern of calcification (G–I, arrows). Note the prominent nodular calcification occupying a large portion of the basilar lumen in case I.

Summary of imaging findingsa

Morphology Fenestration (n = 59) Septation (n = 21)
Location
Inferior third (No.) (%) 53 (89.8%) 14 (66.7%)
Middle third (No.) (%) 4 (6.8%) 5 (23.8%)
Superior third (No.) (%) 2 (3.4%) 2 (9.5%)

Associated findings
Calcification (No.) (%) 3 (5.1%) 13 (61.9%)
Cerebral infarction (No.) (%) 14 (23.7%) 2 (9.5%)
Parenchymal hemorrhage (No.) (%) 5 (8.5%) 2 (9.5%)

Coincident vascular abnormalities
Vertebral dissection (No.) (%) 2 (3.4%) 1 (4.8%)
Carotid dissection (No.) (%) 2 (3.4%) 1 (4.8%)
Carotid web (No.) (%) 1 (1.7%) 0
Fibromuscular dysplasia (No.) (%) 5 (8.5%) 0

a A total of 80 cases with basilar artery intraluminal findings were identified. The location and distribution along
the course of the basilar artery were similar for fenestrations and septations. Rarely, arterial dissections were
found in the extracranial segments of vertebral artery or internal carotid artery. No intracranial dissections were
identified in any of the cases.

AJNR Am J Neuroradiol 42:701–07 Apr 2021 www.ajnr.org 705



calcification was seen in 61.9% of aBF cases. Although calcifica-
tion is associated with fenestrations of any size, for reasons yet
unknown, it is more common in fenestrations of smaller caliber.

Conceptualizing aBFs as tiny fenestrations has important
implications. They should be interpreted as benign congenital
findings. They should not be confused with dissections or intralu-
minal webs. Furthermore, we demonstrate important variations
in the morphology of aBFs, including areas of thinning, vary-
ing thickness, and nodularity. Therefore, when associated with
calcification or nodularity, aBFs should not be confused with
intraluminal thrombi or emboli with or without calcification.
Furthermore, our results demonstrate that there is no notable
correlation between aBFs and arterial dissection, thrombosis,
or emboli. This benign history contrasts with the poor progno-
sis of the known ischemic and hemorrhagic complications of
isolated basilar dissections,18,19,20 as well as the association of
arterial webs with ischemic stroke.21,22

None of our aBFs fit the morphologic description of a web or
a dissection. None of the basilar septations we found were present
at or near an arterial branching point and none displayed the
ledge-like imaging findings of a carotid web. In addition, only
one of our aBFs was associated with a posterior circulation stroke
(4.8%; 1/21), and none were associated with posterior circulation
hemorrhage, extracranial arterial web, or FMD. Our single case
of an ICA origin web and our 5 cases of FMD were associated
with classic appearing basilar fenestrations instead. Therefore, we
do not find evidence to support the theory that aBFs represent ei-
ther webs or a focal dissection. Of note, the presence of extracra-
nial arterial dissection as well as anterior circulation stroke in
several of our cases is thought to represent a reflection of the sam-
ple because many of our CTAs were performed for acute neuro-
logic symptoms. Only 1 case of a basilar tip aneurysm was
identified, with no posterior circulation aneurysms found at the
site of basilar fenestrations or aBFs. We, therefore, believe that
the concomitant basilar intraluminal findings are purely inciden-
tal, without a causal association.

We believe the detection of aBFs has important implications
in the era of endovascular procedures, especially in a posterior
stroke work-up. Further studies are needed to ascertain their con-
sequences, if any, in cases of basilar catheterization or stent place-
ment or endovascular stroke treatment. Currently, it is unclear
whether they are simply displaced against the vessel wall or
whether vascular damage is possible. Therefore, we believe that
neurointerventionalists should likely be aware of their presence
before basilar catheterization.

Our study is limited due to its retrospective nature and the
lack of pathologic correlation. Nonetheless, we believe that the 2
previously published pathologic studies relating to basilar septa-
tions6,15 lend strong support to our findings. Furthermore, our
study was conducted in a North American population; therefore,
the possibility that racial variations exist cannot be excluded. In
addition, because the size of aBFs is near the limit of imaging re-
solution, certain questions remain that can only be answered by
careful microscopic pathologic analysis. These questions include
whether areas of vanishing thickness represent thinning or partial
absence, whether a microscopic arterial wall aperture remains at
the vessel wall or whether it is obliterated, and whether a

collapsed lumen exists within the walls of an aBF or whether the
walls are fused and the extraluminal channel has been congeni-
tally obliterated. Last, our study was conducted in an adult
population without patients younger than 18 years of age.
Further research is necessary to ascertain the presence of the
morphologic findings as well as associated calcification in a pe-
diatric population.

CONCLUSIONS
Basilar septations are evident on 0.6% of CTAs and most likely
represent and should be referred to as aberrant basilar fenestra-
tions. They should not be misinterpreted as focal dissections, ar-
terial webs, intraluminal thrombi, or emboli with or without
calcification. We believe that the detection of aBFs has important
theoretic implications in the era of endovascular procedures, and
further studies are needed to ascertain their consequences in cases
of planned basilar catheterization or stent placement.

Key Results
• Variations in the size and appearance of basilar fenestra-
tions exist with window-, hourglass-, and funnel-shaped
morphologies.

• Basilar septations are evident on 0.6% of CTAs and likely rep-
resent miniature aBFs. A nonatherosclerotic pattern of focal
calcification was evident in 5.1% of basilar fenestrations and
61.9% of aBFs.

• aBFs should be interpreted as benign, congenital findings.
They should not be confused with dissections, webs, thrombi,
or emboli with or without calcification.

Basilar septations are evident on 0.6% of CTAs, most likely repre-
sent aBFs, and should be interpreted as incidental, benign, con-
genital findings.
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ORIGINAL RESEARCH
INTERVENTIONAL

Intra-Arterial Thrombolysis after Unsuccessful Mechanical
Thrombectomy in the STRATIS Registry

S.F. Zaidi, A.C. Castonguay, O.O. Zaidat, N. Mueller-Kronast, D.S. Liebeskind, H. Salahuddin, and M.A. Jumaa

ABSTRACT

BACKGROUND AND PURPOSE: Recent data suggest that intra-arterial thrombolytics may be a safe rescue therapy for patients with
acute ischemic stroke after unsuccessful mechanical thrombectomy; however, safety and efficacy remain unclear. Here, we evaluate
the use of intra-arterial rtPA as a rescue therapy in the Systematic Evaluation of Patients Treated with Neurothrombectomy
Devices for Acute Ischemic Stroke (STRATIS) registry.

MATERIALS AND METHODS: STRATIS was a prospective, multicenter, observational study of patients with acute ischemic stroke
with large-vessel occlusions treated with the Solitaire stent retriever as the first-line therapy within 8 hours from symptom onset.
Clinical and angiographic outcomes were compared in patients having rescue therapy treated with and without intra-arterial rtPA.
Unsuccessful mechanical thrombectomy was defined as any use of rescue therapy.

RESULTS: A total of 212/984 (21.5%) patients received rescue therapy, of which 83 (39.2%) and 129 (60.8%) were in the no
intra-arterial rtPA and intra-arterial rtPA groups, respectively. Most occlusions were M1, with 43.4% in the no intra-arte-
rial rtPA group and 55.0% in the intra-arterial rtPA group (P¼ .12). The median intra-arterial rtPA dose was 4 mg (inter-
quartile range ¼ 2–12 mg). A trend toward higher rates of substantial reperfusion (modified TICI $ 2b) (84.7% versus
73.0%, P¼ .08), good functional outcome (59.2% versus 46.6%, P¼ .10), and lower rates of mortality (13.3% versus 23.3%,
P¼ .08) was seen in the intra-arterial rtPA cohort. Rates of symptomatic intracranial hemorrhage did not differ (0% ver-
sus 1.6%, P¼ .54).

CONCLUSIONS: Use of intra-arterial rtPA as a rescue therapy after unsuccessful mechanical thrombectomy was not associated
with an increased risk of symptomatic intracranial hemorrhage or mortality. Randomized clinical trials are needed to understand
the safety and efficacy of intra-arterial thrombolysis as a rescue therapy after mechanical thrombectomy.

ABBREVIATIONS: IA ¼ intra-arterial; MT ¼ mechanical thrombectomy; RT ¼ rescue therapy; sICH ¼ symptomatic intracranial hemorrhage; STRATIS ¼
Systematic Evaluation of Patients Treated with Neurothrombectomy Devices for Acute Ischemic Stroke

Mechanical thrombectomy (MT) is a powerful therapy for
patients with acute ischemic stroke with large-vessel

occlusions. However, despite its proved success,1-5 most
patients do not achieve complete reperfusion6-9 and only
about half of all patients treated with MT achieve a good

clinical outcome at 3 months.6 Because patients with com-
plete reperfusion are 2 times more likely to have favorable
outcomes than those with near-complete reperfusion,10 ex-
ploration of adjunctive or rescue therapies (RTs) to augment
MT complete reperfusion is warranted.

The role of intra-arterial (IA) thrombolysis has evolved from a

primary therapy11-17 to an adjunctive or RT to MT. Recently, a US

survey indicated that 60.6% of neurointerventionalists use IA lytics

in their practice, with the most common approach as an RT after

MT.18 Previous studies on the use of IA rtPA in the context of MT

either as an RT or adjunctive therapy have yielded promising data,

but these studies are limited by their small sample sizes and retro-

spective design.19-21 Here, in this subanalysis, we retrospectively

evaluate the use of IA rtPA as an RT after unsuccessful MT in the

multicenter, prospective, Systematic Evaluation of Patients Treated

with Neurothrombectomy Devices for Acute Ischemic Stroke
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(STRATIS) registry (https://www.clinicaltrials.gov/ct2/show/

NCT02239640?term=STRATIS&draw=2&rank=7).

MATERIALS AND METHODS
Study Population
STRATIS Registry. The STRATIS registry was a prospective, mul-
ticenter, nonrandomized, observational study that evaluated
the use of the Solitaire revascularization device (Medtronic)
and MindFrame Capture low-profile revascularization device
(Medtronic) in 1000 patients with anterior circulation large-
vessel occlusions between August 2014 and June 2016 at 55
US centers (https://www.clinicaltrials.gov; unique identifier:
NCT02239640). Ethics approval was obtained by the institutional
review board at each center. Before enrollment in the registry,
each subject provided written informed consent. The details and
results of the STRATIS registry are published elsewhere.7 Briefly,
key inclusion criteria were the following: 1) confirmed, sympto-
matic intracranial large-vessel occlusion with associated symp-
toms; 2) an NIHSS score of 8 to thirty; 3) use of the Medtronic
market-released neurothrombectomy device as the initial device;
4) premorbid mRS of #1; and 5) treatment within 8 hours of
stroke onset. Procedural information was obtained via core lab
analysis of the de-identified complete reports and complete pro-
cedural imaging. RT was defined in the STRATIS registry as any
mechanical device or thrombolytic used after the primary neuro-
thrombectomy device (Solitaire or MindFrame). MindFrame was
recalled on February 26, 2018, due to a risk of the delivery wire
breaking or separating during use.

IA Subanalysis
For this subgroup analysis, all patients who underwent RT were
included. Within this RT group, patients with and without IA
rtPA use were compared. An additional subgroup analysis was

also performed in patients with RT
with M1 occlusions only. Baseline and
procedural characteristics and out-
comes were compared between the 2
subgroups. Clinical outcomes at 90
days included an mRS score and mor-
tality. Safety outcomes included the
incidence of symptomatic intracranial
hemorrhage (sICH).

Statistical Analysis
Standard descriptive statistics, in-
cluding mean [SD] and median with
interquartile range, were used for
continuous variables, and frequency
distributions, for categoric varia-
bles. For between-group compari-
sons, x 2 tests and the Fisher exact
test were used for categoric varia-
bles, while t tests and Wilcoxon
rank sum tests were used for contin-
uous variables. All P values were 2-
sided, and values #.05 were considered

significant. Multivariable logistic regression models were fit for the
following outcomes: substantial reperfusion, good functional out-
comes (mRS 0–2), and mortality at 90days. Clinically relevant varia-
bles and variables with P, .10 were entered into the models.
Statistical analyses were conducted using SAS, Version 9.3 (SAS
Institute), and R statistical and computing software, Version 3.2
(http://www.r-project.org).

RESULTS
Of the 984 patients in the STRATIS registry, 212 (21.5%) under-
went RT and were included in this analysis (Fig 1). From the RT
cohort, 129 patients (60.8%) received IA rtPA.

Baseline demographics were balanced between the groups,
with the exception of hyperlipidemia, which was more prevalent
in the no IA rtPA group (56.6% versus 41.1%, P¼ .03) (Online
Supplemental Data). There was no difference in the mean NIHSS
scores at presentation (17.6 [SD, 5.7] versus 17.0 [SD, 5.5],
P¼ .43). Most patients in both cohorts received IV rtPA (62.7%
versus 70.5%, P¼ .24) and had an anterior circulation occlusion
(95.2% versus 93.8%, P¼ .09).

The mean time of onset to groin puncture was significantly
shorter in the IA rtPA group (227.9 [SD, 91.9] versus 200.2 [SD,
104] minutes, P¼ .05). Only �11% of patients in each group had
an onset-to-groin puncture time of .6 hours. The mean number
of passes was lower in the IA rtPA group (3.6 [SD, 1.3] versus 2.2
[SD, 1.4], P# .001); however, the number of passes in both groups
did not differ before RT (Online Supplemental Data). The median
dose of IA rtPA administered was 4mg (interquartile range = 2–12
mg). There was a trend toward faster procedural times in the IA
rtPA group (89.1 [SD, 45.1] versus 78.7 [SD, 43.1]minutes,
P¼ .10). The rate of substantial reperfusion (modified TICI$ 2b)
was numerically higher in the IA rtPA group (73.0% versus 84.7%,
P¼ .08) (Online Supplemental Data and Fig 2A).

FIG 1. Study flow chart.
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There was a trend toward higher rates of good functional out-
come (mRS# 2) (46.6% versus 59.2%, P¼ .10) and lower rates of
mortality (23.3% versus 13.3%, P¼ .08) at 90 days in the IA rtPA
cohort (Online Supplemental Data and Fig 2B). No difference
was found in the rate of sICH between the groups (0% versus
1.6%, P¼ .54).

Multivariable logistic regression analysis when adjusting for IA
rtPA use, history of hyperlipidemia, number of device passes, time
from onset to procedure end, time from onset to arterial puncture,
M1 vessel location, and ICA vessel location did not show IA rtPA
use as an independent predictor of substantial reperfusion (OR ¼
1.07; 95% CI, 0.44–2.57; P¼ .89), good functional outcome (OR ¼
0.92; 95% CI, 0.46–1.83; P¼ .80), or mortality (OR ¼ 0.54; 95%
CI, 0.22–1.31; P¼ .17) (Online Supplemental Data).

When further restricting the RT population to M1 occlusions
only, there was no difference in the rates of substantial reperfu-
sion (83.3% versus 90.6%, P¼ .45), good functional outcome
(52.9% versus 60.0%, P¼ .53), mortality (17.6% versus 10.8%,
P¼ .36), and sICH (0% versus 1.4%, P¼ 1.0) in the IA rtPA and
no IA rtPA groups, respectively (Online Supplemental Data and
Figs 1 and 2).

DISCUSSION
In this subgroup analysis of the STRATIS registry, use of IA rtPA
in patients with RT did not result in an increased risk of sICH.
Furthermore, there was a trend toward higher rates of successful
reperfusion and good clinical outcome and lower rates of mortal-
ity in patients with RT receiving IA rtPA.

FIG 2. Outcomes in the RT no IA rtPA versus RT IA rtPA groups. A, Revascularization outcomes. B, Ninety-day mRS in the RT no IA rtPA versus
RT IA rtPA groups.
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Our study adds to a small-but-growing body of literature that
suggests that IA thrombolytics may be a safe and effective adjunc-
tive or RT during or after MT.19-23 A recent subanalysis from the
multicenter North American Solitaire Acute Stroke (NASA)
registry examined the use of IA rtPA after failed MT and reported
numerically higher rates of revascularization success (61.2% ver-
sus 46.6%, P¼ .13) and faster recanalization times (100 [SD, 85]
versus 164 [SD, 235]minutes, P¼ .36) in patients treated with IA
rtPA compared with those with no IA rtPA use.19 Most impor-
tant, the authors reported no difference in the rates of sICH
(13.9% versus 6.8%, P¼ .29) and mortality (42.9% versus 44.7%,
P¼ .13) between the groups. Similarly, a single-center retrospec-
tive study by Anadani et al20 reported no difference in rates of
successful recanalization, hemorrhage, or mortality at 90 days in
patients who received IA rtPA as rescue therapy after MT versus
MT only. Kaesmacher et al22 examined the use of IA urokinase af-
ter failed or incomplete MT in 100 patients with anterior circula-
tion large-vessel occlusion. Use of IA urokinase in this study was
not associated with an increased risk of sICH (adjusted OR, 0.81;
95% CI, 0.31–2.13) or mortality (adjusted OR ¼ 0.78; 95% CI,
0.43–1.40) and resulted in improved angiographic reperfusion.

The safety of IA rtPA after IV rtPA administration and MT has
not been well-studied. In the present study, most patients receiving
IA rtPA RT (62.7%) received IV rtPA. Because the sICH rates were
comparable between the cohorts (0% versus 1.6%, P¼ .54), our data
suggest that IA rtPA administration in the context of IV rtPA and
MT appears to be safe. Anadani et al20 investigated the safety of IA
rtPA use after IV rtPA and MT and found no difference in the rate
of hemorrhagic complications between the IV rtPA/IA rtPA and IA
rtPA-only groups; however, only 13 patients received IV rtPA/IA
rtPA in the study. Although the randomized MT trials, Multicenter
Randomized CLinical trial of Endovascular treatment for Acute is-
chemic stroke in the Netherlands [MR CLEAN] and Endovascular
Treatment for Small Core and Anterior Circulation Proximal
Occlusion with Emphasis on Minimizing CT to Recanalization
Times Trial, allowed the use of IA rtPA, no data have been pub-
lished on the safety of IA thrombolytic use in these studies.1,2

Only a few studies have reported IA rtPA dosing during or af-
ter MT.20,21,23 The median dose of IA rtPA administered as an
RT in our study was 4mg (interquartile range¼ 2–12 mg), which
was similar to the median dose of 5mg (interquartile range = 4–6
mg) reported by Anadani et al.20 A recent survey by Castonguay
et al18 showed that 60.6% of respondents used IA thrombolytics
in their practice and that most used an IA rtPA dose of 3–10 mg;
however, 84.9% do not have a standardized protocol for adminis-
tration. Because the administration protocols, dosing, and indica-
tions varied widely among studies that investigated IA rtPA
in the context of MT,19-21,23 further study is warranted.
Currently, the Chemical Optimization of Cerebral Embolectomy
(CHOICE) trial is an ongoing multicenter, randomized, placebo-
controlled, double-blinded Phase 2b study to assess the effec-
tiveness of IA thrombolysis (rtPA) after incomplete reperfu-
sion (modified TICI 2b or 2c) with MT.24 Patients will be
randomized to receive a 20- to 30-minute intra-arterial infu-
sion of rtPA (up to 22.5 mg) or a placebo. Results from the
CHOICE trial will help establish guidance on the potential ef-
ficacy and safety of IA rtPA as an RT after MT.

Limitations
This substudy has several limitations. Data reported here were
limited to variables captured in the STRATIS registry. Thus, rea-
sons for IA rtPA adminstration, adminstration technique, and
infusion times were not available, possibly contributing to selec-
tion bias and the generalizability of our study results. Reasons for
the choice of RT were not recorded in the STRATIS registry;
therefore, selection bias needs to be considered when interpreting
the results of the study. Onset-to-groin puncture times were sig-
nificantly faster in the IA rtPA group, possibly impacting the out-
comes in this study. The STRATIS registry enrolled patients and
treated patients within 8 hours from symptom onset; therefore,
the results from this study cannot be extrapolated to later time
windows. The number of passes was significantly higher in the
RT no IA rtPA group; however, it was adjusted for in multivariate
outcome models. Treatment strategies varying in the RT popula-
tion may limit the generalizability and interpretability of our
results. Additionally, the definition of RT was specific to the
STRATIS registry and is not reflective of clinical practice.

CONCLUSIONS
To our knowledge, this is the largest multicenter, core lab–adjudi-
cated cohort of patients with RT and IA rtPA after unsuccessful
MT with the Solitaire device. Our results demonstrate similar
rates of mortality, sICH, and reperfusion and 90-day clinical out-
comes compared with patients having RT with no IA rtPA use.
Large, prospective, randomized clinical trials are needed to fur-
ther investigate the safety and efficacy of IA thrombolysis after
unsuccessful MT.
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ORIGINAL RESEARCH
INTERVENTIONAL

The Prophylactic Use of Tirofiban versus Oral Antiplatelet
Medications in Stent-Assisted Coiling of Intracranial

Aneurysms: A Meta-analysis
Y. Xiang, H. Zhao, C. Ding, H. Chen, D. Wang, and A. Liu

ABSTRACT

BACKGROUND: The protocol for optimal antiplatelet therapy to prevent thromboembolic and hemorrhagic complications in
patients with cerebral aneurysms using an endovascular approach is not clear.

PURPOSE:Our study analyzed the safety and efficacy of prophylactic tirofiban administration compared with oral antiplatelet drug therapy.

DATA SOURCES:We used the PubMed, EMBASE, MEDLINE, and Cochrane library data bases.

STUDY SELECTION: Our study consisted of all case series with.5 patients that reported treatment-related outcomes of patients
undergoing endovascular procedures pretreated with tirofiban or oral antiplatelet drug therapy.

DATA ANALYSIS: Random effects or fixed effects meta-analysis was used to pool the cumulative rate of complications, perioperative
mortality, and good clinical outcomes.

DATA SYNTHESIS: Fifteen studies with 1981 patients were registered. Thromboembolic complications were significantly lower in the
tirofiban group (3.6%; 95% CI, 1.9%–5.8%) compared with the dual-antiplatelet therapy group (8.5%, 95% CI, 4.5%–13%; P ¼ .04).
Pretreatment with tirofiban did not remarkably increase the rate of hemorrhagic complications (3.5%; 95% CI, 1.8%–5.6%) compared
with dual-antiplatelet therapy (5.1%; 95% CI, 2.6%–8.5%; P ¼ .371). There was a trend toward lower perioperative mortality with tiro-
fiban (0.8%; 95% CI, 0.2%–1.6%) compared with dual-antiplatelet therapy (1.2%; 95% CI, 0.7%–2.0%; P ¼ .412). There was no significant
difference in the safety and efficacy between the tirofiban bolus plus drip and drip alone.

LIMITATIONS: The limitations are selection and publication biases.

CONCLUSIONS: Prophylactic therapy with tirofiban resulted in significantly lower rates of thromboembolic complications with no increase
in hemorrhagic events or mortality than the prophylactic use of dual-antiplatelet therapy.

ABBREVIATIONS: ASA ¼ acetylsalicylic acid; DAPT ¼ dual-antiplatelet therapy; GP IIb/IIIa ¼ glycoprotein IIb/IIIa; MINORS ¼ methodological index for non-
randomized studies; PRISMA ¼ Preferred Reporting Items for Systematic Review and Meta-Analysis

Endovascular treatments such as stent-assisted coiling and flow
diversion have recently emerged as an effective option for in-

tracranial aneurysms.1,2 In general, thrombosis and subsequent
ischemic events are major sources of morbidity and mortality in
stent-assisted coiling procedures. Therefore, the adequate preven-
tion of thromboembolic events is of paramount importance dur-
ing stent-assisted coiling and flow diversion of intracranial

aneurysms. Antiplatelet therapy offers partial prevention of these
events.3,4 Many clinicians perioperatively use dual oral antiplate-
let medications, routinely aspirin and clopidogrel, to prevent
associated thromboembolic complications.5,6 However, throm-
boembolic complications still occur in up to 7%–40% of patients
treated with dual-antiplatelet therapy (DAPT), even with high
on-treatment platelet reactivity.7 The reported frequency of
symptomatic hemorrhage during aneurysm embolization also
varies greatly due to the irreversible inhibition of platelet
aggression.8,9Received July 2, 2020; accepted after revision November 2.
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The potent glycoprotein IIb/IIIa (GP IIb/IIIa) inhibitor tir-
ofiban is increasingly used in acute coronary syndromes.10

Tirofiban provides distinct advantages due to its pharmacody-
namic characteristics, such as a short onset of action and a
short half-life. Several studies have evaluated its prophylactic
use in the endovascular treatment of intracranial aneurysms.11,12

Despite the largest experience of alternative antiplatelet ther-
apy, there are no publicly available guidelines on the use of pro-
phylactic antiplatelet medications, and no systematic reviews
evaluated the proper administration of these medications. Our
meta-analysis was the first to investigate whether tirofiban is a
conceivable alternative to DAPT as a prophylactic therapy for
thromboembolism during the endovascular treatment of intra-
cranial aneurysms. We compared clinical outcomes in patients
pretreated with tirofiban versus DAPT during intracranial aneu-
rysm treatment. We also performed subgroup analyses to com-
pare outcomes of patients treated with a loading dose plus drip of
tirofiban versus drip alone and patients treated with aspirin plus
clopidogrel and aspirin plus ticagrelor therapy. This information
will guide the selection of safer antiplatelet administration for
endovascular treatment of intracranial aneurysms.

MATERIALS AND METHODS
This meta-analysis was performed according to the Preferred
Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) guidelines.13

Literature Search
Two reviewers independently searched the PubMed, EMBASE,
MEDLINE, and Cochrane library data bases in March 2020 with-
out restrictions on publication date or language. Search terms
included “tirofiban,” “antiplatelet drug prophylactic,” “antiplate-
let drip premedication,” “DAPT,” “oral antiplatelet medication,”
“pretreatment antiplatelet,” “preventative use of antiplatelet,”
“preprocedure antiplatelet,” “preventative clopidogrel,” “intracra-
nial aneurysm,” “cerebral aneurysm,” “brain aneurysm,” “ante-
rior cerebral artery aneurysm,” “anterior communicating artery
aneurysm,” “posterior communicating artery aneurysm,” “poste-
rior cerebral artery aneurysm,” “basilar artery aneurysm,” “mid-
dle cerebral artery aneurysm,” and “Berry aneurysm.” Search
terms were combined using the Boolean operators “AND” or
“OR.” References cited in the relevant articles were also reviewed.

Inclusion and Exclusion Criteria
Studies meeting the following criteria were eligible for inclusion:
1) a series of.5 patients, 2) studies with preprocedural antiplate-
let medications in stent-assisted coiling of intracranial aneurysms,
and (3) available data on periprocedural complications. We
excluded studies performed using administrative/insurance data
bases, articles that were duplicate reports of an earlier trial,
reviews, and case reports.

Data Extraction
Two of the authors independently extracted the following infor-
mation from the final set of included studies: first author’s name,
year of publication, original country, sample size, type of agents
used for pretreatment, method of administration, duration of

follow-up, perioperative thromboembolic events, perioperative
hemorrhage, and perioperative mortality related to antiplatelet
therapy. The corresponding author of each study was contacted to
obtain any missing information if required. Perioperative compli-
cations were events that occurred within 30 days of the procedure.
Thromboembolic complications referred to ischemic stroke, terri-
torial infarction, or.6 lesions with positive findings on DWI seen
on 24- to 48-hour or long-term follow-up imaging. Hemorrhagic
complications included intracerebral hematoma, subdural hema-
toma, subarachnoid hemorrhage, parenchymal hematoma, and
groin puncture complications. Good clinical outcomes were
defined as an mRS score of #2 at long-term ($3months) follow-
up or a Glasgow Outcome Score of$4 at discharge.

Quality Evaluation (Bias)
Two authors assessed the quality of each study using the methodo-
logical index for nonrandomized studies (MINORS).14 The included
studies were scored as 0 if not reported, 1 if reported but inadequate,
and 2 if reported and adequate. Discrepancies were resolved via dis-
cussion and consensus. Quality was determined on the basis of 12
MINORS items. The items were scored as 0 (not reported), 1
(reported but inadequate), or 2 (reported and adequate).
Noncomparative studies with.12 points and comparative studies
with .16 points were considered high-quality. Noncomparative
studies with 8–12 points and comparative studies with 12–16
points were deemed intermediate-quality, and noncomparative
studies with ,8 points and comparative studies with ,12 points
were considered low-quality. The Grading of Recommendations
Assessment, Development and Evaluation approach was used to
assess the overall quality of the evidence for each outcome.15

Statistical Analysis
The meta-analysis was performed using STATA, Version 14.0
(StataCorp). Most of the included studies were noncomparative.
Therefore, we estimated the cumulative incidence (event rate)
from each cohort and the 95% confidence interval for each out-
come. Pooled event rates were assessed for heterogeneity using
the x 2 and I2 tests.16 A fixed effects model was performed with
I2 # 50%. Otherwise, a random effects model was performed. The
incidence rates of the different outcomes were compared between
tirofiban cohorts and DAPT cohorts using an interaction test as
described by Altman and Bland17 or the x 2 test. We also per-
formed subgroup analyses to compare outcomes of patients treated
with a loading dose plus drip of tirofiban versus drip alone and
patients treated with aspirin plus clopidogrel and aspirin plus tica-
grelor therapy. P, .05 was considered significant in all analyses.

RESULTS
Search Results
Three hundred ninety-one studies were retrieved from the
PubMed, EMBASE, MEDLINE, and Cochrane library data bases.
A total of 280 studies were excluded because they were duplicate
items. Ninety studies were excluded after title and abstract
screening. Six studies were removed because of the failure to
meet the eligibility criteria; finally, 15 studies11,12,18-30 were
selected for the meta-analysis. A flow diagram of the selection
process for relevant articles is shown in Fig 1.
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Characteristics of Studies
The characteristics of the included studies are presented in the
Online Supplemental Data. In total, 1981 patients were regis-
tered in the 15 included studies. A total of 613 patients were
pretreated with tirofiban (30.9%), and 1368 patients (69.1%)
received only dual oral antiplatelet medications. Among the
patients who received tirofiban as a preventive measure in the
stent-assisted coiling of intracranial aneurysms, 65 patients
received drip alone and 548 patients received a loading dose
plus a drip of tirofiban. Among the patients who received pro-
phylactic dual oral antiplatelet therapy, 1278 patients received
acetylsalicylic acid (ASA) plus clopidogrel, and 90 patients
received ASA plus ticagrelor.

Quality Evaluation (Bias)
The assessment of the study-specific quality scores from the
MINORS items is presented in the Online Supplemental Data.
Items such as prospective collection of data, unbiased assessment

of the study end points, and prospective calculation of the study
size were not found in all 15 studies, and other items that were
involved in most of the 15 studies were scored 2, which indicated
good quality. Thirteen of the 15 studies were identified as of rela-
tively intermediate-quality. Two of the 15 studies were considered
low-quality.

Tirofiban versus DAPT
The results of the pooled event rates for each study are shown in
Table 1. Thromboembolic complications were significantly lower
in the tirofiban group (3.6%; 95% CI, 1.9%–5.8%) compared
with the DAPT group (8.5%, 95% CI, 4.5%–13%; P ¼ .04).
Pretreatment with tirofiban did not increase the rate of hemor-
rhagic complications (3.5%; 95% CI, 1.8%–5.6%) compared with
DAPT (5.1%; 95% CI, 2.6%–8.5%; P¼ .371). There was a trend to-
ward lower perioperative mortality with tirofiban (0.8%; 95% CI,
0.2%–1.6%) compared with DAPT (1.2%; 95% CI, 0.7%–2.0%; P¼
.412). A rate analysis of good clinical outcomes indicated that the 2
approaches were associated with similar outcomes (89%; 95% CI,

74.0%–99.0%; and 92.7%; 95% CI,
87.1%–96.8%; P ¼ .589) at follow-up or
discharge.

Tirofiban Bolus plus Drip versus
Drip Alone
The results of the pooled event rates for
each study are shown in Table 2. There
was no significant difference between
the 2 approaches for the rates of throm-
boembolic complications (3.9%; 95% CI,
1.7%–6.8%; and 2.4%; 95% CI, 0.1%–
7.5%; P ¼ .513), hemorrhagic complica-
tions (3.0%; 95% CI, 1.8%–4.7%; and
2.5%; 95% CI, 0.1%–7.5%; P ¼ .805),
perioperative mortality (0.8%; 95% CI,
0.2%–1.7%; and 0.7%; 95% CI, 0.1%–
4.1%; P ¼ .927), or good clinical out-
comes (86.3%; 95% CI, 62.8%–99%; and
94.7%; 95% CI, 86.6%–99.2%; P ¼ .391).
One study reported that after starting a
drip protocol that no longer included a
loading dose of tirofiban, the overall
incidence of hemorrhagic complications
fell impressively to 1.9% compared with
18.8% for the protocol that included a
bolus dose plus a drip of tirofiban. No
major or clinically significant bleeding
events were observed using the drip pro-
tocol, even in patients with ruptured
aneurysms.12

FIG 1. Flow diagram of the selection process for relative articles. A PRISMA–compliant search
(www.prisma-statement.org) of MEDLINE, EMBASE, PubMed, the Cochrane library, and the
Cochrane Central Register of Controlled Trials (CENTRAL) was performed.

Table 1: Outcomes with tirofiban versus DAPT
Outcome Tirofiban % (95% CI) I2 DAPT % (95% CI) I2 P Value

Thromboembolic complications 3.6 (1.9–5.8) 33 8.5 (4.5–13.0) 88 .04
Hemorrhagic complications 3.5 (1.8–5.6) 28 5.1 (2.6–8.5) 80 .371
Perioperative mortality related to antiplatelet medication 0.8 (0.2–1.6) 15 1.2 (0.7–2.0) 0 .412
Good clinical outcomes 89.0 (74.0–99.0) 91 92.7 (87.1–96.8) 87 .589
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ASA plus Clopidogrel versus ASA plus Ticagrelor
The results of the pooled event rates for each study are shown in
Table 3. Patients pretreated with ASA and clopidogrel had a non-
statistically higher rate of thromboembolic complications (9.2%;
95% CI, 4.7%–14.8%) compared with patients pretreated with
ASA and ticagrelor (5.4%; 95% CI, 1.7%–10.9%; P ¼ .513). There
was a trend toward a higher rate of hemorrhagic complications
with ASA and clopidogrel (5.5%; 95% CI, 2.8%–9.1%) compared
with ASA and ticagrelor (2.5%; 95% CI, 0%–10.5%; P ¼ .321).
For outcomes at long-term follow-up, perioperative mortality
was nonstatistically lower in the clopidogrel group (1.2%; 95%
CI, .6%–1.9%) than in the ticagrelor group (2.4%; 95% CI,
0.02%–8.5%; P ¼ .583). The rate of good clinical outcomes was
not significantly higher in the clopidogrel group (93.0%; 95% CI,
87.0%–97.2%) than in the ticagrelor group (93.1%; 95% CI,
84.3%–98.5%; P¼ .982).

Meta-regression
The meta-regression model quantified the impact of the follow-
up time on the P value of cumulative incidences (event rate). The
results of the meta-regression analysis indicated that the follow-
up period did not influence the effect estimate of tirofiban versus
DAPT (Table 4) or ASA plus clopidogrel versus ASA plus ticagre-
lor (Table 5). The follow-up time of the drip group was not
reported in original studies. Therefore, it was not possible to dis-
cern whether this factor influenced the heterogeneity in the tirofi-
ban bolus plus drip versus the drip group.

DISCUSSION
The main finding of our meta-analysis was that there was a signif-
icantly lower rate of thromboembolic complications (P , .05)
from the prophylactic use of tirofiban than DAPT in patients
with intracranial aneurysms undergoing endovascular treatment.
There was no increase in intracranial hemorrhage in the tirofiban
group (P. .05).

Stent-placement techniques and flow diverters are increas-
ingly used in the management of intracranial aneurysms. Because
thromboembolic events associated with stent placement and flow
diverters occur often and these events correlate with poor clinical
outcomes,31,32 antiplatelet agents (eg, prophylactic clopidogrel
and aspirin) are used to prevent in-stent thrombosis and ischemic
events.33 However, oral antiplatelet drugs take time to reach ther-
apeutic levels. DAPT is routinely administered 3–5 days before
endovascular treatment of intracranial aneurysms, and this ther-
apy may be associated with a heightened risk (18.91%) of intra-
cranial hemorrhage.34,35 GP IIb/IIIa inhibitors are considered the
most powerful class of antiplatelet therapies, and their adjunctive
beneficial effects were shown in several clinical trials.36-39

Tirofiban is a nonpeptide GP IIb/IIIa receptor, which is simi-
lar to abciximab because it has a high affinity for the GP IIb/IIIa
receptor. However, tirofiban dissociates from the GP IIb/IIIa re-
ceptor more rapidly than abciximab. A relatively high level of pla-
telet inhibition is achieved approximately 5–10minutes after
tirofiban administration, and inhibition of platelet function
$95% at 10 minutes after the start of therapy is associated with a

Table 2: Outcomes with a bolus dose plus drip of tirofiban versus drip alone
Outcome Bolus + Drip % (95% CI) I2 Drip % (95% CI) I2 P Value

Thromboembolic complications 3.9 (1.7–6.8) 54 2.4 (0.1–7.5) 0 .513
Hemorrhagic complications 3.0 (1.8–4.7) 30 2.5 (0.1–7.5) 0 .805
Perioperative mortality related to antiplatelet medication 0.8 (0.2–1.7) 42 0.7 (0.1–4.1) 0 .927
Good clinical outcomes 86.3 (62.8–99.0) 94 94.7 (86.6–99.2) 0 .391

Table 3: Outcomes with ASA plus clopidogrel versus ASA plus ticagrelor

Outcome
ASA + Clopidogrel %

(95% CI) I2
ASA + Ticagrelor

(95% CI) I2
P

Value
Thromboembolic complications 9.2 (4.7–14.8) 88 5.4 (1.7–10.9) 0 .513
Hemorrhagic complications 5.5 (2.8–9.1) 79 2.5 (0–10.5) 65 .321
Perioperative mortality related to antiplatelet medication 1.2 (0.6–1.9) 0 2.4 (0.02–8.5) 47 .583
Good clinical outcomes 93.0 (87.0–97.2) 85 93.1 (84.3–98.5) 47 .982

Table 4: Meta-regression analysis of follow-up time affecting heterogeneity (tirofiban versus DAPT)
Variable Coefficient (95% CI) Standard Error T P Value

Thromboembolic complications 0.005 (�0.005–0.014) 0.004 1.160 .285
Hemorrhagic complications 0.002 (�0.078–0.116) 0.004 0.460 .656
Perioperative mortality related to antiplatelet medication 0.007 (�0.03–0.017) 1.710 1.710 .131
Good clinical outcomes –0.006 (�0.017–0.006) 0.005 �1.210 .281

Table 5: Meta-regression analysis of follow-up time affecting heterogeneity (ASA plus clopidogrel versus ASA plus ticagrelor)
Variable Coefficient (95% CI) Standard Error T P Value

Thromboembolic complications 0.005 (�0.007–0.017) 0.005 1.106 .338
Hemorrhagic complications 0.002 (�0.010–0.014) 0.005 0.42 .69
Perioperative mortality related to antiplatelet medication 0.012 (�0.042–0.066) 0.021 0.59 .581
Good clinical outcomes �0.006 (�0.020–0.008) 0.005 –1.22 .289
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significant decrease in the incidence of major adverse cardiac
events.40,41 Although the off-label use of tirofiban as a prophylac-
tic and rescue treatment in neuroendovascular procedures is
common, no systematic reviews have evaluated the safety and ef-
ficacy of tirofiban compared with DAPT as a prophylactic ther-
apy during the endovascular treatment of intracranial aneurysms.
The pooled data of our systematic review lend more support to
the tirofiban strategy. Most of the studies included in this review
indicated that the rates of thromboembolic complications from
tirofiban and the DAPT strategy ranged between 0% and 10.0%
and 1.7% and 26.5%, respectively. The rates of major hemor-
rhagic complications from the 2 therapies ranged between 0%
and 10.5% and 0.9% and 10.2%, respectively, and higher rates
were generally observed in studies with postoperative MR imag-
ing. A study of 281 patients undergoing endovascular treatment
of intracranial aneurysms22 revealed that thromboembolic events
were observed more often in a DAPT group than a tirofiban
group (10.8% versus 3.4%; P ¼ .01), with no increase in the rate
of intracranial hemorrhage (P ¼ .16). Thromboembolic events in
the ruptured subgroups were significantly fewer in the tirofiban
subgroup than in the DAPT subgroup (3.9% versus 13.2%; P ¼
.04), with no increase in the rate of hemorrhage (P ¼ .36). Our
study found significantly lower rates of thromboembolic compli-
cations in patients who received the tirofiban strategy for prophy-
lactic treatment. There was a trend toward lower hemorrhage
rates in patients who received the tirofiban strategy.

The short- and long-term clinical outcomes of the prophylactic
strategy in the stent-assisted coiling of intracranial aneurysms are
variable. The rates of perioperative mortality related to tirofiban
and the DAPT strategy ranged between 0% and 3.4% and 0% and
2.0%, respectively. However, more included studies of the tirofiban
strategy showed no death compared with the DAPT strategy (4
versus 1). The rates of good clinical outcomes in patients who
received tirofiban and the DAPT strategy ranged between 70.0%
and 97.7% and 87.8% and 97.8%, respectively. Zi-Liang et al22

reported no difference in good outcome (mRS 0, 1, and 2) at the 3-
month follow-up in cases of thromboembolic events between the
tirofiban and DAPT groups. The current meta-analysis observed
that the prophylactic tirofiban strategy was associated with benefits
in mortality (0.8 versus 1.2%), though this difference was not statis-
tically significant because the studies were underpowered to detect
a significant reduction in mortality. Our meta-analysis also showed
no significant increase in mortality in patients who received tirofi-
ban as a prophylactic therapy compared with DAPT. Overall, the
tirofiban protocol provides a reasonable alternative to pretreatment
with DAPT for flow-diversion and stent-assisted procedures.

The safety and efficacy of a bolus dose plus drip of tirofiban
versus drip alone for prophylactic therapy are not well-estab-
lished. Chalouhi et al12 examined a series of 67 patients under-
going stent-assisted coiling and found that a bolus followed by a
maintenance dose of tirofiban appeared to have a high risk of cer-
ebral hemorrhage. However, a maintenance infusion without an
initial bolus had an exceedingly low risk of hemorrhage and
appeared very safe and effective, even in the setting of subarach-
noid hemorrhage. Although tirofiban is routinely used in percu-
taneous coronary interventions, few studies compared the safety
and efficacy of different drug-delivery methods of tirofiban.

Kirma et al42 performed a study of 47 patients undergoing percu-
taneous coronary intervention and demonstrated that microvas-
cular perfusion, corrected Thrombolysis in Myocardial Infarction
frame counts, myocardial blush grades, and long-term clinical
outcomes did not differ significantly between patients with the
intravenous bolus plus drip of tirofiban and an intracoronary
bolus alone. Our meta-analysis found no significant difference
between bolus plus drip and drip alone for the rates of throm-
boembolic complications, hemorrhagic complications, periopera-
tive mortality, or good clinical outcomes.

The most commonly used first-line oral dual-antiplatelet regi-
men consists of aspirin and clopidogrel. Ticagrelor is an alternative
in patients who are clopidogrel-resistant or clopidogrel-allergic.
However, the safety and efficacy of aspirin plus clopidogrel versus
aspirin plus ticagrelor for prophylactic therapy in stent-assisted
coiling of intracranial aneurysms are also not well-established. The
Platelet Inhibition and Patient Outcomes (PLATO) study found
that the use of ticagrelor DAPT reduced the collective incidence of
death due to myocardial infarction, stroke, and other vascular con-
ditions compared with clopidogrel DAPT (9.8% versus 11.7%; haz-
ard ratio, 0.84; P , .001).43 No statistically significant differences
in the rate of major hemorrhagic incidents were found between
patients administered aspirin plus ticagrelor or aspirin plus clopi-
dogrel.43 However, the results of the POPular AGE (Clopidogrel
versus ticagrelor or prasugrel in patients aged 70 years or older
with non-ST-elevation acute coronary syndrome)44 study showed
that clopidogrel was a favorable alternative to ticagrelor in patients
70 years of age or older who presented with non-ST-elevation acute
coronary syndrome because it led to fewer bleeding events without
an increase in the combined end point of all-cause death, myocar-
dial infarction, stroke, or bleeding. Clopidogrel may be an alterna-
tive P2Y12 inhibitor, especially in elderly patients with a higher
bleeding risk.

Adeeb et al45 investigated 402 patients undergoing Pipeline
Embolization Device (Medtronic) placement for the treatment
of intracranial aneurysms and found that the risk of a high rate
of thromboembolic complications was mitigated in nonres-
ponders who were switched to the alternative ticagrelor. The
current meta-analysis found no significant difference in the rate
of thromboembolic complications, hemorrhagic complications,
perioperative mortality, or good clinical outcomes between
patients pretreated with aspirin plus clopidogrel and aspirin
plus ticagrelor.

Limitations
The current meta-analysis has a number of limitations, including
inevitable clinical heterogeneity among the included studies.
There is also a significant publication bias for the variable patient
selection and aneurysm features, which may affect the results.
The evaluation of good clinical outcomes was inconsistent across
studies, and mRS scores or Glasgow Outcome Scores were used
in different analyzed studies for outcome assessment. Many
included series were cases collected during several years, and it is
possible that complication rates and mortality improved as a
result of increased operator experience and skill and improved
devices and technology. For the method of drug administrat-
ion, there was variation in the timing of tirofiban and DAPT
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administration (just before procedures, before stent placement,
before or after the deployment of flow diverter, just before proce-
dure, at least 5 days before the procedures, and at least 7 days
before the procedures). The comparisons reported in the current
analysis were made across, not within, studies; this feature may
greatly weaken the inferences. Most of the series included were
noncomparative, and groups were not randomized. Finally, most
of the tirofiban studies included in our analysis were limited to
short-term mortality of ,3months, but GP IIb/IIIa inhibitor
studies often demonstrated an increasing survival benefit with
longer follow-up.46,47

CONCLUSIONS
The current meta-analysis revealed that the administration of tir-
ofiban as a premedication had a significant benefit with favorable
trends for lower rates of thromboembolic complications with no
increase in hemorrhagic events compared with the prophylactic
use of DAPT. No difference in outcome was seen on the basis of
the method of tirofiban administration. Further evaluations in
adequately powered large trials are needed to confirm the clinical
benefit of this therapy.

REFERENCES
1. Molyneux AJ, Birks J, Clarke A, et al. The durability of endovascular

coiling versus neurosurgical clipping of ruptured cerebral aneur-
ysms: 18-year follow-up of the UK cohort of the International
Subarachnoid Aneurysm Trial (ISAT). Lancet 2015;385:691–97
CrossRef Medline

2. De Vries J, Boogaarts J, Van Norden A, et al. New generation of flow
diverter (SURPASS) for unruptured intracranial aneurysms: a pro-
spective single-center study in 37 patients. Stroke 2013;44:1567–77
CrossRef Medline

3. Awtry EH, Loscalzo J. Aspirin. Circulation 2000;101:1206–18
CrossRef

4. Born G, Patrono C. Antiplatelet drugs. Br J Pharmacol 2006;
147(Suppl 1):S241–51 CrossRef Medline

5. Ries T, Buhk JH, Kucinski T, et al. Intravenous administration of
acetylsalicylic acid in stent-assisted coiling of cerebral aneurysms
reduces the rate of thromboembolic events. Stroke 2006;37:1816–21
CrossRef Medline

6. Yamada NK, Cross DT, 3rd, Pilgram TK, et al. Effect of antiplatelet
therapy on thromboembolic complications of elective coil emboliza-
tion of cerebral aneurysms. AJNR Am J Neuroradiol 2007;28:1778–82
CrossRef Medline

7. Hwang G, Huh W, Lee JS, et al. Standard vs modified antiplatelet
preparation for preventing thromboembolic events in patients
with high on-treatment platelet reactivity undergoing coil emboli-
zation for an unruptured intracranial aneurysm: a randomized
clinical trial. JAMA Neurol 2015;72:764–72 CrossRef Medline

8. Dehdashti AR, Rilliet B, Rufenacht DA, et al. Shunt-dependent hy-
drocephalus after rupture of intracranial aneurysms: a prospective
study of the influence of treatment modality. J Neurosurg
2004;101:402–07 CrossRef Medline

9. Connolly ES Jr, Rabinstein AA, Carhuapoma JR, et al. American
Heart Association Stroke Council; Council on Cardiovascular
Radiology and Intervention; Council on Cardiovascular Nursing;
Council on Cardiovascular Surgery and Anesthesia; Council on
Clinical Cardiology. Guidelines for the management of aneurysmal
subarachnoid hemorrhage: a guideline for healthcare professionals
from the American Heart Association/American Stroke Association.
Stroke 2012;43:1711–37 CrossRef Medline

10. Valgimigli M, Biondi-Zoccai G, Tebaldi M, et al. Tirofiban as ad-
junctive therapy for acute coronary syndromes and percutaneous
coronary intervention: a meta-analysis of randomized trials. Eur
Heart J 2010;31:35–49 CrossRef Medline

11. Chalouhi N, Jabbour P, Daou B, et al. A new protocol for anticoagu-
lation with tirofiban during flow diversion.Neurosurgery 2016;78:670–
74 CrossRef Medline

12. Chalouhi N, Jabbour P, Kung D, et al. Safety and efficacy of tirofi-
ban in stent-assisted coil embolization of intracranial aneurysms.
Neurosurgery 2012;71:710–14; discussion 714 CrossRef Medline

13. Moher D, Liberati A, Tetzlaff J, et al. The PRISMA Group. Preferred
reporting items for systematic reviews and meta-analyses: the
PRISMA statement. BMJ 2009;339:b2535 CrossRef Medline

14. Slim K, Nini E, Forestier D, et al. Methodological index for non-
randomized studies (minors): development and validation of a
new instrument. ANZ J Surg 2003;73:712–16 CrossRef Medline

15. Guyatt GH, Oxman AD, Vist GE, et al. GRADE: an emerging con-
sensus on rating quality of evidence and strength of recommenda-
tions. BMJ 2008;336:924–26 CrossRef Medline

16. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control
Clin Trials 1986;7:177–88 CrossRef Medline

17. Altman DG, Bland JM. Interaction revisited: the difference between
two estimates. BMJ 2003;326:219 CrossRef Medline

18. Liang XD, Wang ZL, Li TX, et al. Safety and efficacy of a new pro-
phylactic tirofiban protocol without oral intraoperative antiplate-
let therapy for endovascular treatment of ruptured intracranial
aneurysms. J Neuronterv Surg 2016;8:1148–53 CrossRef Medline

19. Kim S, Choi JH, Kang M, et al. Safety and efficacy of intravenous
tirofiban as antiplatelet premedication for stent-assisted coiling in
acutely ruptured intracranial aneurysms. AJNR Am J Neuroradiol
2016;37:508–14 CrossRef Medline

20. Limaye K, Zanaty M, Hudson J, et al. The safety and efficacy of con-
tinuous tirofiban as a monoantiplatelet therapy in the manage-
ment of ruptured aneurysms treated using stent-assisted coiling or
flow diversion and requiring ventricular drainage. Neurosurgery
2019;85:E1037–42 CrossRef Medline

21. Lee SH, Park IS, Lee JM, et al. Stent-assisted coil embolization using
only a glycoprotein iib/iiia inhibitor (tirofiban) for ruptured wide-
necked aneurysm repair. J Cerebrovasc Endovasc Neurosurg
2018;20:14–23 CrossRef Medline

22. Zi-Liang W, Xiao-Dong L, Tian-Xiao L, et al. Intravenous adminis-
tration of tirofiban versus loading dose of oral clopidogrel for pre-
venting thromboembolism in stent-assisted coiling of intracranial
aneurysms. Int J Stroke 2017;12:553–59 CrossRef Medline

23. Soize S, Foussier C, Manceau PF, et al. Comparison of two preven-
tive dual antiplatelet regimens for unruptured intracranial aneurysm
embolization with flow diverter/disrupter: a matched-cohort study
comparing clopidogrel with ticagrelor. J Neuroradiol 2019;46:378–83
CrossRef Medline

24. Foreman PM, Enriquez-Marulanda A, Mooney JH, et al. Whole
blood aggregometry prior to Pipeline embolization device treat-
ment of intracranial aneurysms: defining an optimal platelet inhi-
bition cutoff value for clopidogrel. J Neurosurg 2018 Nov 1. [Epub
ahead of print] CrossRef Medline

25. Park SH, Kim YB, Huh SK. Effect of premedication method and
drug resistance of antiplatelet agent on periprocedural throm-
boembolic events during coil embolization of an unruptured intra-
cranial aneurysm. J Cerebrovasc Endovasc Neurosurg 2012;14:148–
56 CrossRef Medline

26. Hudson JS, Nagahama Y, Nakagawa D, et al.Hemorrhage associated
with ventriculoperitoneal shunt placement in aneurysmal subar-
achnoid hemorrhage patients on a regimen of dual antiplatelet
therapy: a retrospective analysis. J Neurosurg 2018;129:916–21
CrossRef Medline

27. Hwang G, Jung C, Park SQ, et al. Thromboembolic complications of
elective coil embolization of unruptured aneurysms: the effect of
oral antiplatelet preparation on periprocedural thromboembolic

718 Xiang Apr 2021 www.ajnr.org

http://dx.doi.org/10.1016/S0140-6736(14)60975-2
https://www.ncbi.nlm.nih.gov/pubmed/25465111
http://dx.doi.org/10.1161/STROKEAHA.111.000434
https://www.ncbi.nlm.nih.gov/pubmed/23686973
http://dx.doi.org/10.1161/01.CIR.101.10.1206
http://dx.doi.org/10.1038/sj.bjp.0706401
https://www.ncbi.nlm.nih.gov/pubmed/16402110
http://dx.doi.org/10.1161/01.STR.0000226933.44962.a6
https://www.ncbi.nlm.nih.gov/pubmed/16778126
http://dx.doi.org/10.3174/ajnr.A0641
https://www.ncbi.nlm.nih.gov/pubmed/17885244
http://dx.doi.org/10.1001/jamaneurol.2015.0654
https://www.ncbi.nlm.nih.gov/pubmed/26010803
http://dx.doi.org/10.3171/jns.2004.101.3.0402
https://www.ncbi.nlm.nih.gov/pubmed/15352596
http://dx.doi.org/10.1161/STR.0b013e3182587839
https://www.ncbi.nlm.nih.gov/pubmed/22556195
http://dx.doi.org/10.1093/eurheartj/ehp376
https://www.ncbi.nlm.nih.gov/pubmed/19755402
http://dx.doi.org/10.1227/NEU.0000000000001071
https://www.ncbi.nlm.nih.gov/pubmed/26488330
http://dx.doi.org/10.1227/NEU.0b013e31826213f9
https://www.ncbi.nlm.nih.gov/pubmed/22668886
http://dx.doi.org/10.1136/bmj.b2535
https://www.ncbi.nlm.nih.gov/pubmed/19622551
http://dx.doi.org/10.1046/j.1445-2197.2003.02748.x
https://www.ncbi.nlm.nih.gov/pubmed/12956787
http://dx.doi.org/10.1136/bmj.39489.470347.AD
https://www.ncbi.nlm.nih.gov/pubmed/18436948
http://dx.doi.org/10.1016/0197-2456(86)90046-2
https://www.ncbi.nlm.nih.gov/pubmed/3802833
http://dx.doi.org/10.1136/bmj.326.7382.219
https://www.ncbi.nlm.nih.gov/pubmed/12543843
http://dx.doi.org/10.1136/neurintsurg-2015-012055
https://www.ncbi.nlm.nih.gov/pubmed/26614492
http://dx.doi.org/10.3174/ajnr.A4551
https://www.ncbi.nlm.nih.gov/pubmed/26471748
http://dx.doi.org/10.1093/neuros/nyz226
https://www.ncbi.nlm.nih.gov/pubmed/31298301
http://dx.doi.org/10.7461/jcen.2018.20.1.14
https://www.ncbi.nlm.nih.gov/pubmed/30370235
http://dx.doi.org/10.1177/1747493016677989
https://www.ncbi.nlm.nih.gov/pubmed/28697712
http://dx.doi.org/10.1016/j.neurad.2019.01.094
https://www.ncbi.nlm.nih.gov/pubmed/30731144
http://dx.doi.org/10.3171/2018.6.JNS181044]
https://www.ncbi.nlm.nih.gov/pubmed/30497139
http://dx.doi.org/10.7461/jcen.2012.14.3.148
https://www.ncbi.nlm.nih.gov/pubmed/23210040
http://dx.doi.org/10.3171/2017.5.JNS17642
https://www.ncbi.nlm.nih.gov/pubmed/29125410


complication. Neurosurgery 2010;67:743–48; discussion 748 CrossRef
Medline

28. Atallah E, Saad H, Bekelis K, et al. Safety and efficacy of a 600-mg
loading dose of clopidogrel 24 hours before Pipeline Embolization
Device treatment. World Neurosurg 2017;106:529–35 CrossRef
Medline

29. Peret A, Mine B, Bonnet T, et al. Safety and efficacy of a pre-treat-
ment antiplatelet regimen of unruptured intracranial aneurysms: a
single-center experience. Neuroradiology 2020;62:1029–41 CrossRef
Medline

30. Moore JM, Adeeb N, Shallwani H, et al. A multicenter cohort com-
parison study of the safety, efficacy, and cost of ticagrelor com-
pared to clopidogrel in aneurysm flow diverter procedures.
Neurosurgery 2017;81:665–71 CrossRef Medline

31. Chalouhi N, Jabbour P, Singhal S, et al. Stent-assisted coiling of in-
tracranial aneurysms: predictors of complications, recanaliza-
tion, and outcome in 508 cases. Stroke 2013;44:1348–53
CrossRef Medline

32. Brinjikji W, Murad MH, Lanzino G, et al. Endovascular treatment
of intracranial aneurysms with flow diverters: a meta-analysis.
Stroke 2013;44:442–47 CrossRef Medline

33. Lessne ML, Shah P, Alexander MJ, et al. Thromboembolic complica-
tions after Neuroform stent-assisted treatment of cerebral aneur-
ysms: the Duke Cerebrovascular Center experience in 235 patients
with 274 stents. Neurosurgery 2011;69:369–75 CrossRef Medline

34. Tumialan LM, Zhang YJ, Cawley CM, et al. Intracranial hemorrhage
associated with stent-assisted coil embolization of cerebral aneur-
ysms: a cautionary report. J Neurosurg 2008;108:1122–29 CrossRef
Medline

35. Rahme RJ, Zammar SG, El Ahmadieh TY, et al. The role of antipla-
telet therapy in aneurysm coiling. Neurol Res 2014;36:383–88
CrossRef Medline

36. Scarborough RM, Kleiman NS, Phillips DR. Platelet glycoprotein
IIb/IIIa antagonists. What are the relevant issues concerning
their pharmacology and clinical use? Circulation 1999;100:437–
44 CrossRef Medline

37. Topol EJ, Byzova TV, Plow EF. Platelet GPIIb-IIIa blockers. Lancet
1999;353:227– 31 CrossRef Medline

38. Yi HJ, Gupta R, Jovin TG, et al. Initial experience with the use of in-
travenous eptifibatide bolus in stent-assisted coiling of intracranial
aneurysms. AJNR Am J Neuroradiol 2006;27:1856–60 Medline

39. Jeong HW, Jin SC. Intra-arterial infusion of a glycoprotein IIb/IIIa
antagonist for the treatment of thromboembolism during coil
embolization of intracranial aneurysm: a comparison of abciximab
and tirofiban. AJNR Am J Neuroradiol 2013;34:1621–25 CrossRef
Medline

40. McClellan KJ, Goa KL. Tirofiban. A review of its use in acute coro-
nary syndromes. Drugs 1998;56:1067–80 CrossRef Medline

41. Steinhubl SR, Talley JD, Braden GA, et al. Point-of-care measured
platelet inhibition correlates with a reduced risk of an adverse car-
diac event after percutaneous coronary intervention: results of the
GOLD (AU-Assessing Ultegra) multicenter study. Circulation
2001;103:2572–78 CrossRef Medline

42. Kirma C, Erkol A, Pala S, et al. Intracoronary bolus-only compared
with intravenous bolus plus infusion of tirofiban application in
patients with ST-elevation myocardial infarction undergoing pri-
mary percutaneous coronary intervention. Cathet Cardiovasc
Intervent 2012;79:59–67 CrossRef Medline

43. Wallentin L, Becker RC, Budaj A, et al. Ticagrelor versus clopidogrel
in patients with acute coronary syndromes. N Engl J Med
2009;361:1045–57 CrossRef Medline

44. Gimbel M, Qaderdan K, Willemsen L, et al. Clopidogrel versus tica-
grelor or prasugrel in patients aged 70 years or older with non-ST-
elevation acute coronary syndrome (POPular AGE): the rando-
mised, open-label, non-inferiority trial. Lancet 2020;395:1374–81
CrossRef Medline

45. Adeeb N, Griessenauer CJ, Foreman PM, et al. Use of platelet func-
tion testing before Pipeline embolization device placement: a mul-
ticenter cohort study. Stroke 2017;48:1322–30 CrossRef Medline

46. Anderson KM, Califf RM, Stone GW, et al. Long-term mortality
benefit with abciximab in patients undergoing percutaneous coro-
nary intervention. J Am Coll Cardiol 2001;37:2059–65 CrossRef
Medline

47. Lincoff AM, Califf RM, Topol EJ. Platelet glycoprotein IIb/IIIa re-
ceptor blockade in coronary artery disease. J Am Coll Cardiol
2000;35:1103–15 CrossRef Medline

AJNR Am J Neuroradiol 42:713–19 Apr 2021 www.ajnr.org 719

http://dx.doi.org/10.1227/01.NEU.0000374770.09140.FB
https://www.ncbi.nlm.nih.gov/pubmed/20651627
http://dx.doi.org/10.1016/j.wneu.2017.07.019
https://www.ncbi.nlm.nih.gov/pubmed/28712897
http://dx.doi.org/10.1007/s00234-020-02387-y
https://www.ncbi.nlm.nih.gov/pubmed/3217037
http://dx.doi.org/10.1093/neuros/nyx079
https://www.ncbi.nlm.nih.gov/pubmed/28475757
http://dx.doi.org/10.1161/STROKEAHA.111.000641
https://www.ncbi.nlm.nih.gov/pubmed/3512976
http://dx.doi.org/10.1161/STROKEAHA.112.678151
https://www.ncbi.nlm.nih.gov/pubmed/23321438
http://dx.doi.org/10.1227/NEU.0b013e31821bc49c
https://www.ncbi.nlm.nih.gov/pubmed/21499154
http://dx.doi.org/10.3171/JNS/2008/108/6/1122
https://www.ncbi.nlm.nih.gov/pubmed/18518714
http://dx.doi.org/10.1179/1743132814Y.0000000317
https://www.ncbi.nlm.nih.gov/pubmed/24617939
http://dx.doi.org/10.1161/01.CIR.100.4.437
https://www.ncbi.nlm.nih.gov/pubmed/10421606
http://dx.doi.org/10.1016/S0140-6736(98)11086-3
https://www.ncbi.nlm.nih.gov/pubmed/9923894
https://www.ncbi.nlm.nih.gov/pubmed/17032856
http://dx.doi.org/10.3174/ajnr.A3501
https://www.ncbi.nlm.nih.gov/pubmed/23660289
http://dx.doi.org/10.2165/00003495-199856060-00017
https://www.ncbi.nlm.nih.gov/pubmed/9878994
http://dx.doi.org/10.1161/01.CIR.103.21.2572
https://www.ncbi.nlm.nih.gov/pubmed/11382726
http://dx.doi.org/10.1002/ccd.23109
https://www.ncbi.nlm.nih.gov/pubmed/21523892
http://dx.doi.org/10.1056/NEJMoa0904327
https://www.ncbi.nlm.nih.gov/pubmed/19717846
http://dx.doi.org/10.1016/S0140-6736(20)30325-1
https://www.ncbi.nlm.nih.gov/pubmed/32334703
http://dx.doi.org/10.1161/STROKEAHA.116.015308
https://www.ncbi.nlm.nih.gov/pubmed/28411263
http://dx.doi.org/10.1016/S0735-1097(01)01290-6
https://www.ncbi.nlm.nih.gov/pubmed/11419888
http://dx.doi.org/10.1016/S0735-1097(00)00554-4
https://www.ncbi.nlm.nih.gov/pubmed/10758948


ORIGINAL RESEARCH
INTERVENTIONAL

Ruptured Intracranial Aneurysms Treated with the Pipeline
Embolization Device: A Systematic Review and Pooled

Analysis of Individual Patient Data
P.M. Foreman, A. Ilyas, M.C. Cress, J.A. Vachhani, R.A. Hirschl, B. Agee, and C.J. Griessenauer

ABSTRACT

BACKGROUND: The Pipeline Embolization Device (PED) is a flow-diverting stent for the treatment of intracranial aneurysms and is
used off-label for a subset of ruptured aneurysms not amenable to traditional treatment.

PURPOSE:Our aim was to evaluate the safety and efficacy of the PED for treatment of ruptured intracranial aneurysms.

DATA SOURCES: A systematic review of the MEDLINE, EMBASE, and Scopus data bases from January 2011 to March 2020 was per-
formed for articles reporting treatment of ruptured intracranial aneurysms with the PED.

STUDY SELECTION: A total of 12 studies comprising 145 patients with 145 treated aneurysms were included for analysis.

DATA ANALYSIS: Individual patient data were collected. Nonparametric tests were used to compare differences among patients.
Logistic regression was used to determine an association with outcome variables.

DATA SYNTHESIS: Mean aneurysm size was 5.9 mm, and most were blister (51.0%) or dissecting (26.9%) in morphology. Three
(2.1%) aneurysms reruptured following PED placement. Univariate logistic regression identified larger aneurysm size as a signifi-
cant predictor of aneurysm rerupture (P ¼ .008). Of patients with radiographic follow-up, 87.5% had complete aneurysm occlu-
sion. Symptomatic neurologic complications occurred in 16.5%.

LIMITATIONS: Analysis was limited by the quality of the included data, most of which were from small case series representing
class III medical evidence. No study assessed outcome in a blinded or independently adjudicated manner.

CONCLUSIONS: Most ruptured aneurysms treated with the PED were blister or dissecting aneurysms. Treatment was associated
with a rerupture rate of 2.1% and a complete occlusion rate of 87.5%.

ABBREVIATIONS: DAPT ¼ dual-antiplatelet therapy; PED ¼ Pipeline Embolization Device

The Pipeline Embolization Device (PED; Medtronic) is a
braided flow-diverting stent composed of platinum tungsten

and cobalt chromium. Its 48 interwoven strands provide
between 30% and 35% surface coverage. The stent is placed
within the lumen of the parent vessel and leads to progressive
aneurysm thrombosis with endoluminal reconstruction of the

parent vessel. In 2011, the Food and Drug Administration
approved the PED for the treatment of unruptured large and
giant wide-neck aneurysms of the internal carotid artery.
Experience with the device has led to an improved under-
standing of its strengths and limitations and has led to
increased use of the PED for off-label indications, including
ruptured aneurysms.1

Flow diversion for the treatment of ruptured aneurysms is
complicated by the necessity of dual-antiplatelet therapy (DAPT)
and delayed aneurysm occlusion. DAPT can complicate the man-
agement of patients with subarachnoid hemorrhage who require
external ventricular drain placement, ventriculoperitoneal shunt-
ing, or craniotomy. Delayed aneurysm occlusion, especially in the
setting of DAPT, theoretically increases the risk of aneurysm
rerupture. Despite these limitations, the PED is used for a subset
of ruptured aneurysms not amenable to traditional treatment
techniques. We sought to evaluate the safety and efficacy of this
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practice with a systematic review of the literature and pooled
analysis of individual patient data.

MATERIALS AND METHODS
Literature Search and Inclusion Criteria
We performed a literature search on October 1, 2020, using
MEDLINE, EMBASE, and Scopus, with the following search
phrase: “(subarachnoid hemorrhage OR ruptured aneurysm)
AND (pipeline OR pipeline embolization device).” The studies
were screened by title and abstract to ensure fulfillment of the fol-
lowing inclusion criteria: 1)$ 5 patients with ruptured intracra-
nial aneurysms treated with a PED with or without the adjuvant
use of coils; 2) individual patient data on clinical outcomes and
complications; 3) each patient represented only once among all
included studies; and 4) the study written in English. Citations
of screened articles were reviewed, and articles meeting the
inclusion criteria were included. All included cases used the
Pipeline Embolization Device (Pipeline Classic) or Pipeline Flex
Embolization Device (Pipeline Flex). No included cases used
the Pipeline Flex with Shield Technology (PED Shield).

A traditional meta-analysis consists of statistical comparisons
of study outcome data and is limited by heterogeneity across
studies and by the outcome data reported by each study. In an
attempt to alleviate these limitations and increase the granularity
of data, we performed an analysis of pooled individual patient
data obtained from each study that met the inclusion criteria.

Data Extraction
Individual patient data regarding patient demographics, Hunt
and Hess score, and Fisher grade; aneurysmal angiomorphic fea-
tures; intervention timing and technique; radiographic and clini-
cal outcomes; and complications were extracted from each study.
Demographic data included patient sex and age. Angiomorphic
features included aneurysm size, aneurysm type (blister, saccular,
dissecting, or fusiform), and aneurysm location. Treatment data
included the timing of the intervention (acute, within 3 days of
rupture; short delay, within 14days; or long delay otherwise) and
the use of adjuvant coils. Outcome data included the duration of
follow-up, rerupture, occlusion at angiographic follow-up, and
treatment-related symptomatic neurologic complications. Only
aneurysm reruptures following placement of the PED were con-
sidered cases of aneurysm rerupture. Symptomatic neurologic
complications were chosen due to the increased likelihood of
consistent reporting across studies. Complications thought to be
inconsistently reported included the use of angioplasty to open
the PED, asymptomatic in-stent stenosis, and asymptomatic
external ventricular drain hemorrhages. Cases of aneurysm
rerupture before PED placement were considered symptomatic
neurologic complications due to the possibility that preproce-
dural antiplatelet therapy contributed to the rerupture.

Statistical Analysis
All statistical analyses were performed using R statistical and
computing software (Version 3.3.1; http://www.r-project.org/).
Descriptive statistics were computed on aggregated individual
patient data. The Mann-Whitney-Wilcoxon or Kruskal-Wallis
tests were used to compare differences in demographic,

aneurysmal, and treatment characteristics among patients
grouped by radiographic outcome and complications. We
opted to analyze our data using nonparametric tests, minimiz-
ing the number of assumptions regarding the underlying dis-
tribution of the data. Logistic regression was used to
determine an association of aneurysmal angiomorphic or
treatment features with outcome variables. A P value of , .05
was considered statistically significant.

RESULTS
Study Selection
The literature search yielded a total of 648 studies, 628 of which
were excluded after abstract review. Of the 20 remaining studies,
12 studies comprising a total of 145 patients with 145 treated
aneurysms met the inclusion criteria and were included in our
analysis (Fig 1). After full-text review, 8 articles were excluded for
the following reasons: non-PED primary treatment of the aneur-
ysms (n ¼ 1), individual outcome data not available (n ¼ 5), and
overlapping data (n¼ 2).

A sample case of a ruptured intracranial aneurysm treated
with a PED is detailed in Fig 2.

Baseline and Treatment Characteristics
The Online Supplemental Data summarize the aggregate baseline
characteristics of the included patients. Female patients com-
prised 72.3% of the cohort. The average age was 51 years. The
mean Hunt and Hess score was 2.2 (SD, 1.1) with 84% of cases
Hunt and Hess 1–3. The mean Fisher grade was 2.8 (SD, 1.0)
with 70% of cases Fisher grades 1–3. The average aneurysm size
was 5.9 mm. Small, large, and giant aneurysm comprised 77.9%,
15.9%, and 6.2% of the cohort, respectively. Rates of blister, sacc-
ular, dissecting, and fusiform aneurysms were 51.0%, 15.9%,
26.9%, and 6.2%, respectively. Adjuvant use of coil embolization
was performed in 24.8% of cases.

Clinical and Radiographic Outcomes
Table 1 summarizes the aggregate outcome data from the
included studies. The mean radiographic follow-up ranged from
3 to 18months. Radiographic occlusion was achieved in 87.5% of
patients. Aneurysm size differed among the group of patients
who achieved radiographic occlusion versus those who did not
(P ¼ .007). Rates of radiographic occlusion in small, large, and
giant aneurysms were 68.8%, 12.0%, and 3.2%, respectively. The
overall rerupture rate following treatment with the PED was 2.1%.

Details of Aneurysm Rerupture following PED Placement
Table 2 details the 3 cases of aneurysm rerupture following treat-
ment with the PED. Of note, 2 of the 3 aneurysm rerupture cases
following PED placement were complicated by intraprocedural
in-stent thrombosis treated with intra-arterial antithrombotics
(tPA and abciximab). The case treated with intra-arterial micro-
catheter tPA infusion had a rerupture on posttreatment day 1.
Given the short half-life and fibrinolytic activity of tPA, it is con-
ceivable but not conclusive that the rerupture was related to the
medication. The patient treated with intra-arterial abciximab
had rerupture on posttreatment day 8; thus, the one-time medica-
tion dose was not thought to influence rerupture. Aneurysm
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morphology differed among the group of patients with rerupture
versus those without it (P ¼ .011), and the rates of rerupture for
blister, saccular, dissecting, and fusiform aneurysms were 0%,
1.4%, 0%, and 0.7%, respectively.

Complications
Symptomatic complications occurred in 23 (16.5%) patients. Of
the 23 symptomatic complications, 9 were thromboembolic in
origin, resulting in death in a single patient due to brain
stem ischemia following treatment of a fusiform basilar artery
aneurysm. Other symptomatic thromboembolic complications
included ischemic stroke of the brain, spinal cord, and retina.
Asymptomatic ischemic stroke occurred in 2 patients, and 5
patients experienced asymptomatic in-stent thrombosis/steno-
sis. Of note, 3 deaths caused by rerupture before PED place-
ment were included due to the possibility of the rerupture
being related to preprocedural antiplatelet use. Two of these
reruptures occurred before the procedure, and one occurred in-
traoperatively. These patients were not included in the rerup-
ture group because the PED had not been placed. None of
aneurysm morphologic or treatment-related factors were asso-
ciated with complications. The Hunt and Hess score was asso-
ciated with complications (P ¼ .004).

The Online Supplemental Data summarize the results of the
nonparametric outcome analyses. On the basis of univariate
logistic regression, increased aneurysm size was associated with

higher rates of rerupture (log odds ¼ 0.16; 95% CI, 0.05–0.31;
P ¼ .008). Table 3 summarizes the results of univariate logistic
regression.

DISCUSSION
Endovascular treatment of ruptured aneurysms with the PED is
off-label and is primarily used to treat ruptured aneurysms not
amenable to traditional surgical or endovascular treatment
options. Given the relative rarity of the use of the device in this
setting, data regarding safety and efficacy are limited to small case
series. We sought to systematically review the literature to iden-
tify reports of the use of PED for the treatment of ruptured intra-
cranial aneurysms and pool individual patient data in an effort to
synthesize the available literature. A total of 145 patients with 145
ruptured aneurysms from 12 independent studies were identi-
fied.2-13 The aneurysm rerupture rate was 2.1%, with complete
aneurysm occlusion in 87.5%.

Flow diversion is not the preferred treatment of ruptured in-
tracranial aneurysms due to the necessity of DAPT and delayed
aneurysm occlusion.14 DAPT increases the risk of hemorrhagic
complications with common invasive procedures required in the
management of patients with SAH, including external ventricular
drain, shunt, central line, and craniotomy. A recently published
study of secondary hemorrhagic complications following aneur-
ysmal subarachnoid hemorrhage found that ventriculostomy-

FIG 1. Flow diagram describing the selection process by which studies were included in the analysis of treatment of ruptured intracranial aneur-
ysms with the Pipeline Embolization Device.
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associated bleeding was independently predicted by mono- or
dual-antiplatelet therapy but ultimately had no impact on func-
tional outcome. However, use of high-dose thrombolytics such as
heparin and abciximab to achieve rapid anticoagulation was asso-
ciated with a high risk of clinically relevant secondary hemor-
rhages.15 Delayed aneurysm occlusion increases the risk of
aneurysm rerupture, which is known to be the highest in the days
to weeks following the initial bleed.16 These drawbacks have rele-
gated flow diversion to a secondary option for the treatment of
ruptured aneurysms in the acute setting or as definitive therapy
following dome protection with coil embolization. The most
common indication for flow diversion in the acute setting is an-
eurysm morphology not amenable to traditional treatment
options. Most included aneurysms in our pooled analysis were
blister (51.0%) and dissecting (26.9%) aneurysms. Blister aneur-
ysms are broad, shallow, thin-walled sidewall aneurysms most
commonly affecting the internal carotid artery and are character-
ized by a high risk of intraoperative rupture with traditional treat-
ment options.17 Endoluminal reconstruction with a flow-
diverting stent allows a durable cure without the risk of direct an-
eurysm manipulation. This advantage likely accounts for the
over-representation of a rare morphology in our analysis.

The dissecting aneurysm is another
uncommon etiology of subarachnoid
hemorrhage that is difficult to treat
with standard techniques but is amend-
able with parent artery reconstruction
with flow-diverting stents. Flow diver-
sion following initial dome protection
with coils represents a hybrid option
most commonly used with saccular
aneurysms. Unfortunately, data regard-
ing the optimal timing of flow diver-
sion and the use of adjunctive coiling
were not consistently reported or suffi-
ciently detailed to allow meaningful
analysis.

Guideline recommendations for
the treatment of ruptured aneurysms
include the surgical clipping or endo-
vascular coiling of the ruptured aneu-
rysm to reduce the rate of rerupture.18

The risk of aneurysm rerupture is the
most important and morbid complica-
tion associated with flow-diversion
treatment of ruptured aneurysms and
is most notable when adjunctive coil-
ing cannot be performed. The relative
protection of a flow-diverting stent
without aneurysm occlusion in the
acute setting is not known. The overall
rerupture rate in the pooled analysis
was 2.1%, with larger aneurysms being
associated with an increased risk of
rerupture. Two of the 3 aneurysm
reruptures following PED placement

were complicated by in-stent thrombosis requiring treatment
with intra-arterial antithrombotics (tPA and abciximab). While a
causative relationship is not supported by the available data, this
highlights the necessity of adequate preoperative antiplatelet regi-
mens in the setting of aneurysmal SAH to reduce the possibility
of thromboembolic complications and a subsequent cascade of
management decisions that increase the risk of aneurysm rerup-
ture. Our reported rerupture rate exceeds the rerupture rate of
0.5% reported in the Barrow Ruptured Aneurysm Trial 6-year
follow-up, but patient populations are not comparable, given the
pronounced difference in aneurysm morphologies. Of note, 1 of
the 2 reruptures in the Barrow Ruptured Aneurysm Trial
occurred in the in-hospital setting following surgical wrapping of
a dissecting aneurysm.19

Complete aneurysm obliteration is the goal of treatment,
and flow diversion has demonstrated the ability to achieve
durable occlusion with 6-month complete aneurysm occlusion
rates of 73.6% and 93.3% in the Pipeline Embolization Device
for Uncoilable or Failed Aneurysms study and the Pipeline
Embolization Device for the Treatment of Aneurysms trial,
respectively.20,21 The current study found a complete occlusion
rate of 87.5% in patients with available imaging follow-up.

FIG 2. Sample case of a ruptured dissecting aneurysm of the left vertebral artery treated with
placement of the PED. A, CT of the head demonstrates subarachnoid hemorrhage consistent
with aneurysm rupture. Note the large amount of left-sided posterior fossa SAH. B, 3D rotational
angiography of the left vertebral artery shows the dissecting aneurysm (arrow). C, Left vertebral
artery angiogram shows the dissecting aneurysm (arrow). C, Left vertebral artery angiogram dem-
onstrates contrast stasis in the dissecting aneurysm (arrow) following PED placement.
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Smaller aneurysms were more commonly associated with com-
plete occlusion.

Symptomatic neurologic complications, including all aneu-
rysm reruptures, occurred in 16.5% of cases. Eleven of the 23
symptomatic neurologic complications were hemorrhagic in

nature, highlighting the potential danger of DAPT. Given the chal-
lenge of treating these complex aneurysm morphologies in the
acute setting, the neurologic complication rate was thought to be
acceptable but represents an opportunity for improvement with
technologic advancement. A recently developed surface-modified

Table 1: Summary of the patient treatment and outcome data from the 12 included studies

Authors and Year
Treatment Follow-Up

(mo) Rerupture Occluded
mRS Complications

PED Only PED + Coiling 0–2 3–5 Death All
Capocci et al,13 2020 6/6 0/6 18.0 0/6 5/5 5/6 1/6 0/6 1/6
Lozupone et al,2 2018 12/14 2/14 NR 0/14 12/12 10/14 3/14 1/14 2/14
Cerejo et al,7 2017 8/8 0/8 7.2 0/8 6/8 6/7 1/7 0/8 2/8
Linfante et al,3 2017 10/10 0/10 15.2 0/10 9/9 8/10 1/10 1/10 1/10
Ryan et al,4 2017 13/13 0/13 3.0 0/13 5/10 10/13 1/13 2/13 5/13
Chalouhi et al,11 2015 14/20 6/20 5.3 0/20 12/15 19/20 0/20 1/20 1/20
Lin et al,9 2015 14/26 12/26 10.1 1/26 19/23 20/26 3/26 3/26 3/26
Chan et al,5 2014 6/8 2/8 5.0 0/8 8/8 NRa NRa 0/8 1/8
Yoon et al,8 2014 9/11 2/11 4.8 0/11 7/8 9/10 0/10 1/11 4/11
Cinar et al,6 2013 6/6 0/6 7.0 0/6 6/6 4/6 2/6 0/6 0/6
McAuliffe et al,10 2012 6/11 5/11 6.0 2/11 8/9 8/11 1/11 2/11 3/11
de Barrios Faria et al,12 2011 5/12 7/12 6.0 0/12 8/12 NRa NRa 0/12 0/12
Total 109/145 36/145 3/139 105/120 99/123 13/123 11/139 23/139
Range 3–18

Note:—NR indicates not reported.
a Reported Glasgow Outcome Scale scores: grades 1–3: 3/8 (Chan et al), 6/12 (de Barrios Faria et al); grades 4–5: 5/8 (Chan et al), 6/12 (de Barrios Faria et al).

Table 2: Details regarding all 3 patients with Pipeline Embolization Device–related intracranial hemorrhage
Authors
and Year Sex

Age
(yr)

Clinical
Score

Treatment
Time

Aneurysm
Size (mm)

Aneurysm
Location

Aneurysm
Morphology

Treatment
Method

Procedure and
Complication Details

Lin et al,9

2015
NR Mid-

30s
HH 2 Acute 3 Paraclinoid ICA Saccular PED only Treatment complicated by

in-stent thrombosis
treated with intra-
arterial tPA; patient died
of re-hemorrhage on
posttreatment day 1

McAuliffe
et al,10

2012

F 56 WFNS
II

Acute 21 Superior
hypophyseal

Saccular PED only Two PEDs deployed with
plans for adjuvant
coiling; however, in-
stent thrombosis was
seen and treated with
intra-arterial abciximab;
patient experienced
rerupture on day 8 with
vasospasm of ipsilateral
M1 segment, treated
with balloon angioplasty
and 3rd PED; patient
died 3 days later

McAuliffe
et al,10

2012

F 37 WFNS
V

Acute 34 Dorsal
paraclinoid
ICA

Fusiform PED only Two PEDs telescoped
across the aneurysms,
which re-ruptured
immediately after
deployment of the
second device; active
treatment was
withdrawn

Note:—HH indicates Hunt and Hess grade; WFNS, World Federation of Neurosurgical Societies grade.

Table 3: Univariate logistic regression analysis of outcome and function of aneurysm and treatment features
Outcome Aneurysm Size (Log Odds) Aneurysm Morphology Treatment Time Treatment Method

Rerupture 0.16 (0.05–0.31)
P value ¼ .008a

0.995 0.998 0.995

Radiographic occlusion 0.141 0.234 0.261 0.078
Symptomatic complication 0.134 0.332 0.140 0.449

a P value of , .05.
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PED, the PED Shield, has a coating of phosphorylcholine cova-
lently bound to the braid wires and has demonstrated reduced sur-
face thrombus formation compared with the PED without shield
technology.22 The 2019 case series by Manning et al23 evaluated
patients who underwent acute treatment of a ruptured aneurysm
with the PED Shield. Of the 9 patients treated with mono-antipla-
telet therapy alone, no symptomatic hemorrhagic or ischemic
complications occurred. However, the addition of postoperative
heparin was associated with a significantly increased risk of all
complications and symptomatic complications. The authors con-
cluded that their preliminary data suggested that the PED Shield
may be safe to use in the acute treatment of ruptured aneurysms
with mono-antiplatelet therapy.23

Limitations
A systematic review is limited by the quality of the included data.
The included data came from small case series and represent class
III medical evidence. Delineation between PED-related complica-
tions and SAH-related morbidity and mortality across all studies
was not possible due to differing methods of reporting. We have
reported our pooled results in a granular manner to allow critical
review of the included data. Criteria for PED treatment of ruptured
aneurysms are also likely to differ among centers, allowing hetero-
geneity among included cases. Additionally, observer bias within
the included studies should be considered due to a lack of blinded
or independently adjudicated assessment of outcomes and compli-
cations. These shortcomings have the potential to overestimate
treatment success and minimize treatment-related complications.

CONCLUSIONS
Treatment of ruptured aneurysms with the PED is primarily
performed for blister and dissecting aneurysm morphologies.
Complete aneurysm occlusion was achieved in 87.5% of cases,
and symptomatic neurologic complications occurred in 16.5%.
Symptomatic neurologic complications were most often hemor-
rhagic in etiology. Treatment of ruptured aneurysms not
thought to be good candidates for standard surgical or endovas-
cular treatment options can be successfully treated with the
PED with an acceptable complication risk.

Disclosures: Marshall C. Cress—UNRELATED: Consultancy: Cerenovus. Jay A.
Vachhani—UNRELATED: Consultancy: MicroVention, Comments: proctor for
physicians using the Woven EndoBridge. Christoph J. Griessenauer—UNRELATED:
Consultancy: Stryker, MicroVention; Employment: Geisinger Health System.
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Fast Stent Retrieval during Mechanical Thrombectomy
Improves Recanalization in Patients with the Negative

Susceptibility Vessel Sign
S. Soize, J.-B. Eymard, S. Cheikh-Rouhou, P.-F. Manceau, C. Gelmini, M. Sahnoun, M. Gawlitza, M. Zuber,

L. Pierot, and E. Touzé

ABSTRACT

BACKGROUND AND PURPOSE: In acute ischemic stroke, the negative susceptibility vessel sign on T2*-weighted images traditionally
highlights fibrin-rich clots, which are particularly challenging to remove. In vitro, fast stent retrieval improves fibrin-rich clot extrac-
tion. We aimed to evaluate whether the speed of stent retrieval influences the recanalization and clinical outcome of patients pre-
senting with the negative susceptibility vessel sign.

MATERIALS AND METHODS: Patients were identified from a registry of patients with ischemic stroke receiving mechanical
thrombectomy between January 2016 and January 2020. Inclusion criteria were the following: 1) acute ischemic stroke caused by
an isolated occlusion of the anterior circulation involving the MCA (Internal Carotid Artery-L, M1, M2) within 8 hours of symptom
onset; 2) a negative susceptibility vessel sign on prethrombectomy T2*-weighted images; and 3) treatment with a combined
technique (stent retriever 1 contact aspiration). Patients were dichotomized according to retrieval speed (fast versus slow). The
primary outcome was the first-pass recanalization rate.

RESULTS: Of 68 patients who met inclusion criteria, 31 (45.6%) were treated with fast retrieval. Patients receiving a fast retrieval
had greater odds of first-pass complete (relative risk and 95% confidence interval [RR 95% CI], 4.30 [1.80–10.24]), near-complete (RR
95% CI, 3.24 [1.57–6.68]), and successful (RR 95% CI, 2.60 [1.53–4.43]) recanalization as well as greater odds of final complete (RR 95%
CI, 4.18 [1.93–9.04]), near-complete (RR 95% CI, 2.75 [1.55–4.85]), and successful (RR 95% CI, 1.52 [1.14–2.03]) recanalization. No signifi-
cant statistical differences in procedure-related serious adverse events, distal embolization, or symptomatic intracranial hemorrhage
were reported. No differences were noted in terms of functional independence (RR 95% CI, 1.01 [0.53–1.93]) and all-cause mortality
(RR 95% CI, 0.90 [0.35–2.30]) at 90 days.

CONCLUSIONS: A fast stent retrieval during mechanical thrombectomy is safe and improves the retrieval of clots with the nega-
tive susceptibility vessel sign.

ABBREVIATIONS: eTICI ¼ extended TICI; ICA-L occlusion ¼ internal carotid artery distal L-type occlusion; RR ¼ relative risk; SVS ¼ susceptibility vessel sign

In acute ischemic stroke, the susceptibility vessel sign (SVS) on
T2*-weighted sequences is thought to highlight the red blood

cells in the clot.1-3 Histopathologic correlations of retrieved

thrombi with MR imaging features showed that clots not visible
on T2*-weighted images (negative SVS) contained a high pro-
portion of fibrin,1,2 which makes them particularly firm and
sticky,4,5 and thus very challenging to remove mechanically.5-7

Approximately 20% of patients receiving bridging therapy cannot
achieve recanalization,7,8 possibly due, in part, to how difficult it
is to tailor the retrieval technique to clot properties.9 Recent in
vitro experiments have shown that fast retrieval of the clot using
a combined technique (contact aspiration 1 stent retriever)
can improve recanalization, especially with fibrin-rich clots.10

Currently, device manufacturers’ instructions advise operators to
withdraw stent retrievers slowly to avoid potential artery dissec-
tion or rupture. Yet, the effect of retrieval speed on mechanical
thrombectomy success in vivo has yet to be explored. A fast re-
trieval may mobilize the clot suddenly, enhance clot wedging,
and minimize loss of apposition during retrieval.10 The present
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study aimed to evaluate whether stent-retrieval speed influences
recanalization rates and clinical outcome in patients presenting
with negative SVS clots.

MATERIALS AND METHODS
Study Setting
Patients were identified from a registry of patients with ischemic
stroke treated by mechanical thrombectomy between January
2016 and January 2020. Inclusion criteria for this retrospective
review included the following:

1. A patient with an acute ischemic stroke caused by an isolated
occlusion of the anterior circulation involving the MCA
(Internal Carotid Artery-L, M1, M2) confirmed byMRAwithin
8 hours of symptom onset

2. A negative SVS on prethrombectomy MRI T2*-weighted
images

3. Treatment with an aspiration1 stent retriever technique (see
“Thrombectomy Techniques”).11-13

During the study period, mechanical thrombectomy was pro-
vided regardless of age, baseline NIHSS severity, or infarct size.
Patients experienced either fast or slow stent retrieval (and a dis-
tal aspiration catheter), depending on the operator’s discretion.
Catheters and stent retrievers were standardized to reduce bias
risk. The present report follows the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) statement
guidelines.14

Collected Data
We collected demographic data, vascular risk factors, the NIHSS
score at several time points (admission, 24 hours, discharge),
admission blood glucose levels, stroke side, symptom onset to
imaging and to groin puncture times, intravenous thromboly-
sis administration (bridging therapy), baseline imaging and
angiographic variables, 24-hour imaging assessment, and 90-
day mRS score. Functional independence was defined as
mRS# 2. Hemorrhagic transformation was graded in line with
the European Cooperative Acute Stroke Study (ECASS III).15

Symptomatic intracranial hemorrhage corresponded to any
hemorrhagic transformation or subarachnoid hemorrhage re-
sponsible for an increase of $4 points on the NIHSS. Stroke
etiology was determined in line with the Trial of Org 10172 in
Acute Stroke Treatment (TOAST) classification.16

Imaging Protocol and Analysis
All prethrombectomy examinations were performed on a 3T unit
(Magnetom Skyra; Siemens), with a protocol including at least
DWI, FLAIR, T2*, and TOF-MRA sequences. The T2* sequence
parameters were the following: TR ¼ 658ms, TE ¼ 10ms, flip
angle ¼ 20°, FOV ¼ 220� 220mm, matrix size (reconstructed) ¼
282� 352, and section thickness¼ 3mm without a gap.

Images were anonymized and reviewed by 2 neuroradiologists
(with 5 and 8 years of experience) blinded to clinical data in a
consensus fashion. The SVS was defined as a hypointense signal
on T2*-weighted images within a vascular cistern exceeding the
size of the homologous contralateral arterial diameter.1-3,17-20

The SVS was classified as present or absent.

Thrombectomy Techniques
All patients were treated with a combined technique,11-13 aiming
to wedge the thrombus between a stent retriever (Solitaire 2/
Platinum; Medtronic) and an aspiration distal catheter (ACE 64/
68, Penumbra; Sofia Plus, MicroVention) connected to a pump
or a syringe. The use of a balloon-guide catheter was optional.
Depending on the operator’s discretion, retrieval speed of the
stent retriever 1 the distal aspiration catheter unit was fast or
slow. Fast retrieval involved a strong and very quick movement
to remove the stent retriever 1 the distal aspiration catheter unit
in ,5 seconds (Supplemental Online Video 1); in contrast, slow
retrieval was a smoother, uniform movement, lasting approxi-
mately 15 seconds (Supplemental Online Video 2). Stent retriever
sizes were standardized at 4 � 20 mm or 4 � 40 mm for M1 or
M2 occlusions and 6 � 20 mm for ICA-L occlusions. When pos-
sible, procedures were performed with the patient under con-
scious sedation rather than general anesthesia. The procedures
were performed by 4 operators with 15 and 8 years’ experience
(slow retrieval) and 8 and 5 years’ experience (fast retrieval).

Angiographic Evaluation
Two researchers reviewed blinded, anonymized angiographic
records: no patient/procedural data, imaging data, or stent re-
trieval speed was included. Researchers assessed occlusion site
and anterior cerebral artery collaterals using the American
Society of Interventional and Therapeutic Neuroradiology/
Society of Interventional Radiology classification. Researchers
then rated the first-pass and final angiographic result using the
extended TICI (eTICI) score.21 Complete recanalization
was defined as eTICI 3; near-complete recanalization, as
eTICI$ 2c; and successful recanalization, as eTICI$ 2b.
Procedure-related serious adverse events were also collected
(artery perforation or dissection).

Outcome Measures
The primary outcome was the proportion of patients with first-
pass complete, near-complete, and successful recanalization.
Secondary outcomes included the occurrence of distal emboli,
emboli in a new territory, procedure-related serious adverse
events, the number of device passes, time from puncture to the
end of thrombectomy, the degree of disability at 90 days (mRS),
and all-cause mortality at 90 days.

We also evaluated the rate of hemorrhagic transformation,
subarachnoid hemorrhage, symptomatic intracranial hemorrhage
(defined by any hemorrhage responsible for an increase of $4
points on the NIHSS), and perforating artery lesions (defined as a
subarachnoid hemorrhage restricted to the vicinity of the M1 seg-
ment) on 24-hour CT follow-up.

Statistical Analyses
Interreader agreement for eTICI grading was assessed using the
Cohen k coefficient. Discrepancies were resolved by consensus.

Distribution normality was assessed using the Shapiro-Wilk
test. Continuous variables were described as mean [SD] or me-
dian and interquartile range and were compared using the
Student t test or Mann-Whitney U test. Categoric variables were
presented as counts and compared using the x 2 or Fisher exact
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test. The relative risk and 95% confidence intervals (RR 95% CIs)
were calculated. A P value, .05 was considered statistically

significant. Analyses were performed
using MedCalc (Version 18.2, MedCalc
Software).

RESULTS
Patients
Of 426 patients receiving mechanical
thrombectomy during the study pe-
riod, 68 patients met the inclusion cri-
teria. Of the 68 patients, 31 (45.6%)
were treated with fast retrieval, and 37
(54.4%), with slow retrieval (Fig 1).
No significant differences in baseline
demographic, clinical, and imaging
data between the 2 groups were
reported (Table 1). Interreader agree-
ments ranged from moderate to excel-
lent for first-pass and final angiographic
assessments (Online Supplemental
Data).

Primary Outcome
Patients receiving fast retrieval had
greater odds of first-pass complete
(RR 95% CI, 4.30 [1.80–10.24]), near-
complete (RR 95% CI, 3.24 [1.57–
6.68]), and successful (RR 95% CI,
2.60 [1.53–4.43]) recanalization than
those receiving slow retrieval (Fig 2A).
Patients receiving fast retrieval also
had greater odds of final complete (RR
95% CI, 4.18 [1.93–9.04]), near-com-
plete (RR 95% CI, 2.75 [1.55–4.85]),
and successful (RR 95% CI, 1.52
[1.14–2.03]) recanalization than those
receiving slow retrieval (Fig 2B).

Secondary Outcomes
No significant differences were found
between fast and slow retrieval with
regard to distal embolization, emboli-
zation in a new territory, procedure-
related serious adverse events, throm-
bectomy duration, and the number of
device passes (Table 2).

At 24 hours, follow-up CT was
available for 31 (100%) patients receiv-
ing fast retrieval and 35 patients
(94.6%) receiving slow retrieval. There
were no differences in terms of hem-
orrhagic transformation, subarach-
noid hemorrhage, and symptomatic
intracranial hemorrhage between the
2 groups (Table 2).

At 90 days, there were no differen-
ces in terms of functional independ-
ence (RR 95% CI, 1.01 [0.53–1.93])

FIG 1. Study flow chart. AIS indicates acute ischemic stroke; MT, mechanical thrombectomy;
ACA, anterior cerebral artery; ADAPT, a direct aspiration first pass technique.

Table 1: Baseline patient characteristicsa

Variables
Fast Retrieval

(n = 31)
Slow Retrieval

(n = 37) P Value
Demographics
Age (yr) 77 (57.5–83.7) 65 (49–75.7) .10
Women 20 (64.5%) 19 (51.4%) .28

Medical history
Smoking 7 (22.6%) 13 (35.1%) .26
Hypertension 19 (61.3%) 22 (59.5%) .88
Diabetes mellitus 7 (22.6%) 8 (21.6%) .92
Dyslipidemia 12 (38.7%) 12 (32.4%) .59
Cardiovascular events 9 (29.0%) 11 (29.7%) .95

Clinical data at presentation
NIHSS 17 (13.25–19.75) 17 (14–20) .94
Serum glucose level (mmol/L)b 7.5 (5.9–8.7) 6.8 (5.7–9.5) .92
Intravenous thrombolysis 16 (51.6%) 26 (70.3%) .12

Imaging data
DWI-ASPECTS 6 (6–8) 7 (5–8.25) .47
Left cerebral territory 10 (32.3%) 19 (51.4%) .12

Occlusion site .50
ICA-L 4 (12.9%) 5 (13.5%)
M1 24 (77.4%) 25 (67.6%)
M2 3 (9.7%) 7 (18.9%)

Stroke etiology .76
Large-artery atherosclerosis 4 (12.9%) 7 (18.9%)
Cardioembolism 10 (32.3%) 11 (29.7%)
Other known etiology 3 (9.7%) 2 (5.4%)
Unknown 14 (45.2%) 17 (45.9%)

Angiographic data
Symptom onset to thrombectomy (min) 254.5 (184–295) 230.5 (189.5–310.5) .90
Good collaterals (ASITN/SIR 3–4) 10 (32.3%) 18 (48.6%) .37
Balloon-guided catheter 2 (6.5%) 3 (8.1%) 1

Note:—ASITN/SIR indicates American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology.
a Continuous variables are described as median and interquartile range, and categoric variables, as number and
percentage.
bMissing data for 13 and 10 patients, respectively.
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and all-cause mortality (RR 95% CI, 0.90 [0.35–2.30]) (Table 2).
Even after adjusting for common confounding variables (age,
baseline NIHSS, DWI-ASPECTS, occlusion site, collateral status,
left-sided infarction, and bridging therapy), a fast retrieval did
not lead to better functional outcomes (OR 95% CI, 2.08 [0.47–
9.15]; P¼ .33).

DISCUSSION
In patients with an acute occlusion involving the MCA and a neg-
ative SVS, a fast stent retrieval during thrombectomy led to a
higher chance of first and final recanalization. The safety of a fast
retrieval did not differ from that of conventional slow retrieval.
However, this result did not translate into better functional

outcome in this small series of
patients, a result likely due to the small
sample of patients with wide selection
criteria for mechanical thrombectomy.

The primary challenge for neuro-
interventionists is the 20%–30% of
thrombi resistant to current retrieval
approaches.7,8 Among causes for re-
canalization failure, 1 reason may be
the discrepancy between the thrombus
mechanical properties and the device/
technique used to remove it.7,9

Thrombus composition determines
friction forces and adhesion to the
vessel wall.7 A negative SVS corre-
sponds to the presence of a fibrin-
rich clot, which is particularly diffi-
cult to remove with mechanical
approaches.6,17,18 Indeed, in vitro
experiments demonstrated that such
clots were firm and sticky, with higher
friction coefficients and more difficulty
in fitting into stent-retriever mesh.4,5

Moreover, the negative SVS is more
frequently observed in patients with
underlying intracranial atherosclerotic
stenosis19 or atypical thrombi (such as
infective endocarditis).20

After clot is wedged, fast retrieval
may mobilize the clot more suddenly
and minimize apposition loss during
retrieval by reducing time for device
compression during its passage in
tight curves. Indeed, other in vitro
experiments demonstrated that re-
moval efficacy was related to the abil-
ity of a device to maintain constant
expansion and apposition in the re-
trieval path, especially in sharp vessel
angles.5 Moreover, in an in vitro
model, when one used a fast retrieval,
the extraction of fibrin-rich clots was 4
times greater.10

This result was confirmed by our in vivo study in which reach-
ing a complete first-pass recanalization (first-pass effect) was 4
times greater with a fast retrieval. Although a first-pass effect is
infrequently obtained (20%–35% of patients), it is associated with
improved clinical outcome, reduced adverse effects, and decreased
mortality.22 Even so, achieving complete first-pass recanalization
did not translate into better functional outcome in our study. This
result may be due to a significant number of futile recanalizations
that resulted from the wide range of patients selected to receive
mechanical thrombectomy. Indeed, during the study period, me-
chanical thrombectomy was provided without regard for age,
baseline NIHSS severity, or infarct size. Additionally, more than
one-quarter of our population was older than 80 years of age, had
baseline a NIHSS score of.20, and DWI-ASPECTS of,5.

FIG 2. A, First-pass recanalization rates according to fast and slow retrieval. B, Recanalization
rates according to fast and slow retrieval.

Table 2: Secondary outcomesa

Fast Retrieval
(n = 31)

Slow Retrieval
(n = 37) P Value

Angiographic outcomes
Distal embolization 4 (12.9%) 9 (24.3%) .35
Embolization in a new territory 0 (0%) 3 (8.1%) .24
Procedure-related SAE 2 (6.5%) 1 (2.7%) .59
Thrombectomy duration (min) 29 (19–75.5) 44 (26.5–71.25) .16
No. of passes 1 (1–2) 1 (1–3) .16
One-pass thrombectomy 21 (67.7%) 19 (51.4%) .22

Imaging outcomes at 24 hb

Hemorrhagic transformation .48
None 18 (58.1%) 24 (68.6%)
HI 1 3 (9.7%) 4 (11.4%)
HI 2 6 (19.4%) 3 (8.6%)
PH 1 2 (6.4%) 1 (2.8%)
PH 2 2 (6.4%) 3 (8.6%)

Subarachnoid hemorrhage 2 (6.4%) 3 (8.6%) 1
Symptomatic ICH 2 (6.4%) 2 (5.7%) 1
Perforating artery lesions 1 (3.2%) 1 (2.8%) .60

Clinical outcome at 90 days
Functional independence 11 (35.5%) 13 (35.1%) .98
All-cause mortality 6 (19.4%) 8 (21.6%) .82

Note:—SAE indicates serious adverse event; HI, hemorrhage infarction; PH, parenchymal hematoma; ICH, intracra-
nial hemorrhage.
a Continuous variables are described as median and interquartile range, and categoric variables, as counts.
Functional independence is defined by an mRS # 2.
bMissing data for 2 patients in the slow retrieval group.
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On the other hand, a negative SVS is only seen in approxi-
mately 25% of patients (in our study as well as in the literature),17-
20 resulting in fewer patients in each group and, therefore, reducing
the likelihood that we could detect any potential differences.
Larger studies in carefully selected patients are necessary to con-
firm whether fast retrieval translates into better patient outcomes.

The major concern when removing a device from the intra-
cranial arteries is the risk of vessel damage.23 In a negative SVS,
this is all the more important because a significant number of
patients have underlying atherosclerosis.19 When one performs a
fast retrieval, the effect of stretching forces on perforating arteries
and intracranial plaques is unknown. However, in this study, we
did not observe differences in terms of artery perforation or dis-
section and symptomatic intracranial hemorrhage. We observed
1 case in each group of subtle subarachnoid hemorrhage on the
perforating artery side of the M1 segment, likely due to perforator
rupture after being sheared off. Although reassuring, these
results need to be confirmed in a larger patient sample.

Our study has potential limitations. First, a primary limitation
is its retrospective character and monocentric design, which may
have contributed to selection bias. The mechanical thrombectomy
technique and devices were standardized to limit bias among oper-
ators. Also, the small sample size limits the interpretability of the
results. Second, the clot burden, which can impact recanalization
rates, was not evaluable in this study. This evaluation would have
necessitated systematic contrast-enhanced MRA or a double-injec-
tion technique during DSA. Third, only 1 thrombectomy setup
was evaluated (the combined technique);11-13 thus, our results can-
not translate to other techniques such as direct aspiration. Also,
balloon-guided catheter use was left to the operator’s discretion
and was rarely used in this study (7.4% of the patients). Although
proximal aspiration was always provided, the use of a balloon-
guided catheter may reduce distal embolization and enhance
recanalization.24,25

Another limitation comes from the lack of a precise measure
of the retrieval speed; however, we think an overlap in withdrawal
times between the two groups was very unlikely to occur. Indeed,
the differences between retrieval speeds were obviously conspicu-
ous, and the operators of the slow group were concerned about
the uncertainty of the risk of vascular damage with fast retrieval.
Finally, during the study period, patient selection criteria were
broad, leading to potential futile recanalization. This feature
means that our study cannot draw clear conclusions with regard
to functional outcome. Ideally, our results need confirmation with
a larger sample of selected patients. In addition, having additional
information about the per-pass histologic composition of the
retrieved thrombus would improve our understanding of negative
SVS clot behavior during mechanical thrombectomy.26,27

CONCLUSIONS
A fast stent retrieval during mechanical thrombectomy is safe
and enhances the retrieval of negative SVS clots. Larger studies
are needed to confirm this result and evaluate the potential
impact on functional independence.

Disclosures: Laurent Pierot—UNRELATED: Consultancy: Balt, MicroVention,
Perflow Medical, phenox, Vesalio.
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Clot Meniscus Sign: An Angiographic Clue for Choosing
between Stent Retriever and Contact Aspiration in Acute

Basilar Artery Occlusion
S.H. Baik, C. Jung, B.M. Kim, K. Han, and D.J. Kim

ABSTRACT

BACKGROUND AND PURPOSE: The efficacy of mechanical thrombectomy methods may differ depending on the characteristics of
the occlusion. The purpose of this study was to compare the recanalization efficacy and treatment outcome of a stent retriever
versus contact aspiration in patients with acute basilar artery occlusion according to the angiographic characteristics of the
occlusion.

MATERIALS ANDMETHODS:One hundred sixty-one patients with acute basilar artery occlusion who underwent mechanical throm-
bectomy were retrospectively analyzed. A stent retriever was compared with contact aspiration thrombectomy according to the
clot meniscus sign, defined as a meniscoid/tram-track-like sidewall contrast opacification of the thrombus. A propensity score
matching analysis was performed. Clinical/angiographic characteristics and treatment and clinical outcomes were compared.

RESULTS: Overall, a stent retriever (n ¼ 118) and contact aspiration (n ¼ 43) did not show significant differences in the successful
recanalization (82.2% versus 86.0%) and good clinical outcome rates (32.2% versus 39.5%). In patients with the positive meniscus
sign, contact aspiration was associated with shorter procedural time (44 versus 26minutes, P ¼ .018), a lower number of passes (2
versus 1, P ¼ .041), a higher complete recanalization rate (58.8% versus 85.7%, P ¼ .021), and a higher rate of first-pass effect (27.9%
versus 53.6%, P ¼ .031) compared with a stent retriever. After propensity score matching, contact aspiration was associated with
higher complete recanalization rates (59.3% versus 85.7%, P ¼ .033). No significant differences in the outcomes were noted
between a stent retriever and contact aspiration in patients negative for the meniscus sign.

CONCLUSIONS: The efficacy of the mechanical thrombectomy techniques may differ according to the angiographic characteristics
of occlusion in patients with basilar artery occlusion. Contact aspiration may be more effective in terms of recanalization com-
pared with a stent retriever in patients with the clot meniscus sign.

ABBREVIATIONS: BAO ¼ basilar artery occlusion; CA ¼ contact aspiration; MT ¼ mechanical thrombectomy; PSM ¼ propensity score matching; SR ¼ stent
retriever

Randomized controlled trials have shown the safety and effi-
cacy of mechanical thrombectomy (MT) in patients with

acute ischemic stroke due to intracranial large-vessel occlusion.1

The 2 most widely used concepts of MT are a stent retriever
(SR) and contact aspiration (CA). Recent randomized trials have
demonstrated comparable efficacy between the SR and CA

techniques as first-line thrombectomy approaches in the anterior
circulation.2,3 However, little is known about the differences in
the efficacy of the MT methods in terms of the angiographic
characteristics of the occlusion. The differences in the anatomy of
the occlusion between the anterior and posterior circulation may
also cause different efficacies of MT techniques.

Angiographic morphology of the occlusive lesion may be an
imaging biomarker reflecting the characteristics of the occlusion.
Some previous studies have shown that the efficacy of MT meth-
ods may be influenced by the nature of the occlusion suggested by
its angiographic morphologic features.4-7 A clot meniscus sign is a
descriptive angiographic finding of meniscoid or sidewall opacifi-
cation at the occlusion site, suggesting an embolic mechanism
rather than an intracranial atherosclerosis-related occlusion.4,8

We hypothesized that the clot meniscus sign could be associ-
ated with a differential response according to the MT technique
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in patients with posterior circulation stroke. Therefore, we aimed
to compare the recanalization efficacy and treatment outcomes of
an SR versus CA according to the presence of the clot meniscus
sign in patients with basilar artery occlusion (BAO).

MATERIALS AND METHODS
Patients
Data were collected from prospective registries of 2 tertiary uni-
versity hospitals. From the registries, all consecutive acute
patients with BAO referred for MT between March 2013 and
December 2019 were enrolled. This study was conducted with
the approval of the institutional review boards, which waived the
need for written informed consent because of the retrospective
nature of the study.

Both centers used the following inclusion criteria: 1) acute
symptomatic patients with BAO identified on CT or MR angiog-
raphy, 2) time from onset of symptoms to groin puncture of
#12hours, 3) a baseline NIHSS score of equal or more than four,
4) no intracranial hemorrhage detected on initial CT, and 5)
patients having undergone MT using SR or CA thrombectomy as
the primary treatment. Exclusion criteria were the following: 1)
BAO due to other causes such as arterial dissection, vasculitis, or
Moyamoya disease; 2) thrombolysis as first-line endovascular
therapy or navigation failure; and 3) poor quality of the angiogra-
phy image for review. Part of the patient cohort was included in a
prior study examining the overall significance of the clot menis-
cus sign.4

Image Analysis
The imaging findings were investigated by 2 interventional neu-
roradiologists in consensus (D.J.K. and S.H.B. with 18 and 4 years
of experience, respectively). The reviewers were blinded to the
clinical outcome during image analysis. The clot meniscus sign
was defined as a meniscoid/edge-like appearance at the proximal
occlusion site or a tram-track-like appearance and antegrade
sidewall contrast opacification distal to thrombus on the arterial
phase image of the presenting initial angiography. All other find-
ings such as fading/tapering and abrupt cutoff were considered as
absence of the clot meniscus sign.4 The angiographic assessment
of the clot meniscus sign was based on cerebral angiographic
images, which were selected from the arterial phase with best ves-
sel contrast filling. Both centers used the same standard DSA
machine (Allura Xper FD 20/20; Philips Healthcare).

The location of the BAO was divided into proximal (from the
vertebrobasilar junction to the origin of the anterior inferior cere-
bellar artery), middle (from the origin of the anterior inferior cer-
ebellar artery to the origin of the superior cerebellar artery), and
distal occlusion (distal to the origin of the superior cerebellar ar-
tery) according to the cerebral angiography findings.9

Endovascular Treatment
All included patients were treated with MT using either the SR or
CA technique. The patients were divided into SR and CA groups
on the basis of the first-line MT technique used. All endovascular
procedures were performed by 3 interventional neuroradiologists
(D.J.K., B.M.K., and C.J., with 18, 17, and 12 years of experience,
respectively). Before the procedure, the CTA images were

reviewed for evaluation of the site of the occlusion and the access
route. In general, the procedure was performed via the femoral
approach using a 6F shuttle sheath and/or a 5F or 6F guiding/
intermediate catheter for access to the vertebral artery.

The first-line MT approach was chosen at the operator’s dis-
cretion. SR thrombectomy was performed using a stent retriever
device (Solitaire FR, Covidien; Trevo, Stryker) with or without
the use of an intermediate catheter (n ¼ 29, Sofia or Sofia Plus,
MicroVention; AXS Catalyst, Stryker Neurovascular; Navien,
Medtronic). When an SR was used as the first-line device, the
case was classified as the SR group irrespective of concomitant in-
termediate catheter use. The intermediate catheter in these cases
was mostly placed in the distal vertebral artery and used for sup-
port during microcatheter navigation. CA thrombectomy was
performed using a large-bore aspiration catheter (Penumbra
System Reperfusion Catheter; Penumbra) or an intermediate
catheter. If successful reperfusion was not achieved with the ini-
tially selected first-line approach despite multiple attempts, rescue
therapy was performed by switching to another strategy. A bal-
loon-guiding catheter for proximal flow control was not used in
any cases. The details of the techniques used for an SR or CA for
BAO have been described previously.10

Outcome Measures
Clinical and radiologic data regarding patient demographics,
angiographic findings, and time intervals (ie, onset, puncture, re-
canalization time) were prospectively collected. The procedural
time was defined as the interval from puncture to final recanaliza-
tion in successful recanalization and from the time of the last
angiographic series in patients with unsuccessful recanalization.
Recanalization status was assessed on the final angiogram and
was classified according to the modified TICI scale: Successful re-
canalization was defined as modified TICI grades 2b or 3, and
complete recanalization was defined as modified TICI grade 3.
First-pass effect was defined as achieving complete recanalization
with a single thrombectomy device pass. Good clinical outcome
was defined as a 90-day mRS score of 0–2. All neurologic exami-
nations were performed by board-certified neurologists. The
patients were routinely evaluated for determination of the stroke
etiology, which included echocardiography, continuous electro-
cardiography monitoring in a stroke unit or Holter monitoring,
and cardiac CT.

The adverse events of interest included procedural complica-
tions (vessel perforation and dissection), hemorrhagic complica-
tions, and any cause of mortality at 90 days. A nonenhanced
brain CT or MR imaging was routinely performed in the first
24 hours after the procedure. An intracerebral hemorrhage was
classified according to the Second European-Australasian Acute
Stroke Study classification, and symptomatic intracerebral hem-
orrhage was defined as any hemorrhage associated with an
NIHSS score increase of$4 within 24hours.11

Statistical Analysis
The baseline characteristics and clinical outcomes between
patients treated with SR and CA first-line thrombectomy were
compared (SR versus CA groups). The treatment and clinical out-
comes between the SR and CA groups were also compared
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according to the presence of the clot meniscus sign. To reduce
data bias and confounding variables, we performed the propen-
sity score matching (PSM) analysis by matching patients in the 2
groups at a 1:1 ratio according to nearest neighbor matching
algorithm. The covariates used to generate these propensity
scores included age, sex, hypertension, diabetes, dyslipidemia,
smoking, coronary artery disease, baseline NIHSS score, intrave-
nous tPA, the clot meniscus sign, and onset-to-puncture time.

In the overall sample, the Pearson x 2 test or Fisher exact
test was used for categoric variables, and the Mann-Whitney
U test, for comparison of continuous variables. In the PSM
sample, the McNemar test was used for categoric variables,
and the Wilcoxon singed-rank test, for comparison of contin-
uous variables. Multivariable logistic regression was per-
formed to evaluate the independent variables for complete
recanalization in patients with the clot meniscus sign. A P
value , .05 was considered statistically significant. Statistical
analyses were performed using SPSS for Windows (Version
20.0; IBM) and R statistical and computing software (Version
3.6.2; http://www.r-project.org/).

RESULTS
During the study period, 281 patients who underwent MT for
acute BAO were initially enrolled. Among them, 186 patients
who met the inclusion criteria were included. Of these, 25
patients were excluded due to the following: intra-arterial throm-
bolysis as a first-line method (n ¼ 8), occlusion due to dissection
(n ¼ 9) or vasculitis (n ¼ 3), and poor quality of the angiography

for review (n ¼ 5). The remaining 161
(median age 73 years; interquartile
range, 66–80 years; 94 men [58.4%])
patients were finally enrolled in the
present study. A total of 118 (73.3%)
of the 161 patients were treated with
an SR as the first-line thrombectomy
(SR group), and 43 (26.7%) patients
were treated with CA as the first-line
thrombectomy (CA group). After
PSM, 43 patients in each group were
matched (Fig 1).

The baseline characteristics and
treatment outcomes of the overall and
PSM samples between the 2 groups are
shown in the Online Supplemental
Data. Overall, the median baseline
NIHSS score was 16 (interquartile
range, 8–25) in the SR group and 21
(interquartile range, 11–25) in the CA
group (P¼ .438). There were no statis-
tically significant differences in the
successful recanalization (82.2% versus
86.0%) and good clinical outcome
rates (32.2% versus 39.5%), but CA
was associated with a shorter proce-
dural time (56 versus 33minutes, P ¼
.009), fewer passes (3 versus 1, P ¼

.001), higher complete recanalization rates (47.5% versus 69.8%,
P ¼ . 012), higher first-pass effect (19.5% versus 39.5%, P ¼
. 009), and a lower symptomatic intracerebral hemorrhage rate
(11.0% versus 0%, P ¼ .021). Three cases of vessel perforation
were identified in the patients treated with an SR. The vessel per-
forations occurred at the basilar artery perforator (n ¼ 2) and the
P1–2 segments (n ¼ 1). In the latter case, coil embolization was
performed at the proximal parent artery due to continued con-
trast leakage. All patients with vessel perforation showed poor
clinical outcome. There were 3 cases (7.0%) of iatrogenic verte-
bral artery dissection at the V2 segment in the CA group. Two
patients underwent stent placement for management of the dis-
section and had poor clinical outcomes. One patient was treated
with 0.5mg of intra-arterial tirofiban and did not show flow
impairment or thrombus formation on the delayed angiogram.
This patient had a good clinical outcome. After PSM, the CA
group was associated with a lower number of passes (median, 3
versus 1; P ¼ .045). Other baseline factors did not show any sig-
nificant differences between the 2 groups.

The treatment and clinical outcomes according to the pres-
ence of the clot meniscus sign are summarized in the Online
Supplemental Data. The clot meniscus sign was seen in 59.6%
(96/161) of patients. In the patients positive for the meniscus
sign, the CA group showed a shorter procedural time (44 versus
26minutes; P ¼ .018), a lower total number of passes (median, 2
versus 1; P ¼ .041), a higher rate of complete recanalization
(58.8% versus 85.7%; P ¼ .021), and a higher rate of first-pass
effect (27.9% versus 53.6%; P ¼ .031) compared with the SR
group (Fig 2). After PSM, the CA group was associated with a

FIG 1. Flow chart of patient selection. NIHSS indicates National Institutes of Health Stroke Scale;
IA, intra-arterial; SR, stent retriever; CA, contact aspiration.
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higher complete recanalization rate (59.3% versus 85.7%, P ¼
.033) and a tendency toward a higher first-pass effect (29.6% ver-
sus 53.6%, P ¼ .084). No significant differences in the out-
comes were noted between the SR and CA groups in the
patients negative for the meniscus sign except for the shorter
procedural time in patients with PSM and CA (90 versus 56
minutes, P ¼ .02).

Multivariate logistic regression analysis showed that procedural
time (OR, 0.96; 95% CI, 0.94–0.98; P ¼ .001) and CA thrombec-
tomy (OR, 7.09; 95% CI, 1.33–37.85; P ¼ .022) were independent
predictors of complete recanalization in patients with the positive
clot meniscus sign when adjusting for age, hypertension, diabetes,
baseline NIHSS score, intravenous tPA, distal BAO, onset-to-
puncture time, number of passes, and the hospital (Table).

DISCUSSION
The results of the present study showed that the clot meniscus
sign in patients with posterior circulation stroke could be a dis-
criminative imaging biomarker for predicting the recanalization

efficacy of MT techniques. Patients with BAO with the clot me-
niscus sign treated with CA as the first-line approach exhibited a
higher rate of complete recanalization, a shorter procedural time,
and a higher rate of first-pass effect compared with those treated
with SR thrombectomy. CA was an independent predictor of
complete recanalization in patients with BAO with the clot me-
niscus sign.

Currently, CA is considered as noninferior to an SR as a pri-
mary MT modality for anterior circulation stroke.2,3,12 However,
little is known about the association between the morphologic fea-
tures of the occlusion and the preferred MT technique. Also, the
posterior circulation differs from the anterior circulation in terms
of anatomy, such as the caliber, tortuosity of the vessels, and the
pattern of collaterals. These differences may alter the MT strategy
such as forgoing the use of balloon-guide catheters. In the posterior
circulation, stroke is also more frequently associated with in situ
intracranial atherosclerotic stenosis than in the anterior circulation;
this characteristic may also influence the efficacy of MT.10,13

There are mixed retrospective results and insufficient evi-
dence supporting a specific technique for MT of acute BAO.
Similar to the anterior circulation stroke, a few retrospective stud-
ies have reported that successful recanalization rates and clinical
outcome did not differ significantly between the CA and SR devi-
ces for acute BAO,14-16 whereas there have also been some
reports demonstrating the superiority of CA over an SR in acute
BAO. Selection of CA as the first-line MT achieved higher rates
of complete recanalization with shorter procedural times com-
pared with an SR in these studies.14,16,17

In terms of the morphologic features of the occlusion and the
efficacy of MT methods, only a limited number of studies are
available. Baik et al4 showed that the clot meniscus sign was a reli-
able imaging biomarker and predictor of successful recanalization
in acute patients with BAO with excellent inter-/intrareader
agreement. Yamamoto et al18 reported that the angiographic claw
sign, thrombus that protruded proximally by more than half the
diameter of the parent artery, is associated with successful recana-
lization after MT. Consoli et al5,6 and Kaiser et al7 showed that
the regular thrombus morphology, a smooth and straight profile
of the occlusion with a linear interruption of flow, was associated
with better procedural and clinical outcomes when treated with
CA compared with thrombus with irregular morphology, any
kind of evident modification of the linearity of the occlusion,
which seemed to show better results with an SR.

Multivariable analysis for complete recanalization in patients
with a positive clot meniscus sign

Complete Recanalization (mTICI 3)
Adjusted OR (95% CI) P Value

Age 0.98 (0.93–1.04) .624
Hypertension 1.31 (0.29–5.97) .720
Diabetes 1.88 (0.53–6.62) .290
Baseline NIHSS 0.98 (0.92–1.04) .540
Distal occlusion 1.86 (0.53–6.53) .328
Onset-to-puncture time 0.99 (0.99–1.00) .175
Procedural time 0.96 (0.94–0.98) .001
No. of passes 0.74 (0.45–1.23) .248
Contact aspiration 7.09 (1.33–37.85) .022
Hospital 0.49 (0.12–1.93) .314

FIG 2. Pre- (A) and post- (B) thrombectomy images of a basilar artery
occlusion in a patient with the positive clot meniscus sign. Complete
recanalization was achieved using a single attempt of contact aspira-
tion. Pre- (C) and post- (D) thrombectomy images of a patient with a
basilar artery occlusion with the negative clot meniscus sign. Following
an unsuccessful first-line approach with contact aspiration, multiple
attempts of rescue thrombectomy were performed with the stent re-
triever, revealing an underlying atherosclerotic stenosis (not shown).
Recanalization was achieved by permanent stent placement.
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Our results showed that the recanalization efficacy is better with
CA than an SR in patients with BAO with the positive clot men-
iscus sign. There may be several explanations for the superiority of
CA over an SR. One reason could be the absence of proximal flow
control in MT of posterior circulation strokes coupled with the em-
bolic etiology of the occlusion in patients with the meniscus sign. In
the anterior circulation MT studies, the use of a balloon-guide cath-
eter is consistently associated with improved recanalization and
clinical outcome.19-22 A balloon-guide catheter will reduce the
impact force on the thrombus, allowing more effective retrieval, as
well as minimizing the tendency for thrombus fragmentation and
distal migration, but as in our study, it is rarely used in posterior cir-
culation stroke due to collateral flow through the contralateral ver-
tebral artery and the cervical arteries.23,24 Thus, a large-bore
aspiration/intermediate catheter in the basilar artery during CA
occupying a large percentage of the cross-sectional area of the vessel
lumen can effectively decrease the impact force on the embolic clot,
improving the recanalization efficacy.24 A recent study also showed
the superiority of CA compared with an SR in achieving successful
reperfusion for the treatment of terminal ICA occlusions in the ab-
sence of proximal flow arrest with balloon-guide catheters.25

In terms of the etiology of BAO, a previous study has shown
that the positive clot meniscus sign was highly associated with
distal BAO and an embolic etiology, whereas the negative clot
meniscus sign was associated with proximal occlusion and arte-
rial wall calcifications, suggestive of an underlying intracranial
atherosclerotic stenosis.4 Imaging features similar to the meniscus
sign such as the claw sign were also associated with the embolic
etiology of the occlusion.18 Under these conditions, the action
mechanism of CA may be more favorable than that of an SR.
“Contact” between the tip of the aspiration catheter and proximal
surface of the thrombus is the key technical element for achieving
successful recanalization during CA thrombectomy.26 The menis-
coid appearance of the occlusion may allow more area for contact
with the aspiration catheter and also decrease the surface area
interaction with the vessel wall, reducing friction/adhesion. With
respect to SR thrombectomy, the key mechanism for effective
thrombus removal is the integration of the SR device with the
thrombus, which may be mostly determined by the histologic
composition and consistency of the clot.27-29 However, this rela-
tionship between the imaging morphology and the histologic clot
composition/consistency has not been fully elucidated.

Last, in contrast to the SR technique in which a microcatheter
is necessarily navigated across the clot, crossing the clot may be
avoided, decreasing the risk of clot fragmentation, using the so-
called “thrombus no-touch technique” in many cases of CA,
especially with the relatively straight course of the basilar artery.30

In the meniscus sign–negative occlusions, the etiology of the
BAO in many patients may have been due to an underlying intra-
cranial atherosclerotic stenosis.4 intracranial atherosclerotic ste-
nosis is known to be associated with lower rates of successful
recanalization and poorer clinical outcomes with conventional
MT techniques.10,31 Thus, these patients negative for the menis-
cus sign did not show a significant difference in treatment effi-
cacy between an SR and CA in our series. Further research on
specific imaging/clinical features for predicting optimal recanali-
zation methods for these specific groups of patients is warranted.

There are several limitations to this study. First, due to the ret-
rospective design, selection of the first-line MT device was at the
discretion of the operator, resulting in potential bias. PSM was
performed to reduce this potential bias between the 2 groups, and
the superiority of CA was maintained in the patients positive for
the meniscus sign. Another limitation in our study could be the
lack of histologic examination of the retrieved clots. The relation-
ship between the thrombus composition and the angiographic
morphology could be a topic for future research.

CONCLUSIONS
The efficacy of the MT techniques may differ according to the
angiographic morphology of the occlusion in patients with BAO.
CA as the first-line MT approach may be more effective in terms
of complete recanalization compared with an SR in patients with
BAO with the clot meniscus sign. The clot meniscus sign may be
used as an imaging biomarker for planning therapeutic strategies
and maximizing procedural outcome.

Disclosures: Dong Joon Kim—UNRELATED: Payment for Lectures Including
Service on Speakers Bureaus: Stryker Pacific Limited.
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ORIGINAL RESEARCH
INTERVENTIONAL

Low-Dose Eptifibatide for Tandem Occlusion in Stroke:
Safety and Carotid Artery Patency

A. Jost, C. Roels, M. Brown, R. Janjua, and D. Heck

ABSTRACT

BACKGROUND AND PURPOSE: Maintaining carotid patency and avoiding symptomatic intracranial hemorrhage are competing con-
cerns in tandem occlusions. This study provides data regarding the safety and efficacy of eptifibatide in stroke from tandem occlu-
sion of the extracranial carotid artery and the intracranial carotid or middle cerebral artery.

MATERIALS AND METHODS: This is a retrospective analysis of 58 consecutive patients who received low-dose eptifibatide (135-
mcg/kg bolus, 1-mcg/kg/min infusion) during treatment of tandem occlusions. Brain imaging and carotid sonography were per-
formed at 24–36 hours. mRS was documented at 90 days, and carotid sonography, at 30–60 days.

RESULTS: The median age and NIHSS score were 64 years and 15, respectively. Twenty-five patients (43%) received tPA. ASPECTSs
were 8–10 in 47 (81%) and 5–7 in 11 (19%) patients. Thirty-eight patients had angioplasty/stent placement acutely; 20 had angioplasty
alone. Symptomatic intracranial hemorrhage occurred in 1 patient (2%). TICI 2b or higher was achieved in 56 patients (96%). Fifty-
seven of 58 patients had clinical follow-up at 90 days (1 lost to follow up). The 90-day mRS was 0–2 in 42 patients (72%). There
were 4/58 (7%) re-occlusions within 24–36 hours, all originally treated with stent placement. Forty-nine of 53 surviving patients had
carotid sonography at 30–60 days, with 3 delayed re-occlusions, 2 with stents and 1 with angioplasty alone. The overall carotid pat-
ency at 30–60 days was 42/49 (86%). Carotid re-occlusion was not associated with clinical decline.

CONCLUSIONS: Low-dose eptifibatide seemed to be safe in tandem occlusions (symptomatic intracranial hemorrhage, 2%),
although asymptomatic cervical carotid artery re-occlusions still occurred in 14% of patients.

ABBREVIATIONS: mTICI ¼ modified TICI; SICH ¼ symptomatic intracranial hemorrhage

Tandem occlusion presents the simultaneous problem of an
intracranial embolic large-vessel occlusion and an acute pla-

que rupture/thrombotic event in the cervical carotid artery.
Tandem occlusion is common, representing between 13% and
32% of patients with large-vessel occlusion.1-3 Outcomes in the
Endovascular Treatment for Small Core and Anterior Circulation
Proximal Occlusion with Emphasis on Minimizing CT to
Recanalization Times (ESCAPE) trial were similar between
patients with and without tandem occlusions.4 The goal of tan-
dem occlusion treatment is to remove the intracranial embolus
and re-establish normal flow in the cervical carotid artery without

causing hemorrhage. Optimal conditions for elective carotid stent
placement include therapeutic dual-antiplatelet therapy, statin
loading, and intraprocedural anticoagulation. Unfortunately,
such a strategy, and particularly the use of heparin, increases the
risk of intracranial hemorrhage in the setting of acute stroke and
particularly tandem occlusion.5 In general, following a successful
intracranial embolectomy, extracranial carotid re-occlusion is not
always associated with neurologic deterioration and poor neuro-
logic outcome, whereas symptomatic intracranial hemorrhage
(SICH) almost always is.5-7 Avoiding SICH must be the primary
consideration. However, re-occlusion of the internal carotid ar-
tery may be associated with repeat embolization. Also, direct ca-
rotid inflow to support pial collaterals may be beneficial when
less-than-perfect results were achieved with intracranial throm-
bectomy (eg, modified TICI [mTICI],3). At least 1 retrospective
study suggested that re-occlusion is associated with worse clinical
outcomes in the tandem occlusion population.8 Judicious medical
therapy to preserve the patency of the internal carotid artery fol-
lowing angioplasty or stent placement is therefore reasonable,
providing this can be accomplished without increasing the risk of
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SICH. This report aims to provide evidence regarding the safety
of a specific low-dose eptifibatide antiplatelet strategy in the tan-
dem occlusion population applied uniformly to both patients
who were treated with stents and those treated with angioplasty
alone and also to provide data regarding carotid artery patency in
both the acute phase and the postoperative period.

MATERIALS AND METHODS
The research protocol involving retrospective review of 58
patients was approved by the Novant Health institutional review
board. Individual patient consent was not required by the institu-
tional review board due to minimal patient risk and no individual
patient identifiers.

Fifty-eight patients with consecutive tandem occlusions
treated between February 2016 and January 2020 at Novant
Health Forsyth Medical comprehensive stroke center were
administered low-dose perioperative eptifibatide (135-mcg/kg
bolus, 1-mcg/kg/min infusion) during intracranial thrombec-
tomy and extracranial carotid angioplasty with or without stent
placement. All patients had occlusive or near-occlusive athero-
sclerotic stenosis of the internal carotid artery and an embolus in
the internal carotid terminus or middle cerebral artery. A pro-
spective data base was reviewed retrospectively for patient charac-
teristics and clinical and imaging outcomes. SICH was defined as
a parenchymal hematoma with mass effect or any hemorrh-
age associated with a decline in the NIHSS of $4 points.
Management of the intracranial occlusion by contact aspiration
(ADAPT, A Direct Aspiration first Pass Technique) or combina-
tion therapy with an aspiration catheter and stent retriever
(CAPTIVE, Continuous Aspiration Prior To Intracranial
Vascular Embolectomy) was according to the physician’s choice,
as was management of the extracranial lesion with angioplasty
and stent placement or angioplasty alone.9,10 In general, a distal-
to-proximal approach, with angioplasty of the carotid artery and
placement of a base catheter just below the skull base to facilitate
the thrombectomy, was used first.11 Stents were then placed after
the thrombectomy due to the frequent suboptimal results in the
cervical carotid occlusion after angioplasty. The eptifibatide infu-
sion was continued until patients were converted to dual oral
antiplatelet therapy if the 24-hour sonography and CT demon-
strated carotid patency and no concerning hemorrhage. Dual oral
antiplatelet therapy consisted of 81–325mg of aspirin and clopi-
dogrel (load of 300–600mg) or ticagrelor (180-mg load). No
patients received heparin during the procedure.

Preoperative imaging consisted of noncontrast CT and CTA
or multiphase CTA. DWI was used in a minority of patients
when collaterals were judged to be poor and a large infarct was
suspected, and in some patients with unknown time of onset.
Patients were selected for intervention on the basis of clinical-
imaging mismatch (eg, when the treatment team determined that
the clinical deficit was not explained by the size of the estimated
core infarct after imaging). The ASPECTS on the preprocedural
CT and angiographic mTICI scores were determined by visual
inspection by a neuroradiologist. All interventions were per-
formed with the patient under general anesthesia. Patients were
admitted to the neuroscience critical care unit postprocedure,
with blood pressure goals commensurate with the angiographic

outcome (eg, target systolic blood pressure of ,140 for mTICI 3
or mTICI 2c; ,180 for mTICI 2b or worse). All patients under-
went carotid sonography the following day to assess carotid ar-
tery patency and residual stenosis and repeat brain imaging with
CT, MR imaging, or both. A follow-up clinical visit and carotid
sonography were routinely scheduled 30–60 days postprocedure
for all surviving patients. mRS scores were determined by a nurse,
certified in the test and independent of the care team, in person
or by telephone.

RESULTS
Patient population characteristics and results are summarized in
the Table.

The median NIHSS score and age were 15 and 64 years,
respectively, with tPA use in 25 (43%) patients. Current aspirin
use was documented in 22 (38%) patients; clopidogrel as a single
therapy in 5 (9%); and clopidogrel with 81mg of aspirin in just 1
patient. The ASPECTSs were 8–10 in 47 (81%) and 5–7 in 11
(19%) patients. Thirty-eight patients had stent placement acutely,
while 20 had angioplasty alone. Six patients who originally had
angioplasty alone subsequently had elective endarterectomy or
stent placement within the first week; these patients were recover-
ing well, had a low stroke burden on imaging, and had persistent,
severe stenosis. All patients had brain imaging within 24–
36 hours. Any evidence of intracranial hemorrhage was present
in 18 (31%) patients, mostly petechial or small subarachnoid
hemorrhage, with only 1 case of SICH (2%). Technical success
(TICI 2b, 2c, or 3) was achieved in 56 (96%) patients. The mRS at
90 days was documented in 57/58 patients (1 patient was lost to
follow-up). Functional independence (mRS 0–2) was achieved in
42 (72%) patients. Five patients (9%) died by 90 days (mRS of 6).

Summary of population and results
Summary

Age (median) (IQR) (yr) 64 (57–76)
Male (No.) (%) 38 (68%)
Hypertension (No.) (%) 41 (71%)
Diabetes (No.) (%) 17 (29%)
Dyslipidemia (No.) (%) 41 (71%)
Current aspirin use (No.) (%) 22 (38%)
Current clopidogrel use (No.) (%) 6 (10%)
Current/former smoker (No.) (%) 22 (38%)/14 (24%)
Baseline NIHSS (median) (IQR) 15 (11–20)
Baseline ASPECTS 8–10/5–7 (No.) (%) 47 (81%)/11 (19%)
Carotid Terminus occlusion (No.) (%) 25 (43%)
M1 occlusion (No.) (%) 22 (38%)
M2 occlusion, (No.) (%) 11 (19%)
tPA administration (No.) (%) 25 (43%)
Acute angioplasty alone (No.) (%) 20 (34%)
Acute angioplasty and stent placement
(No.) (%)

38 (66%)

Delayed stent or endarterectomy within a
week (No.) (%)

6 (10%)

mTICI score. 2a (No.) (%) 56 (96%)
Acute carotid artery re-occlusion (No.) (%) 4 (7%)
Any ICH (No.) (%) 18 (31%)
Symptomatic ICH (No.) (%) 1 (2%)
30- to 60-Day carotid patency (No.) (%) 42/49 (86%)
90-Day mRS 0–2 (No.) (%) 42 (72%)

Note:—IQR indicates interquartile range; ICH, intracranial hemorrhage.
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All patients had carotid sonography within 36 hours. There were
4 (7%) re-occlusions within the first 24 hours, all in patients origi-
nally treated with stent placement and all with normal flow at the
end of the procedure (Figure). Forty-nine patients had carotid
imaging at 30–60 days (5 died, 3 were not scheduled, 1 was lost to
follow-up), with an additional 3 re-occlusions (6%): Two had
stents and 1 had angioplasty alone. Carotid artery patency for
surviving patients imaged at 30–60days was 86% (42/49). No
acute or delayed carotid re-occlusion was associated with neuro-
logic decline, and 5/7 (71%) patients with carotid re-occlusion
had a 90-day mRS of 0–2, similar to that in the group as a whole
(72%).

DISCUSSION
Full-dose intravenous abciximab may have an unacceptably high
rate of SICH, up to 22%, especially in older patients.6 Another
glycoprotein IIb/IIIa inhibitor, eptifibatide, has the advantage of
quicker platelet function return after discontinuation if bleeding
complications occur (4–8 hours versus 1–7 days). While abcixi-
mab is theoretically reversible with platelet transfusion, in prac-
tice this is difficult to accomplish soon enough in the setting of
acute intracranial hemorrhage. The choice of the dose of eptifiba-
tide was based on limited available evidence.12,13 Our own initial
unpublished experience with eptifibatide at a lower dose (135-
mcg/kg bolus, but a 0.5-mcg/kg/min infusion) indicated that the
drug may be safe but perhaps not efficacious at that dose because
a 25% re-occlusion rate within 24hours was experienced. For
the 58 patients in the current study, the same bolus was used, but
the infusion rate was increased to 1mcg/kg/min to achieve
greater inhibition of platelet aggregation. The infusion was
administered to patients who were treated with stent placement
or angioplasty alone because the stroke mechanism of plaque
rupture and thromboembolism was considered the same in both
groups. The advantages and disadvantages of various antiplatelet
medications in tandem occlusion have been recently reviewed.11

No randomized trials comparing techniques or medical thera-
pies for treatment of tandem occlusions exist. The literature con-
sists of retrospective case series in which the techniques and

medical therapies, even within those case series, are often hetero-
geneous. One might reasonably ask whether any type of interven-
tion in the carotid artery or any addition of antithrombotic
therapy is needed in addition to intracranial thrombectomy for
patients with tandem occlusion. Papanagiotou et al14 reported a
retrospective review of 482 patients from 18 stroke centers treated
for tandem occlusion and found that carotid stent placement plus
at least 1 antithrombotic medication resulted in both improved
intracranial recanalization and improved clinical outcomes com-
pared with mechanical thrombectomy alone. They also found a
non-statistically significant trend toward better recanalization
and clinical outcomes when comparing stent placement and
antithrombotic medication with stent placement or angioplasty
without antithrombotic medication. As one might expect, the
medical regimens used varied widely. The overall SICH rate was
5%. Behme et al7 reported a retrospective review of 170
patients with tandem occlusions treated between 2007 and
2014 at 4 German centers and noted a 9% incidence of SICH,
which had a 73% mortality in the acute phase. The study used
4 different antithrombotic medical strategies at the 4 different
centers, one of which used a full-dose (180-mcg/kg) eptifiba-
tide bolus and one of which used another glycoprotein IIb/IIIa
inhibitor, tirofiban. They did not note any difference in SICH
among the various medical regimens. Stent patency was not
reported. A 2017 review and meta-analysis of 11 case series
with a total of 237 patients reported 81% successful revasculari-
zations (TICI 2b or TICI 3), a 7% risk of SICH, and good clini-
cal outcomes in 44% (mRS 0–2).15 A 2018 meta-analysis of 33
studies noted no difference in clinical outcomes of patients
treated with thrombectomy and angioplasty alone or stent
placement of the cervical carotid lesion; 49% of the time both
groups achieved an mRS of $2.16 In their analysis of 395
patients from 17 comprehensive stroke centers, Gory et al17

noted good clinical outcomes in 52.2%. Stent placement was
associated with successful reperfusion, but most interesting, it
was not an independent predictor of good clinical outcome.

From a safety perspective, the incidence of SICH in this series
was low, just 2%. This result may be for a variety of reasons.

FIGURE. A, Occlusive internal carotid stenosis at the bifurcation; severe external carotid artery stenosis. B, Angioplasty with a 4-mm balloon. C,
After successful intracranial thrombectomy, note severe residual stenosis, D, An 8 � 6 � 30 mm stent was placed. Note occlusion of the exter-
nal carotid artery (the stent was occluded on sonography the next morning).
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ASPECTSs were high (81% were 8–10, and none were,5), indi-
cating small core infarcts, and revascularization was good
(mTICI 2b or better in 96%). Also an indication of small core
infarcts and perhaps, more important, of healthy patients at the
stroke ictus, the patients did very well clinically (mRS 0–2 in 72%,
with just 9% with an mRS of 6). While it may be tempting to dis-
count the safety evidence presented here due to the high
ASPECTS, it has been previously noted by Behme et al7 that nei-
ther procedural timing nor ASPECTS predicted SICH in a tan-
dem occlusion population. In addition to the low incidence of
SICH, the favorable clinical outcomes presented here compared
with previously published tandem occlusion experience may also
be due to an improved technology for thrombectomy (stent
retrievers and larger, more easily deliverable aspiration catheters),
making the procedures shorter and more effective. Wallocha et
al18 reported similarly good clinical outcomes, 73.6% mRS 0–2 at
90 days in their series.

Reporting of acute in-stent thrombosis or longer-term carotid
artery patency has not been routine among case series; therefore,
the incidence of acute or subacute stent thrombosis is often not
reported. While carotid artery re-occlusions within the first
30 days are rare in elective carotid stent procedures, they are not
rare in the tandem occlusion population. In their retrospective
review of 163 patients treated for tandem occlusions between
2009 and 2016, Wallocha et al18 noted 4.9% stent re-occlusion at
24 hours among patients with stents and 42% re-occlusion in
patients treated with angioplasty alone. Notably, they adminis-
tered intravenous aspirin during the procedure to the patients
with stents, but not to those with angioplasty alone, who received
no additional antithrombotic therapy. Longer-term patency was
not reported. In another single-center series of 81 patients with
tandem occlusion, Pop et al8 reported a 19.1% incidence of
delayed stent thrombosis. They used a heterogeneous antithrom-
botic regimen, with most patients receiving IV aspirin with or
without a loading dose of clopidogrel, with none receiving glyco-
protein IIb/IIIa inhibitors.

Compared with most published series of patients with tandem
occlusion, this report is unique due to the rigorous follow-up for
cervical carotid artery patency within the acute phase and the per-
ioperative period. In the present series, acute re-occlusion
occurred within the first 24 hours in 4 (7%) patients despite the
use of our adjusted eptifibatide protocol, and 3 additional patients
re-occluded before the first month, despite being on dual oral
antiplatelet therapy. Overall, 7/49 (14%) patients who had follow-
up imaging had re-occluded by the 30- to 60-day visit. This find-
ing highlights the different nature of angioplasty and stent place-
ment in a carotid artery in patients undergoing an acute
thrombotic event, compared with an elective procedure. Carotid
artery patency cannot be assumed in the absence of clinical dete-
rioration. Indeed, none of the re-occlusions were associated with
a clinical deterioration.

Placing a stent did not seem to protect against re-occlusion in
this series. Of the 4 re-occlusions within the first 24 hours, all
patients had stents, and 2 of 3 patients with delayed re-occlusions
also had stents. Unlike the experience of Pop et al,8 none of the
20 patients initially treated with angioplasty alone re-occluded in
the first 24 hours. Within the present series, all of the patients

who underwent angioplasty received the same antiplatelet ther-
apy as the patients who had stents. The data presented here do
not inform regarding the superiority of angioplasty alone versus
stent placement because there was no attempt to randomize
patients to angioplasty alone or stent placement. These decisions
were left to the judgment of the interventionalist. It is also not
known whether using eptifibatide at this dose results in fewer ca-
rotid re-occlusions compared with aspirin alone or any other reg-
imen because no comparisons were made.

Limitations
The study is limited by the small sample size, retrospective na-
ture, and lack of core lab adjudication of outcomes.

CONCLUSIONS
Low-dose eptifibatide (135-mcg/kg bolus, 1-mcg/kg/min infu-
sion) in the population with tandem occlusions seemed safe with
a low incidence of SICH. Cervical carotid artery re-occlusions did
occur, with an overall 30- to 60-day patency of 86%. Re-occlusion
was not associated with clinical decline in any patient. In the ab-
sence of a control arm, it is unknown whether cervical carotid
patency is improved with low-dose eptifibatide compared with
any other regimen. Given the frequently benign course of extrac-
ranial carotid re-occlusion compared with the known poor out-
comes with SICH, medical therapy to maintain extracranial
carotid artery patency should be judicious.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Value of Emergent Neurovascular Imaging for “Seat Belt
Injury”: A Multi-institutional Study

F.G. Sherbaf, B. Chen, T. Pomeranz, M. Shahriari, M.E. Adin, S. Mirbagheri, E. Beheshtian, R. Jalilianhasanpour,
J. Pakpoor, J.W. Lazor, A. Kamali, and D.M. Yousem

ABSTRACT

BACKGROUND AND PURPOSE: Screening for blunt cerebrovascular injury in patients after motor vehicle collision (MVC) solely
based on the presence of cervical seat belt sign has been debated in the literature without consensus. Our aim was to assess the
value of emergent neurovascular imaging in patients after an MVC who present with a seat belt sign through a large-scale multi-
institutional study.

MATERIALS AND METHODS: The electronic medical records of patients admitted to the emergency department with CTA/MRAs
performed with an indication of seat belt injury of the neck were retrospectively reviewed at 5 participating institutions. Logistic
regression analysis was used to determine the association among age, sex, and additional trauma-related findings with blunt cere-
brovascular injury.

RESULTS: Five hundred thirty-five adult and 32 pediatric patients from June 2003 until March 2020 were identified. CTA findings
were positive in 12/567 (2.1%) patients for the presence of blunt cerebrovascular injury of the vertebral (n ¼ 8) or internal carotid
artery (n¼ 4) in the setting of acute trauma with the seat belt sign. Nine of 12 patients had symptoms, signs, or risk factors for cer-
vical blunt cerebrovascular injury other than the seat belt sign. The remaining 3 patients (3/567, 0.5%) had Biffl grades I–II vascular
injury with no neurologic sequelae. The presence of at least 1 additional traumatic finding or the development of a new neurologic
deficit was significantly associated with the presence of blunt cerebrovascular injury among adult patients, with a risk ratio of 11.7
(P¼ .001). No children had blunt cerebrovascular injury.

CONCLUSIONS: The risk of vascular injury in the presence of the cervical seat belt sign is small, and most patients diagnosed with
blunt cerebrovascular injury have other associated findings. Therefore, CTA based solely on this sign has limited value (3/567¼ a
0.5% positivity rate). We suggest that in the absence of other clinical findings, the seat belt sign does not independently justify
neck CTA in patients after trauma.

ABBREVIATIONS: BCVI ¼ blunt cerebrovascular injury; FND ¼ focal neurologic deficit; GCS ¼ Glasgow Coma Scale; LOC ¼ loss of consciousness; MVC ¼
motor vehicle collision

Motor vehicle collision (MVC) is a major cause of blunt cere-
brovascular injury (BCVI).1 Historically, the incidence of

BCVI was reported to be as low as 0.1%–0.67% among patients
with blunt trauma.2,3 However, implementation of more rigorous
screening protocols in trauma centers has revealed a 10-fold

higher rate of BCVI, as high as 2.7%, among severely injured
patients.4-6 Although uncommon, the neurologic sequelae of
BCVI are potentially serious. Many patients do not manifest stroke
symptoms until hours to days after the injury,7 and when not
treated in a timely fashion, up to 80% develop permanent neuro-
logic sequelae with an estimated 40% mortality rate.3,8,9 Thus,
screening CTA or MRA for BCVI has become commonplace inReceived August 18, 2020; accepted after revision November 9.
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the management of patients after an MVC.10,11 However, the selec-
tion of which patients to screen has been a controversial topic dur-
ing the past 4 decades.6

Various screening algorithms, including the modified
Memphis and Denver criteria or the Western Trauma Association
algorithm, may be used as guidelines (Online Supplemental Data).
These guidelines, developed on the basis of observational studies
and expert opinion, have adopted a liberal approach to imaging
patients with possible BCVI.7,12,13 Although this approach helps
avoid missing occult injuries, it may lead to unnecessary imaging,
discovery of incidental findings, increased radiation exposure, and
low-value health care expenditures.14-17 Many believe that
advanced imaging studies are being overused in many medical
centers, in part, due to a “defensive medicine” mentality. It is esti-
mated that up to 50% of ordered studies lead to no improvement
in patient welfare.15,18

One of the controversial indications for BCVI is the physical
sign of neck abrasion or contusion caused by a seat belt, the so-
called cervical seat belt sign. Screening for BCVI solely based on
the presence of this sign has been debated in the literature with-
out consensus.19-22 The existing guidelines also recommend
contradictory approaches regarding the use of the seat belt sign
as a sole indicator to stratify patients for screening (Online
Supplemental Data). Despite some single-center studies suggesting
that discoloration of the skin from the seat belt is not a reliable in-
dicator of risk to the cervical vessels,23-25 many trauma centers per-
sist in ordering emergent CTAs to exclude BCVI in patients with
this finding because of continued debate as to the validity of the
seat belt sign as an indicator of vascular injury. To address this
controversy, we aimed to assess the value of emergent neurovascu-
lar imaging in patients with a seat belt sign after an MVC through
a large-scale multi-institutional study that would identify the situa-
tions in which the seat belt sign may be predictive of cervical vascu-
lar injury. We hypothesized that cervical CTA performed solely on
the basis of a seat belt sign has limited value.

MATERIALS AND METHODS
The acquisition of patient data for this study was Health
Insurance Portability and Accountability Act–compliant. This
retrospective study protocol was approved by the institutional
review board at each institution separately, and informed consent
was not required.

Study Population
Local radiology information systems or electronic medical
records were searched in all institutions for patients who under-
went CTA and/or MRA of the neck after an MVC, in which
“seat,” “belt,” “seat belt,” “seat-belt,” “seatbelt,” “lap,” “lap belt,”
“lap-belt,” or “lapbelt” injury of the neck was stated in the indica-
tion, body, or impression of the radiology report. The start and
end points of the study were not strictly predefined but were
decided separately for each institution on the basis of access to
the electronic records of the patients, the period during which
each institution had adopted the guidelines to screen for BCVI
using a cervical seat belt sign, and the number of cases available
in that time period. We were interested in separately investigating
the association between the cervical seat belt sign and BCVI in

adults and pediatric (younger than 18 years of age) patients.
Therefore, no age limit was set for the inclusion criteria.

Data Collection
Clinical data and imaging reports for all patients were gathered
from the participating centers. Scans with positive findings were
identified on the basis of the imaging reports and then confirmed
by subspecialty trained neuroradiologists at each center. The neu-
rology notes were reviewed for patients with negative findings to
confidently rule out the diagnosis of a BCVI in those patients.
Clinical variables included age, sex, a subjective report of on-
scene loss of consciousness (LOC), the initial Glasgow Coma
Scale (GCS) score, physical examination, neurologic findings as
per the neurology report, and associated trauma-related injuries
to the head, neck, and chest. Treatment, hospital course, out-
come, and other proposed indications for screening of the BCVI
as outlined in the Online Supplemental Data were further
retrieved for patients with confirmed BCVI. The side of the seat
belt sign was gathered from their medical records for patients
with positive findings on a scan and was compared with the evi-
dent soft-tissue injury, if present, on imaging. The vascular injury
scale proposed by Biffl et al26 was adopted to grade the severity of
BCVI: intimal irregularity or dissection with ,25% narrowing
(grade I), dissection or intramural hematoma with .25% nar-
rowing (grade II), pseudoaneurysm (grade III), vessel occlusion
(grade IV), and transection with extravasation (grade V).

Statistical Analysis
Data from independent participating institutions were pooled.
Descriptive statistics were used to summarize the baseline data.
Non-normality of the distribution of age and the GCS score was
determined by the Shapiro-Wilk test. Demographic and clinical
features were compared between patients with and without BCVI
using the Fisher exact test for categorical and the Mann-Whitney
U test for continuous variables. Univariate analysis was per-
formed with exact logistic regression to determine the association
among age, sex, and the presence of at least 1 additional trauma-
related finding with BCVI. Because the sample size of patients
with BCVI was small, we could not perform multivariate analysis
to determine the association between each single traumatic find-
ing with BCVI. STATA 16.0 software (StataCorp) was used for
statistical analysis. The level of significance was set to,.05.

RESULTS
Study Group Description
Data were collected from 5 independent medical/trauma centers.
In total, 567 consecutive patients underwent screening angiogra-
phy for BCVI in the setting of an MVC with the seat belt sign. In
this population, there were 535 adult (67.6% women; mean age,
42.2 [SD, 18.4] years) and 32 pediatric (younger than 18 years of
age) (56.2% female; mean age, 13.0 [SD, 4.0] years) patients. The
demographic and clinical profiles of included patients are sum-
marized in Table 1 (details from each center are given in the
Online Supplemental Data). The imaging studies were performed
between June 2003 and March 2020. CTA (n¼ 526) or MRA
(n¼ 41) was performed within 24hours of admission, following
detection of a cervical seat belt abrasion.
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Patient Symptoms
All patients had GCS scores of 15 or 14, except 7 patients with a
GCS score between 7 and 13 and 1 patient with a GCS score of 3
at initial evaluation. Sixty-five patients (11.5%) reported an epi-
sode of LOC at the time of the MVC; a history of LOC was
unclear for 51 patients (9.0%). Six patients were reported to have
a focal neurologic deficit (FND) on physical examination. This
was associated with closed head injury and intracranial hemor-
rhage in 3 patients and episodes of temporary unresponsiveness
due to low blood pressure in 1 patient. Another patient presented
with temporary facial nerve palsy. FNDs were manifest at the first
emergency department encounter, except for 1 patient who pre-
sented after 2 days with subjective deterioration of pre-existing
visual symptoms due to amblyopia.

Non-BCVI Injuries
Head, neck, and chest traumatic injuries, other than the seat belt
sign, included cervical spinal fracture or ligamentous injury
(n¼ 23), thoracic skeletal injuries (n¼ 105), thoracic vascular
injury (n¼ 1), fracture of the skull or midface (n¼ 7), and intra-
cranial hemorrhage (n¼ 13). No patients had a stroke. The

overall mortality rate was zero during the hospital admission and
at follow-up of at least 1 month (Online Supplemental Data). In
total, 117 patients had at least 1 injury other than the seat belt
sign to the head, neck, or chest, were reported to have a
GCS score of ,8, or developed new FNDs. The remaining 450
patients had only a cervical seat belt sign, with a GCS score of.8
without any other traumatic findings, signs, or symptoms of
BCVI.

Patients Diagnosed with BCVI: Characteristics
Figure 1 shows the flow chart of a subgroup of patients based on
the diagnosis of BCVI and the presence of additional traumatic
findings other than the cervical seat belt sign. There were 12/567
patients (2.1%) with a seat belt sign who had BCVI discovered on
initial cervical CTA and confirmed on review by an expert neuro-
radiologist (Fig 2). The Online Supplemental Data show clinical
profiles and imaging findings for each patient with positive BCVI
findings on CTA of the neck. The side of the seat belt sign was
contralateral to the site of the BCVI in 5/12 patients. BCVI was
detected in the internal carotid (n¼ 4) or vertebral artery (n¼ 8)
with a Biffl grade I (n¼ 6), II (n¼ 4), or IV (n¼ 2).

One patient had initially negative cervical CTA findings con-
firmed on review by an expert neuroradiologist. The patient pre-
sented 2 days later with subjective exacerbation of pre-existing
visual symptoms due to a history of amblyopia. The neurologic
examination was limited due to the amblyopia. Repeat CTA and
ultrasonography of the neck were compatible with grade I trau-
matic dissection of the proximal left internal carotid artery. The
patient was discharged on anticoagulation, and the symptoms
were resolved on 1-month follow-up.

Another patient had multiple neurologic deficits that were
attributed to the coexisting brain injury. No other patient diag-
nosed with BCVI showed any neurologic sequelae during the
hospital course or available follow-ups. No patients showed clini-
cally overt signs of vascular trauma, including pulsatile bleeding,
expanding hematoma, palpable thrill, cervical bruit, or stroke.

Patients with BCVI: Treatment and Follow-up
No vascular intervention was performed for any patients.
Those with BCVI were all discharged on antiplatelet or anti-
coagulation therapy after neurologic consultation, except 1
patient who was merely observed for a cervical vascular
injury. In 4 patients, the grade I BCVI resolved on follow-up
vascular imaging (up to 2months). Other vascular injuries
were stable at 1- to 3-month follow-up in 4 patients with
grade I, II, or IV vascular injury. Four patients with grade I or
II BCVI did not have any follow-up imaging (Online
Supplemental Data). Patients with BCVI were more likely to
present with a new FND (P¼ .007), intracranial hemorrhage
(P¼ .03), cervical vertebral fracture (P , .001), or sternal
fracture (P¼ .02) (Table 2).

Patients with BCVI: Comparison of an Isolated Seat Belt
Sign with a Seat Belt Sign with Additional Traumatic
Injuries
Of a total of 12 patients diagnosed with BCVI, 9 had additional
clinical or imaging evidence of cervicothoracic trauma. In

Table 1: Clinical and imaging characteristics of patients with
cervical seat belt sign

Characteristics
No. (% female)
Adult 535 (67.6)
Pediatric 32 (56.2)
Total 567 (67.0)
Age (mean) [SD] (range) (yr)
Adult 42.2 [SD, 18.4], (18–91)
Pediatric 13.0 [SD, 4.0], (6–17)
Mean GCS [SD] (No.) 14.9 [SD, 0.8], (519)
On-scene LOC (No.) (%)
No 400 (70.5)
Yes 65 (11.5)
Unclear or amnesic to the event 51 (9.0)
Clinical data not available 51 (9.0)

Neurologic deficit (No.) (%)
New FND 6 (1.1)
New FND inconsistent with head
CT/MR imaging 3 (0.5)
Clinical data not available 41 (7.2)

Associated traumatic findings (No.)
Fractures
Skull 2
Midface (maxilla, mandible) 5
Cervical vertebrae (only C1–3) 20 (6)
First rib or clavicle 20
Upper ribs (2–4) 35
Lower ribs (5–12) 10
Sternum 30
Upper thoracic vertebra 10

Cervical ligamentous injury 3
Scalp/neck hematoma 7/7
Thoracic vascular injuries
Intracranial hemorrhage

1
13

No additional finding per patient (%) 450 (79.4)
At least 1 additional findinga (%) 117 (20.6)
No. of patients with BCV (%) 12 (2.1)

a Including a new FND, a GCS score of ,8, or any of the above-listed associated
traumatic findings to the head, neck, or chest.
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another 3 patients with BCVI, there were no traumatic findings
or BCVI risk factors other than the seat belt sign during the
initial presentation, hospital course, or additional follow-ups.
These 3 patients had grade I or II BCVI. The incidence of
BCVI among patients without traumatic findings other than
a seat belt injury (0.6%, n¼ 3/450) was significantly lower
than in patients with BCVI and at least 1 additional traumatic
finding (7.7%, 9/117) (P , .001) (Fig 1). The presence of at
least 1 additional traumatic finding (including fractures in
the skull, midface, cervical or upper thoracic vertebrae, ribs,
or sternum; cervical spinal ligamentous injury; intracranial
hemorrhage; or closed head injury) or development of a new
FND was significantly associated with the presence of BCVI
among adult patients, with a risk ratio of 11.7 (P¼ .001). Age
and sex were not associated with the presence of BCVI in
adult patients on univariate logistic regression analysis
(P¼ .77 and .68, respectively).

DISCUSSION
In this multi-institutional study, we
found that the incidence of BCVI in the
setting of an isolated cervical seat belt
sign after MVC was 0.5% (3/567), which
is less than in previous reports of the
incidence of BCVI among severely
injured patients.4-6 Additionally, the
presence of at least 1 additional trau-
matic finding to the head, neck, or
upper chest, including skeletal injury,
closed head injury, or a new FND, was
significantly associated with BCVI in
our study population, with a relative risk
of 11.7. Currently, CTA or MRA is
being ordered in many emergency
departments or trauma centers for
patients with a cervical seat belt sign.
However, our results indicate that the
seat belt sign alone has a low predictive
value for BCVI and should not be con-
sidered as an independent indicator for
radiologic screening. Exceptions to this
rule may be applied to patients with
known vascular fragility risk factors
including fibromuscular dysplasia or
connective tissue disorders such as
Marfan or Loeys-Dietz syndrome.27

Existing literature on the use of this
sign in isolation is scant and contradic-
tory. Following several early reports of
catastrophic BCVI in patients with a seat
belt sign, this finding has appeared in
some guidelines as a reliable marker to
screen for BCVI (Online Supplemental
Data). A review of a national trauma
databank from 2008 to 2014 with
2,174,244 adult patients with blunt
trauma revealed 5970 (0.27%) patients
with BCVI and 859/5970 (14.4%)

patients with a seat belt sign. Multivariate analysis confirmed the
association of the seat belt sign with BCVI in adult patients,28 lead-
ing to an impression that neurovascular imaging is warranted.
However, this report did not address the predictive value of this
sign by itself or the impact of other signs of cervicothoracic trauma;
therefore, it only obfuscated the assessment of the seat belt sign as
an indication for screening.

More recent studies have argued against the cervical seat belt
sign as an independent factor warranting BCVI screening for
adult and pediatric patients. DiPerna et al21 retrospectively
reviewed 131 consecutive patients with a cervical seat belt sign.
Only 1 patient with neurologic deficits and multiple associated
injuries was diagnosed with BCVI. Similarly, in a prospective
study of another 131 patients with a cervicothoracic seat belt sign,
the authors found 4 positive reports of BCVI. Rozycki et al22

demonstrated that the seat belt sign in combination with other
abnormal findings such as a GCS score of,14, first rib or clavicle

FIG 1. Flow chart of patients showing the incidence rate of BCVI among 2 subgroups of patients
after an MVC based on the presence of additional traumatic findings other than the cervical
seat belt sign.

FIG 2. CTA of a 71-year-old male patient shows absent vascular opacification (arrow) in an
occlusive dissection of the left vertebral artery (A). There is a mildly displaced fracture of the
left transverse process/foramen of C5 (arrow) evident on the corresponding bone window (B).
The coronal reconstructed image demonstrates occlusion of the V1 and proximal V2 segments
and the absence of flow below the C6 vertebral level (grade IV) (arrow) (C), with a reconstituted
left vertebral artery above from collaterals.
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fracture, or an injury severity score of .16 was associated with a
higher risk of BCVI. Therefore, a larger multi-institutional study
was warranted for resolution of this controversy. Our study
shows that the incidence of BCVI in the presence of an isolated
seat belt sign is negligible (3/567; 0.5%). The 3 patients with an
isolated seat belt sign were diagnosed with mild BCVI (grades I–
II). A higher grade IV BCVI was detected in 2 patients who also
had associated cervical vertebral fractures. In addition, the pres-
ence of vascular injury on the side opposite the seat belt sign (4/
12 in our cohort) serves as an indicator of the severity of the
MVC and/or the presence of a to-and-fro acceleration-decelera-
tion injury, placing all vessels, ipsilateral or contralateral, at
risk.29 On the basis of these lines of evidence, we suggest that this
sign should initiate a careful evaluation for other factors related
to BCVI via a thorough physical examination and standard
trauma imaging rather than a reflexive order of neck CTA. By
doing so, a CTA could have been safely avoided in at least
450/567 (79.4%) patients without any associated trauma-
related cervicothoracic finding, new neurologic deficits, or a
reported GCS score of ,8 among our cohort.

Although the number of pediatric patients
identified through searching imaging data bases
of participating sites was small (n¼ 32), there
were no BCVIs detected in the included chil-
dren. Three retrospective studies on pediatric
patients have also recommended against the use
of the seat belt sign as a sole indicator of BCVI
screening in this population.23,25,28

Limitations
There are several limitations to this study that stem
from its retrospective design. The clinical informa-
tion of 40 patients was not retrievable because of
missing data in the transition from paper to elec-
tronic medical records. Because the details of the ki-
nematics and the severity of the MVC injury as well
as the type of seat belt were not available for almost
all of the patients, such information could not be
assessed in our study. However, our reported inci-
dence of BCVI (12/567; 2.1%) was nearly as high as
in previous reports of its incidence among severely
injured patients.4-6 Patients were identified on the
basis of the language of imaging reports/orders,
which may have led to the exclusion of some
patients after an MVC with a seat belt injury who
underwent neurovascular imaging. The CTA/MRA
protocols were not standardized across the institu-
tions and may have varied within the same institu-
tion, given the wide date range. Because we intended
to assess the predictive value of seat belt injury for
BCVI, we did not include all patients after an MVC
and thus could not study all risk factors for BCVI.
Finally, all except 1 patient with BCVI received treat-
ment. Although the number of patients with an iso-
lated seat belt sign and BCVI was small and they
experienced only mild vascular injury, neurovascular
imaging resulted in a change in their management.

Therefore, we cannot exclude the possibility that a very small num-
ber of patients could have experienced an adverse outcome (ie, an
embolic stroke) in follow-up as a result of not performing CTA/
MRA of the neck (because they would not have received antiplate-
let therapy in that case). Future studies with a case-control design
are warranted to investigate this possibility.

CONCLUSIONS
In a multi-institutional study, we found that the incidence of
BCVI in patients with an isolated seat belt sign was negligible
(0.5%). Thus, we recommend elimination of this indication for
CTA in the absence of other clinical findings. While the seat belt
sign should not trigger reflexive imaging, it should prompt a care-
ful neurologic examination and evaluation for associated injuries
that could increase the risk for BCVI.

Disclosures: David M. Yousem—UNRELATED: Expert Testimony: medicolegal
expert witness; Payment for Lectures Including Service on Speakers Bureaus:
MRI Online; Royalties: Elsevier 5 books; Payment for Development of
Educational Presentations: MRI Online lecture material.

Table 2: Comparison of adult patients without BCVI versus patients with
BCVI (18 years of age or older)

Without BCVI
(n= 523)

With BCVI
(n= 12)

P
Value

Female/male 355:168 7:5 .53
Age (mean) [SD] (yr) 42.1 [SD, 18.4] 43.6 [SD, 20.7] .86a

GCS (mean) [SD] 14.9 [SD, 0.8]
(GCS: 3¼ 1

patient
GCS: 7¼ 1

patient
Others: .8)

14.8 [SD, 0.6]
(GCS: 13¼ 1

patient
Others =15)

.55a

On-scene LOC (No/yes/unclear) 370/56/48 8/4/0 .06
Neurologic deficit
New FND 4 (0.7%) 2 (16.7%) .007
New FND inconsistent with
head CT/MR imaging

2 (0.4%) 1 (8.3%) .07

At least 1 additional traumatic
head/neck/chest injury
All 103 (19.7%) 9 (75%) ,.001
All except scalp/neck
hematoma

82 (15.7%) 7 (58.3%) .001

Head injury
Intracranial hemorrhage 11 (2.1%) 2 (16.7%) .031
Skull fracture/hematoma 2 (0.4)/7 (1.3%) 0
Midface fracture 5 (0.9%) 0

Cervical injury
Cervical spine fracture 15 (2.9%) 4 (33.3%) ,.001
C1–3 fracture 5 (1.0%) 1 (8.3%) .12
Spinal ligamentous injury 2 (0.4%) 0
Neck hematoma 7 (1.3%)
Thoracic injury
First rib/clavicle fracture 19 (3.6%) 1 (8.3%) .37
Upper rib fracture 43 (8.2%) 2 (16.7%) .26
Any rib fracture 53 (10.1%) 3 (25%) .12
Sternal fracture 27 (5.2%) 3 (25%) .02
Vertebral fracture 8 (1.5%) 0
Vascular injury 1 (0.2%)

a The Mann-Whitney test was used for those marked with a, and Fischer exact test, for the rest.
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CLINICAL REPORT
HEAD & NECK

Variations in the Course of the Carotid Arteries in Patients
with Retropharyngeal Parathyroid Adenomas

G.K. Steinl, R. Yeh, C.M. McManus, J.A. Lee, and J.H. Kuo

ABSTRACT

SUMMARY: The carotid arteries, classically described as taking a relatively straight course through the neck, deviate medially in a minority of
patients. At the extreme, the internal carotid arteries may “kiss” in the midline, coming extremely close to the pharyngeal wall. In this clinical
report, we describe 5 patients with primary hyperparathyroidism, all with ectopic retropharyngeal parathyroid adenomas but all with varying
carotid artery anatomy. We describe these variations using a previously developed clinical grading system that highlights 1) the relationship
between carotid artery location and risk of injury during pharyngeal procedures and 2) the importance of universal, objective criteria to classify
carotid anatomy. Radiologists should be familiar with variations in carotid anatomy and communicate them to the operative team.

ABBREVIATIONS: PHPT ¼ primary hyperparathyroidism; MIBI ¼ technetium Tc99m sestamibi; PTH ¼ parathyroid hormone

Although the carotid arteries classically run straight to the
base of the skull, abnormalities in their anatomy may include

tortuosity, kinking, or coiling of 1 or both of the arteries.1 The ves-
sels may deviate medially so much that they come together at the
midline, colloquially referred to as “kissing carotids.” Previously,
there was no official classification system for carotid anatomy,
making it difficult to estimate how common these anomalies are.
Anatomic and radiologic studies have reported incidences ranging
from 0.2% to 30% depending on the criteria used to define “abnor-
mal.”1-5 Pfeiffer et al5 recognized the need for a universal classifica-
tion system and developed a convenient grading scale of I through
IV based on the minimal distance from the internal carotid artery
to the pharyngeal wall and the level of the pharynx (nasopharynx,
oropharynx, or hypopharynx) where this occurs.

It is critical that radiologists be aware of these variations in ca-
rotid anatomy and, when discovered incidentally on preoperative
imaging, accurately report these findings to the surgeon.
Aberrant carotid arteries can have serious implications if un-
known or unreported before procedures involving the pharyngeal
area, such as tracheal intubation, tonsillectomy, retropharyngeal
abscess drainage, removal of neoplasms, or removal of an ectopic
parathyroid adenoma.6-8 They can also cause symptomatic

widening of the retropharyngeal space.9,10 In the Pfeiffer et al5

classification system, class I indicates a normal distance between
the ICA and the pharynx, representing a presumably low risk for
injury during pharyngeal procedures, and grade IV indicates a
severely medialized ICA that poses a very high risk.

The retropharyngeal (paraesophageal) space is a common
location for ectopic parathyroid glands.11 The incidence of ec-
topic glands is as high as 11%–16% among patients undergoing
parathyroid surgery, and missed ectopic adenomas are a lead-
ing cause of persistent hyperparathyroidism requiring reop-
eration.11-13 Because of advances in imaging techniques such
as technetium Tc99m sestamibi (MIBI), often performed
with SPECT/CT, and more recently the multiphase parathy-
roid 4D CT, radiologists are now frequently able to localize
these adenomas before surgery.14,15

Anomalies of both the parathyroid glands and the ICAs have
been well described independently, but there is no literature that
draws an association between the two. We present preoperative
imaging and intraoperative findings of 5 patients with primary hy-
perparathyroidism (PHPT) who presented for surgical consultation
and were found to have ectopic parathyroid adenomas in the retro-
pharyngeal space. The patients had varying carotid anatomy, ranging
from a unilateral, slightly medialized ICA to “kissing” ICAs. Here we
report on their presentation, work-up, and surgical procedures.

Case Series
Patient characteristics are described in the Table. All 5 patients were
diagnosed with PHPT after routine screening laboratory studies
revealed hypercalcemia, and all met the International Workshop
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on Asymptomatic Primary Hyperparathyroidism criteria for para-
thyroidectomy.16 For surgical planning, per institutional protocol for
PHPT, all patients underwent 4D CT, and all but 1 also had MIBI
SPECT/CT performed at the same time using a combined acquisi-
tionmethod.17We classified the ICAs of each patient using the grad-
ing system developed by Pfeiffer et al5 (Table). In the 4 patients who
underwent parathyroidectomy, intraoperative parathyroid hormone
(PTH) levels fell appropriately by greater than 50% from pre-

excision to 10minutes postexcision, and final pathology was con-
sistent with parathyroid adenoma. There were no complications,
and all patients had normalized serum calcium levels at 6months
after surgery. One patient’s operation was delayed because of the
coronavirus 2019 pandemic.

In case 1, 4D CT revealed an ectopically located right superior
parathyroid adenoma in the retropharyngeal space (14mm �
9mm � 5mm), posterior to the larynx at the level of the piriform
sinuses, slightly right of midline (Fig 1A, -B). The adenoma was
MIBI avid on SPECT/CT. The bilateral carotid arteries appeared
medialized such that they nearly “kissed” immediately posterior to
the oropharynx and larynx (Fig 1C, -D). The patient underwent a
focused parathyroidectomy. After the right thyroid lobe and thyroid
cartilage were mobilized and retracted, the bilateral internal carotid
arteries were noted to be very medialized as expected. Posterior to
the larynx in the retropharyngeal space, just anterior to the spine, a
well-defined parathyroid adenoma was identified and resected.

In case 2, 4D CT revealed a 6mm � 9mm � 20mm enhanc-
ing paraesophageal nodule, consistent with a left upper parathy-
roid adenoma (Fig 2). The adenoma was MIBI avid on SPECT/
CT. The adenoma was approximately 9mm posterior to the
lower pole of the left thyroid lobe and immediately anteromedial
to the left carotid artery. The patient underwent a focused para-
thyroidectomy. The left thyroid lobe and thyroid cartilage were
mobilized and retracted anteromedially. In the retropharyngeal
space, posterior to the left lower pole, a well-defined parathyroid
adenoma was identified, dissected, and excised.

In case 3, the patient had undergone 2 neck explorations with
resection of right upper and left lower adenomas 7 years and 2
years, respectively, before presenting to our institution for work-
up of persistent hyperparathyroidism. An ectopic parathyroid ad-
enoma (21mm � 14mm � 6mm) was identified on 4D CT in
the left retropharyngeal space immediately posterior to the

FIG 1. Case 1. Contrast-enhanced CT scan shows axial (A) and coronal
(B) images of the retropharyngeal parathyroid adenoma (arrow) and
axial (C) and coronal (D) images of the nearly “kissing” carotid arteries
(arrow).

Patient characteristics
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age, years 64 58 80 72 76
Sex Female Female Female Female Female
Nephrolithiasis No No Yes No No
Osteoporosis No Yes Yes No Yes
Biochemical
Preoperative serum
calcium, mg/dL

10.8 (8.6–10.4) 10.4 (8.6–10.2) 14.0 (8.4–10.2) 10.8 (8.6–10.3) 10.6 (8.5–10.5)

Preoperative PTH, pg/
mL

38 (14–64) 65 (15–65) 356 (12–88) 87 (15–65) 200 (12–88)

Preoperative 25 OH-
vitamin D, ng/mL

41.0 (30–100) 46.2 (30–100) Not available 27.7 (30–100) 16.0 (30–100)

Surgical approach Normal anterior Normal anterior Focused lateral Normal anterior Not available
Minimal distance from
ICA to pharyngeal wall
Right ICA 4.6mm

(hypopharynx)
7.1 mm
(oropharynx)

9.5mm
(oropharynx)

7.3 mm
(oropharynx)

3.5 mm
(oropharynx)

Left ICA 2.0mm
(oropharynx)

4.8mm
(oropharynx)

8.8mm
(oropharynx)

12.8mm
(oropharynx)

7.5mm
(nasopharynx)

ICA classification per
Pfeiffer et ala

Right ICA, grade III II II II III
Left ICA, grade IV III II I II

a This classification of ICA anatomy on a scale of I—IV (“I” being effectively normal and “IV” being extremely close to the pharynx) takes into account 1) the minimal dis-
tance to the pharyngeal wall and 2) the level at which this distance occurs.5
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esophagus and medial to the left com-
mon carotid artery (Fig 3), with corre-
sponding increased MIBI uptake on
SPECT/CT. The bilateral common ca-
rotid arteries appeared to be retrophar-
yngeal and medialized with the
adenoma in between the 2 arteries. The
patient underwent a third parathyroi-
dectomy. The left thyroid lobe was
mobilized and retracted anteriorly, at
which point the left common carotid ar-
tery was noted to be significantly medial,
preventing easy identification of the
parathyroid adenoma. After switching to
a “backdoor” lateral approach (retraction
of the sternohyoid and sternothyroid
muscles anteriorly and more posterior
dissection anterior to the sternocleido-
mastoid muscle), a classic parathyroid
adenoma was accessed and identified in
the retropharyngeal space posterior to
the esophagus and medial to the left
common carotid artery. The adenoma
was dissected and excised.

In case 4, 4D CT revealed a left supe-
rior retroesophageal adenoma (12 � 12
� 5mm), located immediately posterior
to the left upper thyroid gland, 2mm
medial to the left common carotid artery
(Fig 4). There was also an additional
smaller hyperenhancing nodule adjacent
to the right thyroid suggestive of a poten-
tial additional adenoma. The bilateral ca-
rotid arteries appeared to be in a
relatively typical position. Because imag-
ing suggested 2 potential adenomas, the
patient underwent a bilateral neck explo-
ration. Although imaging had suggested
a left upper parathyroid adenoma, the
left upper, left lower, and right lower
glands all appeared to be of normal size
and color in their usual positions. The
retropharyngeal adenoma appeared to be
an adenomatous right upper parathyroid
gland, which was dissected and excised.

In case 5, 4D CT revealed bilateral
superior parathyroid adenomas (double
adenomas) in the retropharyngeal space:
right (8� 7 � 14mm) and left (5� 4 �
8mm) (Fig 5). Both adenomas were
located immediately medial to medial-
ized bilateral carotid arteries and poste-
rior to the esophagus. The right superior
adenoma was approximately 5mm pos-
terior to the right mid-thyroid gland,
and the left superior adenoma was

FIG 4. Case 4. Contrast-enhanced CT scan shows axial (A) and coronal (B) images of the retro-
pharyngeal parathyroid adenoma (arrow) and an axial (C) image of the bilateral carotid arteries
(arrow) at the level of the oropharynx.

FIG 3. Case 3. Contrast-enhanced CT scan shows axial (A) and coronal (B) images of the retro-
pharyngeal parathyroid adenoma (arrow) between the common carotid arteries and an axial (C)
image of the bilateral internal carotid arteries (arrow) at the level of the oropharynx.

FIG 2. Case 2. Contrast-enhanced CT scan shows axial (A) and coronal (B) images of the para-
esophageal adenoma (arrow) and an axial (C) image of the bilateral internal carotid arteries
(arrow) at the level of the oropharynx.

FIG 5. Case 5. Contrast-enhanced CT scan shows axial (A) and coronal (B) images of the double
retropharyngeal parathyroid adenomas (arrow) and an axial (C) image of the bilateral carotid
arteries (arrow) at the level of the oropharynx.
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12mm posteromedial to the left mid-thyroid gland. On SPECT/
CT, the larger right adenoma was MIBI avid, but the smaller left
adenoma was not. The patient is currently taking cinacalcet
(Sensipar) for medical management of PHPT and was scheduled
for parathyroidectomy, but this was delayed because of the corona-
virus 2019 pandemic. Of note, 6 months before her 4D CT, she
underwent a left adrenalectomy for a left pheochromocytoma with
elevated plasma metanephrines and normetanephrines. Given the
patient’s age, both diseases were likely unrelated, sporadic, and not
attributable to a genetic predisposition.

DISCUSSION
We have presented 5 patients with retropharyngeal parathyroid
adenomas with varying anatomy of the carotid arteries. After apply-
ing the previously discussed grading system, all of these patients
had at least 1 ICA that was grade II or higher, suggesting at least a
moderate risk during pharyngeal procedures.5 Fortunately, all 4
patients who underwent surgery experienced no complications
from intubation or the operation itself. To our knowledge, we are
the first to report on a possible association between ectopic adeno-
mas and medial deviations of the carotid arteries.

Theoretically, it is possible that these variants are related
secondary to anomalous embryonic development in the
neck. The parathyroid glands originate from the third (inferior
glands) and fourth (superior glands) pharyngeal pouches, and the
common carotid arteries and proximal ICAs derive from the third
pharyngeal arch.7 Unsurprisingly, ectopic parathyroid glands are
often found within structures that derive from neighboring
embryologic tissues and descend into the neck, such as the
thyroid, thymus, and carotid sheath.18 Other common loca-
tions for ectopic glands include the aforementioned retro-
pharyngeal space, the tracheoesophageal groove, the thyro-
thymic ligament, and elsewhere in the mediastinum.11

Clinically, this series highlights the importance of imaging
for operative planning in parathyroid surgery. Advances in
preoperative imaging have made it possible to localize disease
and perform a focused parathyroidectomy in many patients,
whereas the previous standard was a bilateral neck explora-
tion.15 However, the utility of imaging in PHPT is dependent
on the experience of the radiologist, who must be trained and
experienced in parathyroid imaging to accurately interpret
preoperative scans. Furthermore, when the radiologist sus-
pects a retropharyngeal adenoma, it is especially critical to
communicate to the surgeon any aberrant carotid anatomy
that is at increased risk of injury when dissecting into the ret-
ropharyngeal space.

In summary, our experience with 5 patients raises the ques-
tion of whether some association exists between retrophar-
yngeal ectopic parathyroid adenomas and abnormal carotid
artery anatomy, which could have implications for the radiol-
ogist and the parathyroid surgeon. Radiologists and surgeons
alike should be aware of variations in carotid anatomy, and
we agree with Pfeiffer et al5 on the importance of using a

universal grading system to describe these variations objec-
tively and relate them to operative risk.

Disclosures: James Lee—UNRELATED: Board Membership: Medscape, Summus;
Expert Testimony: Various firms on individual basis.
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CLINICAL REPORT
HEAD & NECK

Postoperative Imaging Appearance of Iliac Crest Free Flaps
Used for Palatomaxillary Reconstructions
M.L. Sandler, M. Griffin, M.H. Xing, E. Ansari, A.S. Khorsandi, and M.L. Urken

ABSTRACT

SUMMARY: The osteomyocutaneous iliac crest free flap is a reconstructive option for segmental mandibular or complex palato-
maxillary defects. Familiarity with the radiographic appearance of free flaps such as the iliac crest is necessary for the postoperative
evaluation of patients after mandibular, maxillary, or palatal reconstructions because it allows radiologists to properly monitor and
interpret the appearance of the flap over time. This study presents a retrospective review of 5 patients who underwent palatomax-
illary reconstruction with an iliac crest free flap at our institution. The imaging appearances of the 5 patients were analyzed to
determine the key radiographic characteristics of a healthy and successful iliac crest free flap. Radiographic fluency with the imag-
ing appearance of the iliac crest free flap, as well as the new anatomy of the region in the postoperative period, will allow for bet-
ter interpretation of the flap appearance on imaging and will prevent false identification of tumor recurrence.

ABBREVIATIONS: ICFF ¼ iliac crest free flap; DCIA ¼ deep circumflex iliac artery; DCIV ¼ deep circumflex iliac vein

Microvascular free tissue transfer is used for the reconstruc-
tion of complex defects, particularly after surgical treat-

ment of malignant head and neck disease.1 The ability to
reliably transport free tissue into a defect has resulted in the
innovation and refinement of a multitude of surgical
approaches.2 As a result, free flaps have been commonly used
after ablative surgery for head and neck cancer. However,
large defects of the midface area still represent a major recon-
structive challenge to achieve a favorable cosmetic and func-
tional outcome.

Free flaps can be broken down into 4 subtypes: muscular, fas-
ciocutaneous, visceral, and osseous. Furthermore, free flaps can
also be performed as composite tissue allografts consisting of
heterogeneous tissues such as skin, fat, muscle, nerves, and in
some instances, lymphatic tissue. Vascularized bone contain-
ing free flaps may be harvested as bone only or in combina-
tion with additional tissue types such as skin, subcutaneous
tissue, fascia, and muscle.2 This article focuses on the imaging
appearance of the iliac crest free flap (ICFF) in the setting of

head and neck reconstruction. The ICFF has been described
for the reconstruction of segmental mandibular and complex
palatomaxillary defects.2,3 Because of the length, width, and
contour of the iliac bone, the ICFF is considered to be an
excellent source of vascularized bone for use in mandibular
reconstruction.3-5 In the setting of primary maxillary recon-
struction, this free flap can be used as a single-staged com-
posite tissue transfer of vascularized soft tissue and bone to
rehabilitate extensive palatomaxillary defects.6 The addition
of the internal oblique muscle to this flap provides increased
flexibility of the soft tissue component, above and beyond
what the skin flap yields.4,5

Fluency in the radiographic appearance of free flaps, like the
iliac crest, is crucial in the evaluation of patients after palatomax-
illary resections.1 Reconstructive surgery disrupts the appearance
of the normal anatomy, so it is important for radiologists and sur-
geons to be in close communication regarding details of the sur-
gical procedure, flap type, and imaging findings.7,8 Not only will
a basic understanding of the reconstructive techniques for
patients with head and neck cancer allow radiologists to provide
accurate and useful imaging reports,1 such understanding will
also prevent the potential misdiagnosis of subtle tumor recur-
rence or focal infection.9

In this study, we discuss the imaging appearance of the iliac
crest–internal oblique osteomyocutaneous free flap and retro-
spectively review the postoperative imaging of 5 cases of palato-
maxillary reconstruction with an ICFF. The goal of this study is
to determine the key radiographic characteristics of an ICFF to

Received August 31, 2020; accepted after revision November 24.

From the Thyroid, Head & Neck Cancer (THANC) Foundation, (M.L.S., M.G.,
M.H.X., M.L.U.), New York, New York; Department of Otolaryngology–Head and
Neck Surgery (E.A., M.L.U.), Icahn School of Medicine at Mount Sinai Hospital,
Mount Sinai Beth Israel, New York, New York; and Department of Radiology,
(A.S.K.), NY Eye & Ear Infirmary of Mount Sinai, New York, New York.

Please address correspondence to Monica Xing, Research Associate, Thyroid, Head
& Neck Cancer (THANC) Foundation, 10 Union Square East, Suite 5B, New York, NY
10003; e-mail: mxing@thancfoundation.org

http://dx.doi.org/10.3174/ajnr.A7005

AJNR Am J Neuroradiol 42:753–58 Apr 2021 www.ajnr.org 753

https://orcid.org/0000-0002-7881-9951
https://orcid.org/0000-0001-5666-3602
https://orcid.org/0000-0002-2094-475X
https://orcid.org/0000-0003-4438-8337
https://orcid.org/0000-0002-9176-1184
https://orcid.org/0000-0002-7134-1385
mailto:mxing@thancfoundation.org


facilitate the analysis of postoperative imaging in patients with
head and neck cancer.

MATERIALS AND METHODS
A retrospective review was performed of 5 patients who under-
went palatomaxillary reconstruction with an ICFF at our institu-
tion between 1998 and 2016. We included only cases that had
available postoperative imaging. Institutional review board ap-
proval was not required to report 5 retrospective cases. Relevant
patient demographics, clinical information, and available imaging
were reviewed and recorded. Postoperative imaging was re-
reviewed by our senior head and neck radiologist and analyzed
for key findings regarding flap appearance. Radiographic assess-
ment points with respect to the appearance of the bone compo-
nent of the flap included cortical thickness, attenuation, and
continuity. Radiographic assessment points with respect to the
appearance of muscle components included striations, enhance-
ment, and atrophy. Imaging was reviewed from the immediate
postoperative setting to 1 year postoperatively.

RESULTS
We selected 5 cases of iliac crest–internal oblique free flap recon-
struction for review. Demographic information can be found in
the Table. This cohort included 2 men and 3 women, with an av-
erage age of 49.4 years (range, 13–63 years). Primary tumor types
included squamous cell carcinoma, adenoid cystic carcinoma, ad-
enocarcinoma, and ossifying fibroma. Two cases involved an
additional radial forearm free flap, and 1 case involved an addi-
tional lateral arm free flap.

In each of the 5 cases, the ICFF appeared as a thick sheet of
bone with 2 cortical layers encasing the medullary bone. When
used for palatomaxillary reconstruction, the cortical surfaces
appear as U-shaped configurations with medullary bone encased
within. There are 3 cortical surfaces, inferior, lingual, and buccal.
The maxillary antrum was noted to be obliterated by the internal
oblique muscle. The bone was seen to have an attenuated to
hyperattenuated cortex and intermediate attenuation of the tra-
becular layer in 3 cases (cases 1–3). The osteotomy initially
appeared as a bony fragment. On follow-up imaging, there were
progressive callous formation and bony fusion at the osteotomy
site. On CT imaging, the osseointegrated implants are seen as tu-
bular metallic densities at the expected site of the dental implan-
tation and created an extensive amount of streak artifact.
Osseointegrated dental implants were present in 1 case (case 2).
The muscle component of the flap appeared as areas of striation

similar to the appearance of skeletal muscle. The fat within the
adjacent subcutaneous soft tissue appeared as low attenuation
with a negative hounsfield unit. On initial and follow-up postcon-
trast imaging, the muscular portion of the flap showed uniform
enhancement. Progressive atrophy of the muscular component of
the flap was shown in a 12-month follow-up period.

DISCUSSION
The ICFF, often harvested in conjunction with the internal
oblique muscle, is highly versatile and well-suited for large head
and neck defects because of the width, length, and natural curva-
ture of the iliac bone, as well as its rich blood supply (Fig 1).2,3

The deep circumflex iliac artery and vein (DCIA and DCIV) are
used as the flap pedicle.4,5,10 In most instances, the internal oblique
muscle is supplied in an axial pattern by the ascending branch of
the DCIA and DCIV, which run on its deep surface. The iliac
bone can withstand the forces of mastication and can accommo-
date osseointegrated implants, thereby adding to its versatility.11

The incorporation of the internal oblique muscle in conjunction
with the mobility of the skin paddle relative to the bone flap ena-
bles the flap to be used in the restoration of complex 3D composite
surgical defects of the palatomaxillary complex.12 The flap may
also be used to restore defects involving the inferior orbital rim,
the zygoma, and the skin of the cheek.12

The iliac crest flap is commonly oriented vertically during flap
inset to restore the vertical height of the maxilla, along with the
alveolus, providing a fixed segment of bone ideal for osseointe-
grated dental implants.10,13 When oriented in this fashion, the
thick cortical surface of the iliac crest is turned upside down and
becomes the new alveolar ridge. Furthermore, this inset configu-
ration permits reconstruction of the orbital rim and the pyriform
aperture.12 The orbital floor can also be reconstructed with a
mesh alloplast, which is screwed into the anterior face of the iliac
bone and the lateral orbital rim (Fig 1).12 An onlay free bone graft
can also be screwed into the bone of the iliac flap to replicate the
anterior projection of the zygomatic body.12 The internal oblique
muscle, when harvested with the iliac crest bone, is transposed
through the defect in the palatal shelf and medial to the neoalveo-
lar ridge formed by the iliac bone. The muscle can then be used
to fill the maxillectomy cavity, thereby obliterating the dead space
and relining the lateral wall of the nose (Figs 1–3).12 This muscle
also provides a source of oral and nasal lining and serves as a
neopalate and lateral nasal wall. In this way, the internal
oblique muscle separates the oral and nasal cavities and creates
a permanent soft tissue seal. As the muscle atrophies and
undergoes epithelization, it effectively replicates the native pal-
atal architecture.12 Additionally, the flexibility of the soft tissue
components of the iliac crest flap allow for large amounts of
skin to be used to resurface the midface.12 When imaged over
time, the thickness and attenuation of the internal oblique mus-
cle decrease as atrophic changes occur because of denervation.

The ICFF therefore offers improved functional and aesthetic
rehabilitation over traditional methods (eg local or regional flaps,
soft tissue only–free flaps, and obturation) given its ability to
restore both osseous and soft tissue defects and to accommodate
implants for dental rehabilitation.3,14 Although palatomaxillary
reconstruction can be achieved with the fibular and scapular

Demographic information of 5 patients included in this study

Patient

Age at
Surgery
(years) Sex Tumor Type

1 55 Male Squamous cell carcinoma with
inverting papilloma

2 57 Female Adenoid cystic carcinoma
3 59 Male Adenocarcinoma
4 63 Female Squamous cell carcinoma
5 13 Female Ossifying fibroma
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donor sites, the iliac crest provides a large amount of good-qual-
ity bone for harvest, which can then be contoured to reconstruct
both the horizontal and vertical components of even extensive
defects.10

Traditionally, the ICFF was thought to cause high rates of do-
nor site morbidity, including abdominal wall weakness, risk of
hernia, abnormal hip contour, and difficulty with ambulation in
the early postoperative period.15 However, improvements in sur-
gical technique have mitigated this risk, thereby increasing the
value of the flap.4,5,13-16

Conventional Imaging Appearance
On postoperative CT imaging, the osseous component of the

ICFF appears as a thick sheet of bone with 2 cortical layers and a

sclerotic trabecular surface. The bone has a hyperattenuated cor-

tex and intermediate attenuation of the trabecular layer (Fig 4).

The osseous component of the flap may be used to restore the

normal osseous boundaries of the maxilla, alveolus, orbital rim,

and pyriform aperture. The ilium is thickest at the spine and nar-

rows posteriorly but appears on 2D imaging as a uniformly thick

sheet of bone.17

When the internal oblique muscle is used to obliterate the max-
illary cavity, it is seen on imaging as opacification of the maxillary
antrum.12 Transposition of the internal oblique muscle through
the defect creates a neopalate medial to the neoalveolar ridge
formed by iliac bone. The muscular components of the flap will
appear striated and thin.1 McCarty et al1 have reported that in the
initial postoperative period, the muscular components of the flap
may appear hypointense on T1-weighted images and hyperintense
of T2-weighted images and enhance with gadolinium contrast.

However, as the muscle atrophies and becomes more fatty, it will

appear heterogeneous on both T1-weighted and T2-weighted

images and more hypoattenuated on CT.18 Muscle denervation

FIG 1. Use of ICFF with internal oblique muscle (A) and orbital floor plate. The iliac bone is used to restore the inferior orbital rim as well as to
reconstruct the pyriform aperture. An onlay bone graft is lag screwed into the iliac bone to restore the anterior projection of the midface (B
and C). The curvature of the neomaxilla has been created by performing a unicortical osteotomy and filling it with corticocancellous bone fol-
lowed by a fixation plate to hold it in position. The internal oblique muscle is used to reline the lateral wall of the nose and obliterate the maxil-
lectomy cavity (D and E). The muscle is transposed through the palatal defect to achieve a permanent separation of the mouth from the
sinonasal cavity. Illustration by Jill Gregory. Used with permission from ©Mount Sinai Health System.

FIG 2. The internal oblique muscle from the flap eliminates the maxil-
lectomy cavity, thereby preventing the presence of dead space (arrows).
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after flap harvest is believed to contribute to the increased enhance-

ment of the muscular components of the flap over time.19 The
muscular enhancement with gadolinium should not be mis-

taken for tumor recurrence.19 Sharp boundaries between the
muscular components of the flap and nearby native struc-

tures generally indicate a benign process.7 Familiarity with
flap maturation is important, specifically the tendency of the

muscular portion of the flap to progress toward fatty atrophic
changes, to avoid false identification of recurrent disease. The

fatty components of the flap should contain no areas of nodu-

larity or focal enhancement.1

Contouring of the iliac bone can be accomplished by perform-
ing a unicortical osteotomy in the lateral surface and the iliac
crest, which permits the bone to be “green stick fractured,” if a
bend in the bone is required to accommodate to the normal
architecture of the palatomaxillary complex. By creating this cut
in this orientation, the DCIA and DCIV are preserved along the
medial surface. The resulting “open osteotomy” is usually filled
with corticocancellous bone chips that are harvested from the
remaining iliac bone. Over time, this osteotomy will form solid
bone. It should be noted that the goal of reconstruction is to place
the neoalveolar maxillary ridge in direct apposition to the man-
dibular alveolus to facilitate dental restoration and normal occlu-
sal relationships.

Osseointegrated dental implants are often inset into the ICFF
(Figs 3 and 5).12 Postoperative imaging evaluation is crucial for
accurate monitoring of the angular position of the implants, their
relationship with the adjacent bone, and the condition of the
implants over time.20 Periapical radiographs, panoramic radio-
graphs, and CT imaging can all be used to evaluate dental
implants.21 In particular, CT imaging can be used to evaluate
bone-to-metal contact and identify any implant complications,
such as hardware loosening.22

The ICFF also accommodates a mesh alloplast, which can be
screwed to the anterior face of the iliac bone and lateral orbital
rim to restore the orbital floor and reestablish a normal orbital
volume (Figure 1B, -C). Imaging can be used to evaluate the posi-
tion of these reconstructive techniques in the postoperative
period and can also assess the orbital volume if there is any evi-
dence of dystopia after disruption and reconstruction of the or-
bital floor. Any plates used in the procedure should appear level
with both the new and native bone, and no lucency should be
seen surrounding any screws (Fig 5).1

Although the DCIA and ascending branches are important
components of the flap, they are generally too small to be visible
on standard diagnostic imaging but can be readily seen on CTA
or MRA. The normal course of the DCIA and DCIV extends

FIG 3. A, An iliac crest–internal oblique flap has been harvested based on the DCIA and DCIV (asterisk). B, The iliac crest is shown inset into a
palatomaxillectomy defect with the crest oriented toward the bottom (arrow). The internal oblique muscle based on the ascending branch of
the DCIA has been brought through the palatal defect, medial to the iliac bone (curved arrow). This patient underwent an orbital exenteration,
and the internal oblique muscle (IOM) is shown filling the orbital defect as well as obliterating the maxillectomy cavity. Rigid fixation (RF) is
achieved to the lateral and superior orbital rim. The upgoing arrow shows a dental implant placed into the neoalveolar ridge. C, The internal
oblique muscle, which is not optimally visualized on bone window, is used to fill the maxillectomy defect (arrow).

FIG 4. Axial imaging of a normal ICFF demonstrating a thick sheet of
bone with a hyperattenuated cortex and intermediate attenuation of
the trabecular surface. An osteotomy site is demonstrated and filled
with corticocancellous bone (arrow). Images were obtained in the im-
mediate postoperative period. Left cheek prominence is an expected
immediate postoperative finding in the flap setting. Normal cheek
cosmesis will be obtained over time.
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from the lingual surface of the iliac bone and passes either medial
or lateral to the mandible to reach recipient vessels in the neck to
revascularize the free flap.

Optimal Timing of Postoperative Imaging
The following postoperative imaging recommendations are based
on author experience and may be approached more flexibly
depending on individual institutional guidelines. Initial posttreat-
ment imaging should be used to evaluate the appearance of the flap
itself. Radiologists can ensure that no osteolysis nor bony erosion
are present.1 Initial posttreatment images can serve as a baseline to
document any changes caused by treatment (both surgical and non-
surgical). These images can also provide a comparison for future
examinations to better detect possible complications.23 The CT por-
tion of the examination should be used to evaluate the osseous bor-
ders of the flap for union, ensure that all fixation plates are still
flush with the bone, andmonitor for hardware lucency surrounding
any inset screws.1 Bridging new bone may be observed at the inter-
face between the iliac bone and the native bone of the midface.
Additionally, radiologists should re-examine preoperative scans in
the postoperative setting to establish the extent and location of
resection.1 An understanding of both the preoperative and initial
postoperative scans will assist in avoiding incorrect identification of
recurrence on future imaging. For example, lymph nodes are some-
times transposed as part of the flap. This finding should be noted
on baseline imaging to avoid falsely identifying such lymph nodes
as recurrent disease on future imaging.

Approximately 12weeks after treatment (either postsurgery or
postradiation treatment), a PET/CT examination with contrast is
recommended. This examination can be used to detect any persis-
tent or recurrent tumor or metastases and to distinguish between
treatment-related changes and new neoplastic changes.1 The CT
with contrast and the PET scan should be used in combination to
evaluate the muscular portion and borders of the flap as a baseline.

These scans will also improve the future detection of any recurrent,
residual, or persistent disease.1 MR imaging can be useful in detect-
ing perineural invasion, intracranial extension, and cartilaginous
involvement, among others.1 As such, this imaging technique
should be used in patients in whom there is a concern for risk for
perineural invasion.7 Depending on a patient’s tumor type and sur-
gical margin status, clinician familiarity with perineural extension of
disease at the time of preoperative imaging interpretation is also rec-
ommended. Subsequently, surveillance imaging is recommended
every 4 months for 2 years after surgery.7 The authors concede that
the imaging intervals specified may not conform to the practice of
all institutions.

CONCLUSIONS
Radiographic imaging is crucial to the postoperative management
of microvascular free flaps. The ICFF is highly versatile in recon-
structing large head and neck defects because of the bone’s natural
curvature, its rich blood supply, and its ability to accommodate
osseointegrated implants. Harvest of the ICFF in conjunction with
the internal oblique muscle allows for the restoration of complex 3D
defects of the palatomaxillary complex. Each component of the flap
is associated with an expected radiographic appearance, which
should be assessed throughout the postoperative period. Familiarity
with the radiographic appearance of the ICFF is necessary for the
evaluation of patients after maxillary or palatal resections because it
allows clinicians to provide accurate imaging reports and to properly
monitor the appearance of the flap over time.
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Radiomics of Pediatric Low-Grade Gliomas: Toward a
Pretherapeutic Differentiation of BRAF-Mutated and

BRAF-Fused Tumors
M.W. Wagner, N. Hainc, F. Khalvati, K. Namdar, L. Figueiredo, M. Sheng, S. Laughlin, M.M. Shroff, E. Bouffet,

U. Tabori, C. Hawkins, K.W. Yeom, and B.B. Ertl-Wagner

ABSTRACT

BACKGROUND AND PURPOSE: B-Raf proto-oncogene, serine/threonine kinase (BRAF) status has important implications for progno-
sis and therapy of pediatric low-grade gliomas. Currently, BRAF status classification relies on biopsy. Our aim was to train and vali-
date a radiomics approach to predict BRAF fusion and BRAF V600E mutation.

MATERIALS AND METHODS: In this bi-institutional retrospective study, FLAIR MR imaging datasets of 115 pediatric patients with
low-grade gliomas from 2 children’s hospitals acquired between January 2009 and January 2016 were included and analyzed.
Radiomics features were extracted from tumor segmentations, and the predictive model was tested using independent training
and testing datasets, with all available tumor types. The model was selected on the basis of a grid search on the number of trees,
opting for the best split for a random forest. We used the area under the receiver operating characteristic curve to evaluate
model performance.

RESULTS: The training cohort consisted of 94 pediatric patients with low-grade gliomas (mean age, 9.4 years; 45 boys), and the
external validation cohort comprised 21 pediatric patients with low-grade gliomas (mean age, 8.37 years; 12 boys). A 4-fold cross-val-
idation scheme predicted BRAF status with an area under the curve of 0.75 (SD, 0.12) (95% confidence interval, 0.62–0.89) on the in-
ternal validation cohort. By means of the optimal hyperparameters determined by 4-fold cross-validation, the area under the curve
for the external validation was 0.85. Age and tumor location were significant predictors of BRAF status (P values ¼ .04 and ,.001,
respectively). Sex was not a significant predictor (P value ¼ .96).

CONCLUSIONS: Radiomics-based prediction of BRAF status in pediatric low-grade gliomas appears feasible in this bi-institutional
exploratory study.

ABBREVIATIONS: AUC ¼ area under the curve; JPA ¼ juvenile pilocytic astrocytoma; NPV ¼ negative predictive value; pLGG ¼ pediatric low-grade glioma;
PPV ¼ positive predictive value; ROC ¼ receiver operating characteristic

Pediatric low-grade gliomas (pLGGs) are the most common
brain tumors in children, accounting for approximately 40%

of central nervous system tumors in childhood.1 pLGGs comprise
a heterogeneous variety of tumors classified by the World Health
Organization as grades I or II and include juvenile pilocytic astro-
cytoma (JPA), ganglioglioma, dysembryoplastic neuroepithelial
tumor, pleomorphic xanthoastrocytoma, and diffuse low-grade

glioma.2 A mainstay of pLGG therapy is surgical excision when
possible, which may be curative in case of total resection.2 When
total resection is not possible, pLGGs become a chronic disease
with protracted reduction in the quality of life.2,3 While death
from these tumors is rare with standard chemotherapy and radia-
tion, 10-year progression-free survival is ,50%.4,5 Thus, many
patients will have multiple recurrences requiring multimodal
therapy, leading to considerable morbidity.

In addition to patients with neurofibromatosis type 1 who de-
velop pLGG, molecular characterization of sporadic pLGG has
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also identified frequent alterations in the mitogen-activated pro-
tein kinas pathway, most commonly fusions or mutations in the
B-Raf proto-oncogene, serine/threonine kinase (BRAF) gene. The 2
major BRAF gene alterations are BRAF fusion and BRAF V600E
point mutation (p.V600E) The chromosomal alteration in BRAF
fusion involves the duplication of the BRAF oncogene, followed
by its insertion into one of several fusion targets, most often the
K1AA1549 gene.6 The transcript of this duplication/fusion con-
tains the kinase terminus of the BRAF protein but lacks the auto-
regulatory domain, resulting in constant up-regulation of several
downstream pathway elements. BRAF V600E point mutations
constitutively activate BRAF, causing a deregulation in the mito-
gen-activated p.V600E protein kinase pathway.7

Lassaletta et al8 recently demonstrated that patient prognosis
differed in pLGGs on the basis of the underlying molecular alter-
ation. Patients with BRAF fusion and neurofibromatosis type 1
have a favorable outcome, while those with the BRAF V600E
mutation, particularly in association with cyclin dependent kinase
inhibitor 2A (CDNK2A) deletion, are at increased risk of progres-
sion and transformation.8,9 This finding has led to clinical trials
using mitogen-activated protein kinase pathway–targeted agents
such as mitogen-activated protein kinase enzyme inhibitors and
BRAF V600E inhibitors for patients with molecular evidence of
BRAF alterations. These new therapies seem promising, and
many pLGGs that were refractory to traditional chemotherapy
have had meaningful responses to these targeted agents.10,11

In the past decade, radiomics has emerged as an imaging-
based method to link quantitative features extracted frommedical
images to outcomes, such as cancer genotype or survival.12,13

Radiomic signatures have been extensively investigated for differ-
ent cancer sites including liver cancer,14 bone tumors,15 and adult
brain tumors including glioblastoma,16 medulloblastoma,17 and
midline high-grade glioma.18,19 To our knowledge, no prior study
has investigated radiomic approaches to subtype pLGGs.

Using a bi-institutional cohort, we aimed to develop and vali-
date a radiomic signature that is predictive of the BRAF status of
pLGGs.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
board or research ethics board of the 2 participating academic
institutions: The Hospital for Sick Children (Toronto, Ontario,
Canada) and the Lucile Packard Children’s Hospital (Stanford
University, Palo Alto, California). Because of the retrospective na-
ture of the study, informed consent was waived by the local
research ethics boards. An interinstitutional data-transfer agree-
ment was obtained for data-sharing. All patients were identified
from the electronic health record data base at Toronto and
Stanford from January 2009 to January 2016. Patient inclusion
criteria were the following: 1) 0–18 years of age, 2) availability of
molecular information on BRAF status in histopathologically
confirmed pLGG, and 3) availability of preoperative brain MR
imaging with a non-motion-degraded FLAIR sequence. Patients
with histone H3 K27M mutation were excluded. Spinal cord
tumors were also not considered for this study.

Molecular Analysis
BRAF fusion status was determined using an nCounter Metabolic
Pathways Panel (NanoString Technologies) or fluorescence in
situ hybridization, while the BRAF p.V600E mutation was deter-
mined using immunohistochemistry or droplet digital polymerase
chain reaction as previously described.20 For most patients, molec-
ular analysis was performed with formalin-fixed paraffin-embed-
ded tissue that was obtained at the time of the operation. Nineteen
patients had molecular subtyping based on frozen tissue.

MR Imaging Acquisition, Data Retrieval, and Image
Segmentation
All patients from The Hospital for Sick Children, Toronto,
underwent brain MR imaging at 1.5T or 3T across various ven-
dors (Signa, GE Healthcare; Achieva, Philips Healthcare;
Magnetom Skyra, Siemens). Sequences acquired included 2D
axial and coronal T2 FLAIR (TR/TE, 7000–10,000/140–170ms;
3- to 6-mm section thickness; 3- to 7.5-mm gap), 2D axial T2-
weighted fast spin-echo, 3D axial or sagittal precontrast, and 3D
axial gadolinium-based contrast agent–enhanced T1-weighted
turbo or fast-field echo. Patients from the Lucile Packard
Children’s Hospital, Stanford, underwent brain MR imaging at
1.5T or 3T from a single vendor (Signa or Discovery 750; GE
Healthcare). MRIs were performed using the brain tumor proto-
col of the institution, which included 2D axial T2-weighted fast
spin-echo, 2D axial or sagittal precontrast T1-weighted spin-
echo, 2D axial T2 FLAIR (TR/TE, 7000–10,000/140–170ms; 4- to
5-mm section thickness; 1- to 1.5-mm gap), and 2D axial gadolin-
ium-based contrast agent–enhanced T1-weighted spin-echo
sequences. All MR imaging data were extracted from the respec-
tive PACS and were de-identified for further analyses.

Tumor segmentation was performed by a fellowship-trained
pediatric neuroradiologist with 6 years of neuroradiology research
experience (M.W.W.) using 3D Slicer (Version 4.10.2;21 http://
www.slicer.org). The scripted loadable module SlicerRadiomics
extension was used to obtain access to the radiomics feature-cal-
culation classes implemented in the pyradiomics library (http://
pyradiomics.readthedocs.io/). This extension selects all available
feature classes and ensures isotropic resampling under “resampled
voxel size” when extracting 3D features. The bin width was set to 25
(ie, default), and symmetric gray level co-occurrence matrix was
enforced. Semiautomated tumor segmentation on FLAIR images
was performed with the level tracing-effect tool. This semiau-
tomatic approach had been found superior to multiuser man-
ual delineation with regard to the reproducibility and
robustness of results.17 Final and proper placement of ROIs
was confirmed by a board-certified neuroradiologist (B.B.E.-
W., with 15 years of postfellowship experience).

Radiomic Feature-Extraction Methodology
A total of 851 MR imaging–based radiomic features were
extracted from the ROIs on FLAIR images. Radiomic features
included histogram, shape, and texture features with and without
wavelet-based filters. Features of Laplacian of Gaussian filters
were not extracted. All features are summarized in the Online
Supplemental Data. Bias field correction before z score normal-
ization was used to standardize the range of all image
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features.22,23 Once the features were extracted, we applied z score
normalization again followed by L2 normalization to the features
of cohort 1 and used the distribution of the features in cohort 1
(training data) to normalize cohort 2 (test data). Details of pre-
processing and radiomic feature extraction in 3D Slicer and other
software have been described elsewhere.12,16,24

Statistical Analysis
Feature Selection, Radiomics, and Machine Learning Approach.
We used random forest as the classification model25 and per-
formed both internal cross-validations using cohort 1 data (n ¼
94) as well as external validation using cohort 2 (n ¼ 21) with the
molecular subtype as the end point.

Internal Cross-Validation. First, we used cohort 1 in k-fold cross-
validation to find the best hyperparameter for the random forest
model, namely the number of trees in the random forest. Once
the optimal number of trees was found, it was used to perform 4-
fold internal cross-validations using cohort 1.

External Validation. Next, using the optimal number of trees
found in the previous step, the entire dataset in cohort 1 was used
to train a random forest model, which was then tested on cohort
2. Cohort 2 was never used in any stage of the training of the ran-
dom forest model and was only used for external validation.

Next, the area under the receiver operating characteristic
(ROC) curve (AUC) was calculated for both internal and external
validations. In addition, the top 10 features that contributed the
most to the random forest model were extracted.

Clinical Factors. For clinical factors (age, sex, anatomic location
of tumor), logistic regression was performed to determine the
predictive power of each factor in determining the molecular
subtypes.

RESULTS
Patients
A total of 115 patients were included (The Hospital for Sick
Children, n ¼ 94, Lucile Packard Children’s Hospital, n ¼ 21)
comprising 57 boys; mean age, 9.21 (SD, 10.81) years (Table 1).
Patient demographic and pathologic information consisted of age
at diagnosis, sex, histologic diagnosis, molecular diagnosis regard-
ing the BRAF status, and anatomic location of the tumor (supra-
versus infratentorial). We used the patient data from The Hospital
for Sick Children (cohort 1, n ¼ 94) for internal validation using
cross-validation. We then used cohort 1 to train an optimized
model and tested it (external validation) on the patient data from
the Lucile Packard Children’s Hospital (cohort 2, n¼ 21).

Radiomics Model Evaluation
Internal Validation. The number of trees, best-performing fea-
tures, AUC, and other classification metrics for the 4-fold cross-
validation are shown in Tables 2 and 3. For the internal valida-
tion, only data from cohort 1 were used. The ROC curve with a
4-fold cross-validation scheme to predict BRAF status is shown
in Fig 1. The internal validation yielded an AUC of 0.75 (SD, 0.1)
(95% CI, 0.62–0.89) for the 4-fold cross-validation. The mean
sensitivity, specificity, positive predictive value (PPV), and

negative predictive value (NPV) were 0.72, 95% CI, 0.60–0.84;
0.86, 95% CI, 0.76–0.95; 0.73, 95% CI, 0.60–0.87; and 0.85, 95%
CI, 0.80–0.91, respectively.

External Validation. By means of the optimal hyperparameters
obtained from 4-fold internal validation, the AUC for external
validation was 0.85 (Fig 2). The Youden J statistic26 was used to
determine the optimal threshold on the external ROC curve to
calculate sensitivity, specificity, PPV, and NPV, which are listed
in the Online Supplemental Data.

Identification of Discriminative Clinical Factors
Clinical Factors. The distribution of infratentorial and supraten-
torial tumors is shown in Table 1. Predictive clinical factors for
BRAF status were analyzed on cohort 1 (Table 4). Older age was
a predictor of BRAF V600E mutation (P value ¼ .04; OR, 1.14;
95% CI, 1.008–1.30) and as expected, supratentorial tumor
location was a very strong predictor of BRAF V600E (P value,
.001; OR, 18.80; 95% CI, 4.96–94.6). Sex was not a predictor
(P value ¼ .96).

Combined Clinical and Radiomics Model Evaluation
Internal Validation.We appended the 2 predictive clinical factors
for BRAF status (age and tumor location) to the radiomics model
outlined above. For the internal validation, only data from cohort
1 were used. The internal validation yielded an AUC of 0.77 (SD,
0.10) (95% CI, 0.65–0.88) for 4-fold cross-validation. The mean
sensitivity, specificity, PPV, and NPV were 0.72, 95% CI, 0.60–
0.84; 0.86, 95% CI, 0.78–0.93; 0.73, 95% CI, 0.63–0.83; and 0.86,
95% CI, 0.80–0.91, respectively. The improvement of our internal
cross-validation compared with the radiomics-only model was
not statistically significant (P value. .05).

Table 1: Patient demographics

Institutional Cohort

Toronto Stanford
No. of patients 94 21
Age (mean) (yr) 9.4 8.37
Male sex (No.) (%) 45 (48) 12 (57)
Histologic diagnosis (No.)
JPA 54 12
GG 14 7
LGA 11
PMA 4 2
PXA 5
DNET 2
DA 2
GC 1
ODG 1

Molecular subgroup (No.) (%)
BRAF fusion 62 (66) 14 (66)
BRAF mutation 32 (34) 7 (34)

FLAIR availability (No.) 94 21
Supratentorial (No.) (%) 43 (46) 6 (28)
Transtentorial (No.) (%) 0 1 (5)
Infratentorial (No.) (%) 51 (54) 14 (67)

Note:—GG indicates ganglioglioma; LGA, low-grade astrocytoma; PMA, pilomyx-
oid astrocytoma; PXA, pleomorphic xanthoastrocytoma; DNET, dysembryoplastic
neuroepithelial tumor; DA, diffuse astrocytoma; GC, gangliocytoma; ODG,
oligodendroglioma.
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External Validation. After we appended the 2 predictive clinical
factors to the radiomics model, the AUC for external validation
decreased to 0.67. The Youden J statistic26 was used to determine
the optimal threshold on the external ROC curve to calculate sen-
sitivity, specificity, PPV, and NPV, which are listed in the Online
Supplemental Data.

DISCUSSION
In this bi-institutional study, we generated and validated a radio-
mic signature predictive of the BRAF status of pLGGs. The opti-
mal random forest model achieved an AUC of 0.85 on the
external validation dataset.

Currently, the molecular signature of pLGG is assessed
through analysis of the tumor tissue. To that end, patients with
nonresectable tumors are submitted to surgical procedures.
Prognostication and targeted therapy depend on the mutational
status. In this context, imaging could play a pivotal role if it allows
identification of pLGG molecular subgroups. However, to date,
we lack accurate imaging biomarkers that may facilitate this task.

Although genetic alterations of pLGGs are well-analyzed,8,20,27

little is known about the correlation between molecular markers
and imaging characteristics. While many studies investigated the
use of qualitative and quantitative features derived from conven-
tional and advanced sequences to differentiate high- and low-grade
pediatric brain tumors,28-38 only a few studies tried to link imaging
characteristics to molecular markers.18,19,39-44 Ho et al39 described
different MR imaging patterns based on 15 cases of BRAF V600-
mutated diencephalic PLGGs and 25 cases of BRAFV600 wild-type
JPA/pilomyxoid astrocytomas. Among their findings, which were
based on analysis of T2WI and contrast-enhanced T1 sequences,
they reported that BRAF V600 wild-type JPA/pilomyxoid astrocy-
toma presented predominantly as a solitary solid mass with homo-
geneous or heterogeneous contrast enhancement, whereas the
mutated pLGG appeared multiloculated or multinodular following
contrast administration.39 Quantitative imaging features differenti-
ating pLGG molecular subgroups were studied in only 1 small case

Table 2: Performance of radiomic features

No. of
Folds

No. of
Trees

AUC (SD)
(95% CI)

Mean Sensitivity
(95% CI)

Mean Specificity
(95% CI)

Mean PPV
(95% CI)

Mean NPV
(95% CI)

Top 10 Predictive
Features on the
External Dataset

4 25 0.75 (SD, 0.12)
(0.62–0.89)

0.72 (0.60–0.84) 0.86 (0.76–0.95) 0.73 (0.60–0.87) 0.85 (0.80–0.91) (585, 374, 761, 22, 17, 560,
344, 258, 148, 108)

Note:—SD indicates Standard Deviation; PPV, Positive Predictive Value; NPV; Negative Predictive Value.

Table 3: Predictive radiomic featuresa

No. Source Feature Category Feature
585 3D wavelet transform Gray-level difference matrix Small dependence low gray-level emphasis
374 3D wavelet transform Gray-level size zone matrix Zone percentage
761 3D wavelet transform Gray-level difference matrix Dependence entropy
22 Original Gray-level difference matrix Dependence nonuniformity normalized
17 Original Gray-level difference matrix Dependence entropy
560 3D wavelet transform Gray-level size zone matrix Zone percentage
344 3D wavelet transform Histogram Entropy
258 3D wavelet transform Gray-level run-length Gray-level variance
148 3D wavelet transform Histogram Uniformity
108 3D wavelet transform Gray-level difference matrix Gray-level variance

a Radiomic features are ranked from top to bottom according to their importance.

FIG 1. Receiver operating characteristic curve with a 4-fold cross-vali-
dation scheme to predict BRAF status using radiomics of FLAIR MR
images. Std. dev. indicates standard deviation.

FIG 2. Receiver operating characteristic curve of the external validation
using the optimal hyperparameters obtained by 4-fold cross-validation.
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series of 7 patients.44 Ishi et al44 found a lower T2WI signal and a
larger T2WI/contrast-enhanced FLAIR mismatch to be indicative
of BRAF V600E mutation in optic pathway gliomas. In their study,
T2WI/contrast-enhanced FLAIR mismatch was defined as a mis-
match of a tumor region with high signal intensity on T2WI or
FLAIR sequences with enhancement on contrast-enhanced T1WI
sequences.

In our study, we trained and validated radiomic features of
FLAIR MR images to predict BRAF fusion or mutation status in
pLGG. As expected, the location of the tumor and age at pre-
sentation significantly predicted the mutational status.
Histologically and radiomorphologically, pLGGs are largely het-
erogeneous.6 On the FLAIR sequence alone, tumors display a
variety of qualitative differences, including the volume of their
cystic and solid components, sharp and indistinct borders, pres-
ence or absence of hemorrhage, location, and volume at initial
presentation. Our training cohort reflected the large spectrum
of pLGGs with regard to the prevalence of tumor types and
imaging characteristics on the FLAIR sequence (Fig 3).
However, the independent external validation cohort comprised
JPA, gangilioma, and pilomyxoid astrocytoma only. This feature
may explain the difference between the internal and external
prediction of our model (best model; internal AUC ¼ 0.75,
external AUC ¼ 0.85) and warrants further investigation. A less
comprehensive approach with prediction of BRAF status either
restricted to 1 or a few pLGG subtypes or anatomic location
such as the optic pathway or cervicomedullary junction may
further improve prediction accuracy. Future studies could adopt
a more restrictive approach and analyze molecular markers
within a given pLGG type or anatomic location. Due to the
need for a large sample size and the low prevalence of these
tumors, radiomic studies may be limited to large multinational
and multi-institutional collaborations.

Another factor that may further improve our model pre-
diction is the incorporation of patient demographic informa-
tion such as age at presentation and qualitative radiographic
features such as tumor location. This may be particularly
helpful for the BRAF V600E mutation, which is known to be
strongly associated with supratentorial location as seen in our
study.45

Our study has limitations. Due to the retrospective and bi-
institutional nature of the study, there was heterogeneity in the
FLAIR sequence acquisition, including the use of different scan-
ner vendors, field strengths, and imaging parameters. However,
because the heterogeneity in image acquisition reflects clinical
practice, a robust and predictive model needs to incorporate these
technical variations. In addition, our exploratory study used only
FLAIR images for feature discrimination and model develop-
ment. Incorporating additional MR imaging sequences such as

T2WI, DWI, and contrast-enhanced T1WI sequences could fur-
ther increase random forest model performance.

CONCLUSIONS
We present the exploratory results for the application of radio-
mics and machine learning for the prediction of BRAF status in
pLGGs using independent bi-institutional training and validation
sets based on FLAIR images. The optimal random forest model
achieved an AUC of 0.85 in the validation cohort. Future investi-
gations with a larger sample size for all histologic tumor types are
warranted to further improve BRAF classifier training and valida-
tion. The use of other imaging sequences, including DWI, T2WI,
and contrast-enhanced T1WI, and patient age and tumor loca-
tion, may also help improve prediction accuracy.
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Table 4: Discriminative clinical factorsa

Variable P Value Odds Ratio (95% CI)
Age .04 1.14 (1.008–1.30)
Location ,.001 18.80 (4.96–94.6)
Sex .96

a Older age and supratentorial location of tumor are significant predictors of
BRAF V600E mutation. Sex is not a predictor.

FIG 3. Axial FLAIR images of pLGG. A, A 7-year-old boy. Infratentorial,
BRAF V600E-mutated JPA. B, A 12-year-old boy. Supratentorial intra-
ventricular, BRAF-fused ganglioma. C, A 7-year-old boy. Left temporal
BRAF V600E-mutated dysembryoplastic neuroepithelial tumor. D, An
8-year-old boy. Right temporal BRAF V600E-mutated pleomorphic
xanthoastrocytoma.
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ORIGINAL RESEARCH
PEDIATRICS

Longitudinal Assessment of Enhancing Foci of Abnormal
Signal Intensity in Neurofibromatosis Type 1

N. Hainc, M.W. Wagner, S. Laughlin, J. Rutka, C. Hawkins, S. Blaser, and B.B. Ertl-Wagner

ABSTRACT

BACKGROUND AND PURPOSE: Patients with neurofibromatosis 1 are at increased risk of developing brain tumors, and differentia-
tion from contrast-enhancing foci of abnormal signal intensity can be challenging. We aimed to longitudinally characterize rare,
enhancing foci of abnormal signal intensity based on location and demographics.

MATERIALS AND METHODS: A total of 109 MR imaging datasets from 19 consecutive patients (7 male; mean age, 8.6 years;
range, 2.3–16.8 years) with neurofibromatosis 1 and a total of 23 contrast-enhancing parenchymal lesions initially classified as
foci of abnormal signal intensity were included. The mean follow-up period was 6.5 years (range, 1–13.8 years). Enhancing foci
of abnormal signal intensity were followed up with respect to presence, location, and volume. Linear regression analysis was
performed.

RESULTS: Location, mean peak volume, and decrease in enhancing volume over time of the 23 lesions were as follows: 10 splenium
of the corpus callosum (295mm3, 5 decreasing, 3 completely resolving, 2 surgical intervention for change in imaging appearance
later confirmed to be gangliocytoma and astrocytoma WHO II), 1 body of the corpus callosum (44mm3, decreasing), 2 frontal lobe
white matter (32mm3, 1 completely resolving), 3 globus pallidus (50mm3, all completely resolving), 6 cerebellum (206mm3, 3
decreasing, 1 completely resolving), and 1 midbrain (34mm3). On average, splenium lesions began to decrease in size at 12.2 years,
posterior fossa lesions at 17.1 years, and other locations at 9.4 years of age.

CONCLUSIONS: Albeit very rare, contrast-enhancing lesions in patients with neurofibromatosis 1 may regress over time. Follow-up
MR imaging aids in ascertaining regression. The development of atypical features should prompt further evaluation for underlying
tumors.

ABBREVIATIONS: FASI ¼ focus of abnormal signal intensity; NF-1 ¼ neurofibromatosis type 1; CE ¼ contrast-enhanced

Neurofibromatosis type 1 (NF-1) is an autosomal dominant
tumor predisposition syndrome characterized by optic

pathway gliomas, neurofibromas, skin manifestations, iris hamar-
tomas, and bone lesions, affecting approximately 1 in 3000 indi-
viduals.1,2 Foci of abnormal signal intensity, previously known as
unidentified bright objects or neurofibromatosis bright objects of
the brain, are not among the diagnostic criteria but can be found
in 43%–95% of pediatric patients with NF-1.3-7 On MR imaging,

FASI appear as T2/FLAIR hyperintense lesions of the brain with
a predilection for the basal ganglia, cerebellum, and brain stem.
Although FASI are not completely understood, myelin vacuoliza-
tion is commonly considered as an underlying feature of these
lesions.1,4,5,7-9

Patients with NF-1 are at an increased risk of developing low-
and high-grade brain tumors, including cerebral and cerebellar
astrocytomas, ependymomas, and brain stem gliomas, many of
which can mimic FASI on MR imaging.3,10-14 On the other hand,
FASI are known for their dynamic properties and may increase
or decrease in size or resolve over time.8 Although the reference
standard for differentiating brain lesions is transcranial biopsy
with its own inherent risks, brain signal abnormalities in patients
with NF-1 are primarily followed up by MR imaging to screen
for possible tumors.15-18 Contrast enhancement after administra-
tion of a gadolinium-based contrast agent is usually considered
atypical for FASI and likely to indicate the presence of a brain tu-
mor. Reports considering contrast enhancement in FASI are
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sparse, limited to case reports and small numbers in cohort stud-
ies.3,6,19-29 We therefore aimed to characterize lesions considered
to represent enhancing FASI based on location, volume of
enhancement, and demographics to advance the understanding
of these rare lesions.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
board (REB 1000065561). Informed consent was waived because
of the retrospective nature of the study. Electronic MR imaging
reports stored in the PACS at our institution (The Hospital for
Sick Children, Toronto, Canada) were searched for patients with
NF-1 with the term “enhancing FASI” between 1993 and 2019.
Inclusion criteria were 1) patients with NF-1 with a contrast-
enhancing lesion within the brain parenchyma considered to be
an enhancing focus of abnormal signal intensity in the report and
2) MR imaging studies with axial FLAIR sequences and postcon-
trast axial and coronal T1-weighted images available. Studies con-
taining images not of diagnostic quality were excluded. A
maximum of 1 MR imaging study per year per patient was taken
if multiple yearly acquisitions were present.

MR Imaging
Brain MR imaging was acquired on 1.5 and 3T Achieva systems
(Philips Healthcare), a 3T Magnetom Skyra (Siemens), and a
1.5T Signa (GE Healthcare) using a standardized departmental
protocol including axial FLAIR and contrast-enhanced (CE) axial
and coronal T1-weighted sequences. Sequence parameters were
as follows:

FLAIR sequence: range of in-plane resolutions, 0.43mm �
0.43mm to 0.75mm � 0.75mm; section thickness, 3–5mm;
TE, 85–148.5ms; TR, 7000–9825ms

3D CE-T1 sequence: in-plane resolution, 0.42mm � 0.42mm
to 0.52mm � 0.52mm; section thickness, 0.42–0.52mm; TE,
2.7–3.2ms; TR, 6.8–1970ms

2D CE-T1 sequence: axial and coronal in-plane resolution,
0.82mm � 0.82mm; section thickness, 6mm (axial) and 5mm
(coronal); TE/TR, 20/666.7 (axial) and 650 (coronal) ms

As per our institutional protocol, the time delay for acquisition
of the CE brain sequences was constant. Acquisition of the axial
T1-weighted sequence was started 3minutes after the IV adminis-
tration of a gadolinium-based contrast agent. The coronal T1-
weighted sequence was acquired thereafter. If spine sequences
were performed, the CE spine sequences were generally acquired
after the brain sequences. All nonenhancing and enhancing FASI
were documented for each patient in consensus by a board-certi-
fied neuroradiologist with 5 years of neuroradiology experience
and a fellowship-trained pediatric neuroradiologist with 6 years of
neuroradiology research experience (N.H. and M.W.W.). Disputes
were resolved by a senior pediatric neuroradiologist (S.B.) with
more than 30 years of experience in pediatric neuroradiology.
Enhancing FASI were defined as T2/FLAIR hyperintense, con-
trast-enhancing lesions on T1-weighted images without cystic, ne-
crotic, or hypercellular features. Lesions that demonstrated

diffusion restriction or residual lesions on FLAIR sequences after
cessation of contrast enhancement were not considered enhancing
FASI. Regression of enhancement was seen as confirmatory of
enhancing FASI. Nonregressing lesions lost to follow-up but other-
wise fulfilling these criteria were considered enhancing FASI. The
outermost edge of enhancement was used to define the diameter.
Diameters of the contrast-enhancing aspect of FASI were meas-
ured on axial and coronal planes of CE T1-weighted sequences
using 2D sequences only when 3D sequences were not available.
The volume was estimated for each time point using the ellipsoid
formula below in which a, b, and c represent radius in the right–
left, anteroposterior, and craniocaudal orientations, as was done in
a previous publication focusing on volumetric assessment of non-
enhancing FASI.6

V ¼ 4pabc
3

Data Analysis
For the purpose of cross-sectional analysis of nonenhancing and
enhancing FASI, the cohort was divided into 8 groups of 2-year
intervals based on patient age, from 2 to 3.9 years to 16 to
17.9 years. These groups were further subdivided based on lesion
location, either in the posterior fossa (brain stem and cerebellum)
or supratentorial. Differences between nonenhancing and
enhancing FASI in terms of temporal evolution, including first
appearance and peak number of lesions, were assessed using the
cross-sectional analysis described earlier.

For analysis of enhancing FASI, timelines of all individual
enhancing FASI were created based on patient age at beginning
and end of the observation period (ie, from first to last MR imag-
ing in our PACS). Volume increase and decrease were docu-
mented for every MR imaging study. Nonenhanced T1-weighted
images and diffusion-weighted images were reviewed when avail-
able. Linear regression analysis of relative volume change with
respect to maximum lesion volume, correlated to patient age, was
performed for 3 groups of lesion locations (splenium, posterior
fossa, and other locations).

RESULTS
Patients
A total of 146 MR imaging examinations from 19 patients diag-
nosed with NF-1 with a total of 23 contrast-enhancing lesions
were included. The mean age was 8.6 years (range, 2.3–16.8
years). Seven patients were male, with a mean age of 7.8 years
(range, 2.3–13.5 years); the 12 female patients had a mean age of
9.1 years (range, 2.6–16.8 years) (Fig 1). The mean follow-up pe-
riod was 6.5 years (range, 1–13.8 years). All MR imaging studies
were performed upon referral of a provider directly involved in
the patient’s care; indications for initial MR imaging included
suspected optic glioma, plexiform neurofibromas of the neck or
face with additional brain imaging, headaches, new-onset hemifa-
cial and extremity weakness, and developmental difficulties. Two
patients developed tumors of the splenium, which were ascer-
tained by biopsy (gangliocytoma and astrocytoma WHO II).
Both lesions had been initially thought to represent enhancing
FASI based on imaging. Images from 1 patient were unavailable
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for review; thus, information regarding enhancing FASI (1 cere-
bellar and 1 globus pallidus) for the timeline was obtained from
the radiologic reports. Contrast enhancement completely
resolved over time for both of this patient’s lesions. This patient
was only included in the longitudinal evaluation of location of
enhancement because neither measurement of lesions nor corre-
lation with other imaging sequences was possible. A further 16
studies missing axial FLAIR images, 6 studies missing CE T1-
weighted sequences, and 2 studies not retrievable from long-term
PACS storage were excluded. In summary, a total of 109 MR
imaging studies of 23 lesions were included, 2 of which were later
proved to be tumors, and 2 lesions from 1 patient were not avail-
able for viewing in PACS.

FASI
Patient age group data for nonenhancing and enhancing FASI
are listed in Table 1 as total, mean, and range. Notably, age at
peak number of nonenhancing FASI within the basal ganglia and
thalamus group was 8 to 9.9 years (mean, 5.3 lesions) and in the
brain stem and cerebellum group was 2 to 3.9 years (mean, 6.5
lesions) (Fig 2). These lesions demonstrated high ADC (ie, facili-
tated diffusion) and variable signal intensities on nonenhanced
T1-weighted images, ranging from hypo- to hyperintense. Of
note, hyperintense lesions on T1-weighted images were found
predominantly in the basal ganglia and cerebellum.

Of the 21 contrast-enhancing FASI, 8 (38%) were found in
the splenium of the corpus callosum, 1 (5%) in the body of the
corpus callosum, 2 (10%) in the white matter of the frontal lobe,
3 (14%) in the globus pallidus, 6 in the cerebellum (28%), and 1
(5%) in the midbrain. For the 19 contrast-enhancing FASI acces-

sible in PACS, lesions were round to
ovoid in shape and demonstrated
enhancement patterns ranging from
homogeneous and well-defined to in-
homogeneous or irregular with pre-
dominantly peripheral enhancement.
Fourteen lesions had DWI sequences
available for correlation. All of these
lesions demonstrated increased ADC.
Of the 5 lesions for which no DWI
sequence was available, 1 lesion dem-
onstrated a continuous increase in size
until final follow-up (cerebellum). Of
the remaining 4 lesions without DWI
sequences, 1 completely resolvedFIG 1. Diagram showing the number of patients with NF-1 included in the study.

Table 1: Patient age group data for enhancing FASI (total) and nonenhancing FASI according to subgroup
Age Group (years) 2–3.9 4–5.9 6–7.9 8–9.9 10–11.9 12–13.9 14–15.9 16–17.9

Participants 5 7 8 15 17 16 13 14
Enhancing FASI
Total 0 1 1 7 11 9 9 7
Splenium of CC 2 5 4 4 2
Body of CC 1 1
Frontal lobe 1 1 1
Globus pallidus 1 1 1 1a 1a

Cerebellum 2 4 4 21 1a 3
Midbrain 0 1 1

Nonenhancing FASI BG and T
Total 18 29 39 83 86 54 27 26
Mean 3.6 4.1 4.9 5.3 5.1 3.4 2.1 1.9
Range 0–7 1–8 1–10 0–11 1–11 1–10 0–4 0–3

Nonenhancing FASI BS and CB
Total 65 85 89 121 141 81 51 62
Mean 6.5 6.1 5.6 4 4.1 2.3 2 2.2
Range 0–13 2–12 0–14 0–11 0–9 0–7 1–3 0–8

Nonenhancing FASI splenium CC
Total 6 7 5 11 27 35 23 33
Mean 1.2 1 0.6 0.7 1.6 2.2 1.8 2.4
Range 0–3 0–3 0–3 0–2 0–5 0–7 1–3 1–6

Nonenhancing FASI remainder CC
Total 2 2 1 1 3 3 0 2
Mean 0.8 0.3 0.1 0.1 0.2 0.2 0 0.1
Range 0–2 0–1 0–1 0–1 0–1 0–1 0 0–1

Note:—BG indicates basal ganglia; BS, brain stem; CB, cerebellum; CC, corpus callosum; T, thalamus.
a Lesions with images not available for volumetric analysis.
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(globus pallidus), and 3 decreased in
size (2 splenium, 1 cerebellum), paral-
leling the natural evolution of their
nonenhancing FASI counterparts.
Nonenhanced T1-weighted images
were available for 16 of 19 lesions and
demonstrated a spectrum of findings.
One globus pallidus lesion was hyperin-
tense, 2 cerebellar lesions contained
areas of hyperintensity, and 2 splenium
lesions contained areas of isointensity
relative to white matter. Mass effect, a
finding previously described in enhanc-
ing FASI,23,27,29 was seen in 1 cerebellar
lesion and 4 splenium lesions, which
persisted on final MR imaging.

Patients with splenium lesions had
an average of 5.5 MR imaging studies
per patient (range, 2–9). Apart from
the 2 biopsy-proven tumors, all 8
lesions demonstrated a decrease in
enhancing lesion volume over the
course of follow-up (Fig 3), with 3
lesions (38%) completely resolving.
Mean age at first depiction of an
enhancing splenium lesion was 11.5
years (range, 8.0–15.8), and mean
age at maximum lesion volume was
12.9 years (range, 10.2–17.1). Median

FIG 2. Combined box-and-whisker plot of the temporal evolution of FASI in the brain stem and cerebellum (BS and CB) group (left box-and-
whisker plot in the doublet), basal ganglia and thalamus (BG and T) group (right box-and-whisker plot in the doublet), and enhancing FASI (EF,
total of all patients, continuous curved black line), grouped in 2-year patient-age intervals, beginning at 2–3.9 years. Contrast-enhancing FASI
appear later and peak later (11 lesions, 10- to 11.9-year-old age group) compared with nonenhancing FASI (BS/CB peak in 6- to 7.9-year-old age
group and BG/T peak in 8- to 9.9-year-old age group).

FIG 3. Horizontal plot of all volumetrically assessed contrast-enhancing FASI.White bars rep-
resent imaging studies where no contrast enhancement was noted. The white-to-black (left
to right) gradient represents increasing enhancing volume; the black-to-white (left-to-right)
gradient represents decreasing enhancing volume. The numbers to the left and right of the
bars indicate the enhancing FASI volume on first and last MR imaging. The numbers on the
far right indicate the largest measured enhancing volume for the respective lesion; all values
are in cubic millimeters. All 8 lesions within the splenium are seen to either decrease in size
or completely resolve before age 18 years (not including the 2 lesions later proved to be
tumors). Both globus pallidus lesions completely resolved before age 11 years. Only 3 of 6 pos-
terior fossa (cerebellum and midbrain) lesions were seen to decrease in size on final MR imag-
ing. Body of corpus callosum (1 lesion) and frontal lobe lesions (2 lesions) did not show any
conceivable trends. The 2 contrast-enhancing FASI not available for viewing in the PACS are
not included in this figure.
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enhancing lesion volume at first depiction was 26mm3

(range, 1–1140mm3), and median peak lesion volume was
66mm3 (range, 2–1400mm3). The 3 enhancing FASI demon-
strating complete resolution of contrast enhancement were
among the 4 smallest peak enhancing lesion volumes (54, 13,
and 2mm3). Further data on enhancing volumes are shown
in Fig 3.

Of the remaining (nonsplenium) 13 enhancing FASI, 11 could
be assessed volumetrically. Patients had an average of 6.2 studies
(range, 2–10). Six lesions decreased in enhancing volume: 1 in
the body of the corpus callosum, 1 in the frontal lobe white mat-
ter (completely resolved), 1 in the globus pallidus (completely
resolved), and 3 in the cerebellum. Three of 6 posterior fossa
lesions decreased in volume. Four lesions (1 frontal lobe lesion, 2
cerebellar lesions, and the midbrain lesion) increased in enhanc-
ing volume before being lost to follow-up. In 3 of these 4 patients,
the last MR imaging was performed just before the age of 18 years
(mean, 17.5 years; range, 17.5–17.7 years), after which the
patients were followed up at adult hospitals. Mean age at first
depiction of the enhancing lesion was as follows: cerebellum,
10.7 years (range, 9.4–16.8); globus pallidus, 6 years (range, 4.9–
7); and other locations (1 body of corpus callosum, 1 midbrain, 2
frontal lobe), 12 years (range, 9.3–16.8). Median lesion volume at
first depiction of all 11 enhancing FASI was 44mm3 (range, 30–
295mm3), and median maximum depicted lesion volume was
67mm3 (range, 30–295mm3).

Regression analysis revealed the age at which lesions transi-
tioned from an overall increase in size to a decrease in size (Fig
4). Splenium lesions began decreasing in size at 12.2 years (R2

coefficient, 0.12); posterior fossa at 17.1 years (R2 coefficient,
0.04); and globus pallidus, frontal, and body of corpus callosum
lesions were grouped together as “other” at 9.4 years of age (R2

coefficient, 0.03).

Biopsy-Proven Tumors
Two biopsy-proven tumors were included in our study, both
located in the splenium and initially indistinguishable from
enhancing FASI. One of these lesions developed cystic compo-
nents after a follow-up period of 2 years 1month and was thus
resected (at patient age of 12 years); histology confirmed ganglio-
cytoma. This lesion was hypointense on nonenhanced T1-
weighted imaging; DWI was not performed before resection. The
second lesion, also located in the splenium, initially demonstrated

an imaging appearance and time course indistinguishable from
FASI; it increased in size and enhancement, peaking at the age of
15 years before beginning to regress (Fig 5). After 2 further fol-
low-up studies, however, an enhancing focus within the lesion
again began to increase in size at age 17 years. At this point, the
lesion was resected; histology confirmed a WHO II astrocytoma.
This lesion was hypointense on T1-weighted imaging and dem-
onstrated high ADC (increased diffusivity). Mass effect was seen
in both lesions.

DISCUSSION
In this study, we characterized the natural evolution of 23 rare,
contrast-enhancing lesions initially thought to represent enhanc-
ing FASI in patients with NF-1. Two lesions developed atypical
features on follow-up and were demonstrated to be tumors by
biopsy. The temporal evolution of contrast-enhancing FASI
appeared to begin later compared with nonenhancing FASI: no
contrast-enhancing FASI were observed before the age of 4 years,
but nonenhancing FASI were already found at the age of 2 years
with a mean number of 6.5 lesions in the brain stem or cerebel-
lum and 3.6 lesions in the basal ganglia or thalamus. The peak
number of enhancing FASI in our cohort was also seen at a later
age compared with nonenhancing FASI.

Enhancing FASI
In our study, regional differences in the evolution of enhancing
FASI are noted. Apart from the 2 lesions later proved to be
tumors, all 8 (100%) contrast-enhancing FASI in the splenium
decreased in enhancing volume before the age of 18 years. By
contrast, 3 of 6 (50%) contrast-enhancing FASI located in the
posterior fossa increased in size up to the final MR imaging, with
2 of these patients imaged just before the age of 18 years. This dif-
ference was also reflected in regression analysis because lesions in
the splenium demonstrated a transition to overall decrease in size
at the age of 12.2 years, but this transition was observed much
later at the age of 17.1 years in lesions located in the posterior
fossa.

In the largest previous study involving contrast-enhancing
FASI, Salman et al23 describe 14 enhancing FASI in 8 patients. Of
5 cerebellar lesions, 3 demonstrated resolution of enhancement
(at ages 13.5, 11.2, and 5.5 years, respectively), and 2 demon-
strated persistent enhancement on their last MR imaging scan (at

FIG 4. Linear regression analysis of splenium lesions (A); posterior fossa lesions, including the cerebellum and midbrain (B); and other lesions,
including the globus pallidus, body of the corpus callosum, and frontal lesions (C). Enhancing FASI lesion volumes are expressed as ratios of inter-
val change divided by maximum lesion volume. The x-intercept represents the transition point at which lesions begin to decrease in size.
Splenium lesions began decreasing in size at 12.2 years, posterior fossa at 17.1 years, and other lesions at 9.4 years of age.
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ages 19 and 19.9 years), which is similar to our findings. Other
publications on contrast-enhancing FASI have been limited to
case reports and very small numbers in cohort studies, and only a
few of these provide details on follow-up and age.3,6,19-29

Considerations Regarding MR Imaging Follow-up
In a study focusing on the splenium of the corpus callosum,
Mimouni-Bloch et al30 argue that baseline MR imaging should be
considered in all patients with NF-1. Although lesions in the sple-
nium are typically asymptomatic, current recommendations state
MR imaging to be mandatory only in symptomatic patients.31

Brain lesions may spontaneously regress in patients with NF-1.
Our study demonstrated that both enhancing and nonenhancing
FASI can regress and disappear over time. Studies focusing on
optic pathway and hypothalamic gliomas have documented spon-
taneous regression of these lesions, and a single case report
describes the rare, spontaneous involution of a histologically
proved pilocytic astrocytoma of the internal capsule.32-36 The
subclinical manifestation and spontaneous regression of brain
lesions in NF-1 make follow-up decisions including reimaging
and possible intervention a challenge.

Two lesions in our study first thought to be enhancing FASI
of the splenium began demonstrating atypical features on follow-
up, prompting resection; both turned out to be histologically pro-
ven tumors. One lesion, ultimately demonstrated to be a ganglio-
cytoma, developed a cystic component, a finding considered
atypical for FASI and likely indicative of a tumor.3,23 The second
lesion, ultimately shown to be a WHO grade II astrocytoma,
demonstrated a second wave of increasing volume and contrast
enhancement after near complete resolution. Although small
areas of this lesion did not fully stop enhancing, it is conceivable
that lesions in patients with NF-1 exist that completely resolve
before recommencing enhancement.

DWI and nonenhanced T1-weighted sequences were not able
to differentiate biopsy-proven tumors from enhancing FASI or

differentiate among the enhancing FASI found at different loca-
tions in our study. Signal hyperintensity on T1-weighted imaging
has been previously described in FASI37 and could help to differ-
entiate FASI from generally T1-hypointense low-grade tumors.
In our study, many FASI (both enhancing and nonenhancing)
were found to be hypointense on T1-weighted imaging as well,
though. Moreover, both FASI and low-grade tumors demon-
strated facilitated diffusivity on ADC in our study. These findings
reiterate the uncertain nature of FASI. Contrast-enhancing FASI
and low-grade glioma may be impossible to distinguish even on
follow-up imaging because they may share similar imaging fea-
tures and may regress over time.32-36 Our study demonstrated
that enhancing FASI tend to regress, paralleling the evolution of
the more prevalent nonenhancing FASI. The underlying patho-
physiology, however, remains uncertain, and low-grade gliomas
and contrast-enhancing FASI cannot be differentiated with final
certainty.

Although rare, radiologists should be aware of contrast-
enhancing FASI, their possible initial increase in size, and
their potential to regress with location dependent timelines
because this may help prevent unnecessary biopsy or resec-
tion. Awareness regarding atypical follow-up behavior (ie, a
second wave of contrast enhancement or development of
atypical features) is warranted, and follow-up examinations
after cessation of contrast enhancement are recommended.

Limitations
Some limitations of our study need to be taken into account.
Our relatively small cohort precluded statistical analysis of
contrast-enhancing FASI with respect to differences between
age groups and locations. Variable durations of follow-up
also limited the longitudinal characterization of contrast-
enhancing lesions, especially of those that demonstrated
continued enhancing volumes on their final studies and were
lost to follow-up. As a further limitation of this retrospective

FIG 5. Typical (A–D) and atypical (E–H) evolutions of enhancing FASI. A–D demonstrate, a lesion in the splenium or right forceps major increas-
ing in size to age 13 years (B) and decreasing thereafter with near complete resolution of contrast enhancement on final imaging (D). E–H repre-
sent an atypical contrast enhancement pattern in a histologically proved WHO II astrocytoma. This lesion initially demonstrated evolution
identical to FASI, increasing in size up to age 15 years (F) before beginning to regress (G). At this point, however, the small right periventricular
enhancing aspect again began increasing in size at age 17 years (H). At this point, the lesion was resected because this was considered to be atyp-
ical for an enhancing FASI. Mass effect was noted in both lesions.
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study, MR acquisition protocols varied, and nonenhanced
T1-weighted sequences and DWI were not acquired in all
patients. Variable section thicknesses may have influenced
the measurements of small lesions and minor variations in
volume are possible. Apart from the biopsy-proven tumors,
no histologic correlation for the enhancing FASI was
obtained, and the term “enhancing FASI” was used for lack
of better terminology. Finally, referral bias may play a role
because our institution is a tertiary care center and may ex-
perience a different spectrum of patients compared with
what is seen elsewhere.

CONCLUSIONS
In this study, we characterize the natural evolution of 23 rare,
contrast-enhancing lesions initially thought to represent enhanc-
ing FASI in patients with NF-1, with 2 of these lesions developing
atypical features on follow-up and later proved to be tumors. The
largest subgroup of these lesions occurred in the splenium of the
corpus callosum and followed a benign course. MR imaging fol-
low-up of size-increasing, contrast-enhancing lesions in patients
with NF-1 differentiates between a benign course (decrease or re-
solution of enhancement) and new findings (cysts, recurrent
increase of enhancement), prompting further evaluation for
underlying tumors.

REFERENCES
1. Aoki S, Barkovich AJ, Nishimura K, et al. Neurofibromatosis types 1

and 2: cranial MR findings. Radiology 1989;172:527–34 CrossRef
Medline

2. Williams VC, Lucas J, Babcock MA, et al. Neurofibromatosis type 1
revisited. Pediatrics 2009;123:124–33 CrossRef Medline

3. Mentzel H-J, Seidel J, Fitzek C, et al. Pediatric brain MRI in neurofi-
bromatosis type I. Eur Radiol 2005;15:814–22 CrossRef Medline

4. DiMario FJ, Ramsby G, Greenstein R, et al. Neurofibromatosis type
1: magnetic resonance imaging findings. J Child Neurol 1993;8:32–
39 CrossRef Medline

5. Itoh T, Magnaldi S, White RM, et al. Neurofibromatosis type 1: the
evolution of deep gray and white matter MR abnormalities. AJNR
Am J Neuroradiol 1994;15:1513–19 Medline

6. Griffiths PD, Blaser S, Mukonoweshuro W, et al. Neurofibromatosis
bright objects in children with neurofibromatosis type 1: a prolif-
erative potential? Pediatrics 1999;104:e49 CrossRef Medline

7. Duffner PK, Cohen ME, Seidel FG, et al. The significance of MRI
abnormalities in children with neurofibromatosis. Neurology 1989;
39:373–78 CrossRef Medline

8. DiMario FJ, Ramsby G.Magnetic resonance imaging lesion analysis
in neurofibromatosis type 1. Arch Neurol 1998;55:500–05 CrossRef
Medline

9. DiPaolo DP, Zimmerman RA, Rorke LB, et al. Neurofibromatosis
type 1: pathologic substrate of high-signal-intensity foci in the
brain. Radiology 1995;195:721–24 CrossRef Medline

10. Cecen E, Ince D, Uysal KM, et al. Soft tissue sarcomas and central
nervous system tumors in children with neurofibromatosis type 1.
Childs Nerv Syst 2011;27:1885–93 CrossRef Medline

11. Vinchon M, Soto-Ares G, Ruchoux MM, et al. Cerebellar gliomas in
children with NF1: pathology and surgery. Childs Nerv Syst 2000;
16:417–20 CrossRef Medline

12. Guillamo J-S, Créange A, Kalifa C, et al. Prognostic factors of CNS
tumours in neurofibromatosis 1 (NF1): a retrospective study of
104 patients. Brain J Neurol 2003;126:152–60 CrossRef Medline

13. Molloy PT, Bilaniuk LT, Vaughan SN, et al. Brainstem tumors in
patients with neurofibromatosis type 1: a distinct clinical entity.
Neurology 1995;45:1897–902 CrossRef Medline

14. Ratner N, Miller SJ. A RASopathy gene commonly mutated in can-
cer: the neurofibromatosis type 1 tumour suppressor. Nat Rev
Cancer 2015;15:290–301 CrossRef Medline

15. Chen C-C, Hsu P-W, Wu T-WE, et al. Stereotactic brain biopsy:
single center retrospective analysis of complications. Clin Neurol
Neurosurg 2009;111:835–39 CrossRef Medline

16. Dammers R, Haitsma IK, Schouten JW, et al. Safety and efficacy of
frameless and frame-based intracranial biopsy techniques. Acta
Neurochir (Wien) 2008;150:23–29 CrossRef Medline

17. Hall WA. The safety and efficacy of stereotactic biopsy for intracra-
nial lesions. Cancer 1998;82:1749–55 CrossRef Medline

18. Kongkham PN, Knifed E, Tamber MS, et al. Complications in 622
cases of frame-based stereotactic biopsy, a decreasing procedure.
Can J Neurol Sci 2008;35:79–84 CrossRef Medline

19. Gill DS, Hyman SL, Steinberg A, et al. Age-related findings on MRI
in neurofibromatosis type 1. Pediatr Radiol 2006;36:1048–56 CrossRef
Medline

20. Sevick RJ, Barkovich AJ, Edwards MS, et al. Evolution of white mat-
ter lesions in neurofibromatosis type 1: MR findings. AJR Am J
Roentgenol 1992;159:171–75 CrossRef Medline

21. Lucchetta M, Manara R, Perilongo G, et al. Regression of gadolin-
ium-enhanced lesions in patients affected by neurofibromatosis
type 1. Radiol Med 2016;121:214–17 CrossRef Medline

22. Hyman SL, Gill DS, Shores EA, et al. Natural history of cognitive
deficits and their relationship to MRI T2-hyperintensities in NF1.
Neurology 2003;60:1139–45 CrossRef Medline

23. Salman MS, Hossain S, Alqublan L, et al. Cerebellar radiological
abnormalities in children with neurofibromatosis type 1: part 1—
clinical and neuroimaging findings. Cerebellum Ataxias 2018;5:14
CrossRef Medline

24. Van Es S, North KN, McHugh K, et al. MRI findings in children
with neurofibromatosis type 1: a prospective study. Pediatr Radiol
1996;26:478–87 CrossRef Medline

25. Morris PW, Glasier CM, Smirniotopoulos JG, et al. Disappearing
enhancing brain lesion in a child with neurofibromatosis type I.
Pediatr Radiol 1997;27:260–61 CrossRef Medline

26. Ullrich NJ, Raja AI, Irons MB, et al. Brainstem lesions in neurofi-
bromatosis type 1. Neurosurgery 2007;61:762–66; discussion 766–67
CrossRef Medline

27. Margari L, Presicci A, Ventura P, et al. Clinical and instrumental
(magnetic resonance imaging [MRI] and multimodal evoked
potentials) follow-up of brain lesions in three young patients
with neurofibromatosis 1. J Child Neurol 2006;21:1085–90 CrossRef
Medline

28. Vinhais S, Nunes S, Salgado D. Focal brain enhancing lesions of
evanescent type in patients with neurofibromatosis-1. ECR 2013
PosterNG 2013

29. Raininko R, Thelin L, Eeg-Olofsson O. Non-neoplastic brain abnor-
malities on MRI in children and adolescents with neurofibromato-
sis type 1.Neuropediatrics 2001;32:225–30 CrossRef Medline

30. Mimouni-Bloch A, Kornreich L, Kaadan W, et al. Lesions of the cor-
pus callosum in children with neurofibromatosis 1. Pediatr Neurol
2008;38:406–10 CrossRef Medline

31. Miller DT, Freedenberg D, Schorry E, et al. Health supervision for
children with neurofibromatosis type 1. Pediatrics 2019;143:
e20190660 CrossRef Medline

32. Gottschalk S, Tavakolian R, Buske A, et al. Spontaneous remission
of chiasmatic/hypothalamic masses in neurofibromatosis type 1:
report of two cases. Neuroradiology 1999;41:199–201 CrossRef
Medline

33. Menor F, Marti-Bonmati L, Arana E, et al. Neurofibromatosis
type 1 in children: MR imaging and follow-up studies of central
nervous system findings. Eur J Radiol 1998;26:121–31 CrossRef
Medline

772 Hainc Apr 2021 www.ajnr.org

http://dx.doi.org/10.1148/radiology.172.2.2501822
https://www.ncbi.nlm.nih.gov/pubmed/2501822
http://dx.doi.org/10.1542/peds.2007-3204
https://www.ncbi.nlm.nih.gov/pubmed/19117870
http://dx.doi.org/10.1007/s00330-004-2433-y
https://www.ncbi.nlm.nih.gov/pubmed/15290066
http://dx.doi.org/10.1177/088307389300800105
https://www.ncbi.nlm.nih.gov/pubmed/8445170
https://www.ncbi.nlm.nih.gov/pubmed/7985572
http://dx.doi.org/10.1542/peds.104.4.e49
https://www.ncbi.nlm.nih.gov/pubmed/10506274
http://dx.doi.org/10.1212/wnl.39.3.373
https://www.ncbi.nlm.nih.gov/pubmed/2494565
http://dx.doi.org/10.1001/archneur.55.4.500
https://www.ncbi.nlm.nih.gov/pubmed/9561977
http://dx.doi.org/10.1148/radiology.195.3.7754001
https://www.ncbi.nlm.nih.gov/pubmed/7754001
http://dx.doi.org/10.1007/s00381-011-1425-x
https://www.ncbi.nlm.nih.gov/pubmed/21442270
http://dx.doi.org/10.1007/PL00007285
https://www.ncbi.nlm.nih.gov/pubmed/10958550
http://dx.doi.org/10.1093/brain/awg016
https://www.ncbi.nlm.nih.gov/pubmed/12477702
http://dx.doi.org/10.1212/wnl.45.10.1897
https://www.ncbi.nlm.nih.gov/pubmed/7477989
http://dx.doi.org/10.1038/nrc3911
https://www.ncbi.nlm.nih.gov/pubmed/25877329
http://dx.doi.org/10.1016/j.clineuro.2009.08.013
https://www.ncbi.nlm.nih.gov/pubmed/19765887
http://dx.doi.org/10.1007/s00701-007-1473-x
https://www.ncbi.nlm.nih.gov/pubmed/18172567
http://dx.doi.org/10.1002/(SICI)1097-0142(19980501)82:9&hx003C;1756::AID-CNCR23&hx003E;3.0.CO;2-2
https://www.ncbi.nlm.nih.gov/pubmed/9576298
http://dx.doi.org/10.1017/s0317167100007605
https://www.ncbi.nlm.nih.gov/pubmed/18380282
http://dx.doi.org/10.1007/s00247-006-0267-2
https://www.ncbi.nlm.nih.gov/pubmed/16912896
http://dx.doi.org/10.2214/ajr.159.1.1609692
https://www.ncbi.nlm.nih.gov/pubmed/1609692
http://dx.doi.org/10.1007/s11547-015-0587-0
https://www.ncbi.nlm.nih.gov/pubmed/26445946
http://dx.doi.org/10.1212/01.WNL.0000055090.78351.C1
https://www.ncbi.nlm.nih.gov/pubmed/12682321
http://dx.doi.org/10.1186/s40673-018-0093-y
https://www.ncbi.nlm.nih.gov/pubmed/30410779
http://dx.doi.org/10.1007/BF01377205
https://www.ncbi.nlm.nih.gov/pubmed/8662066
http://dx.doi.org/10.1007/s002470050118
https://www.ncbi.nlm.nih.gov/pubmed/9126587
http://dx.doi.org/10.1227/01.NEU.0000298904.63635.2D
https://www.ncbi.nlm.nih.gov/pubmed/17986937
http://dx.doi.org/10.1177/7010.2006.00124
https://www.ncbi.nlm.nih.gov/pubmed/17156707
http://dx.doi.org/10.1055/s-2001-19115
https://www.ncbi.nlm.nih.gov/pubmed/11748492
http://dx.doi.org/10.1016/j.pediatrneurol.2008.02.010
https://www.ncbi.nlm.nih.gov/pubmed/18486822
http://dx.doi.org/10.1542/peds.2019-0660
https://www.ncbi.nlm.nih.gov/pubmed/10206167
http://dx.doi.org/10.1007/s002340050734
https://www.ncbi.nlm.nih.gov/pubmed/10206167
http://dx.doi.org/10.1016/S0720-048X(97)00088-0
https://www.ncbi.nlm.nih.gov/pubmed/9518221


34. Parsa CF, Hoyt CS, Lesser RL, et al. Spontaneous regression of optic
gliomas: thirteen cases documented by serial neuroimaging. Arch
Ophthalmol 2001;119:516–29 CrossRef Medline

35. Leisti EL, Pyhtinen J, Poyhonen M. Spontaneous decrease of a
pilocytic astrocytoma in neurofibromatosis type 1. AJNR Am J
Neuroradiol 1996;17:1691–94 Medline

36. Cakirer S, Karaarslan E. Spontaneous involution of a non-optic
astrocytoma in neurofibromatosis type I: serial magnetic resonance
imaging evaluation. Acta Radiol 2004;45:669–73 CrossRef Medline

37. Hegde AN, Mohan S, Lath N, et al. Differential diagnosis for
bilateral abnormalities of the basal ganglia and thalamus.
RadioGraphics 2011;31:5–30 CrossRef Medline

AJNR Am J Neuroradiol 42:766–73 Apr 2021 www.ajnr.org 773

http://dx.doi.org/10.1001/archopht.119.4.516
https://www.ncbi.nlm.nih.gov/pubmed/11296017
https://www.ncbi.nlm.nih.gov/pubmed/8896624
http://dx.doi.org/10.1080/02841850410001150
https://www.ncbi.nlm.nih.gov/pubmed/15587427
http://dx.doi.org/10.1148/rg.311105041
https://www.ncbi.nlm.nih.gov/pubmed/21257930


ORIGINAL RESEARCH
PEDIATRICS

Evaluation of DISORDER: Retrospective Image Motion
Correction for Volumetric Brain MRI in a Pediatric Setting
K. Vecchiato, A. Egloff, O. Carney, A. Siddiqui, E. Hughes, L. Dillon, K. Colford, E. Green, R.P.A.G. Texeira,

A.N. Price, G. Ferrazzi, J.V. Hajnal, D.W. Carmichael, L. Cordero-Grande, and J. O’Muircheartaigh

ABSTRACT

BACKGROUND AND PURPOSE: Head motion causes image degradation in brain MR imaging examinations, negatively impacting
image quality, especially in pediatric populations. Here, we used a retrospective motion correction technique in children and
assessed image quality improvement for 3D MR imaging acquisitions.

MATERIALS AND METHODS:We prospectively acquired brain MR imaging at 3T using 3D sequences, T1-weighted MPRAGE, T2-weighted
TSE, and FLAIR in 32 unsedated children, including 7 with epilepsy (age range, 2–18years). We implemented a novel motion correction technique
through a modification of k-space data acquisition: Distributed and Incoherent Sample Orders for Reconstruction Deblurring by using Encoding
Redundancy (DISORDER). For each participant and technique, we obtained 3 reconstructions as acquired (Aq), after DISORDER motion correction
(Di), and Di with additional outlier rejection (DiOut). We analyzed 288 images quantitatively, measuring 2 objective no-reference image quality
metrics: gradient entropy (GE) and MPRAGE white matter (WM) homogeneity. As a qualitative metric, we presented blinded and randomized
images to 2 expert neuroradiologists who scored them for clinical readability.

RESULTS: Both image quality metrics improved after motion correction for all modalities, and improvement correlated with the amount
of intrascan motion. Neuroradiologists also considered the motion corrected images as of higher quality (Wilcoxon z ¼ �3.164 for
MPRAGE; z ¼ �2.066 for TSE; z ¼ �2.645 for FLAIR; all P , .05).

CONCLUSIONS: Retrospective image motion correction with DISORDER increased image quality both from an objective and quali-
tative perspective. In 75% of sessions, at least 1 sequence was improved by this approach, indicating the benefit of this technique
in unsedated children for both clinical and research environments.

ABBREVIATIONS: DISORDER ¼ Distributed and Incoherent Sample Orders for Reconstruction Deblurring by using Encoding Redundancy; Aq ¼ acquired;
Di ¼ after DISORDER motion correction; DiOut ¼ Di with additional outlier rejection; GE ¼ gradient entropy

Head motion is a common cause of image degradation in
brain MR imaging. Motion artifacts negatively impact MR

image quality and therefore radiologists’ capacity to read the
images, ultimately affecting patient clinical care.1 Motion artifacts

are more common in noncompliant patients,2 but even in com-
pliant adults, intrascan movement is reported in at least 10% of
cases.3 For children who require high-resolution MR images,
obtaining optimal image quality can be challenging, owing to the
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requirement to stay still over long durations needed for acquisi-
tion.4 Sedation can be an option, but it carries higher risks, costs,
and preparation and recovery time.5

In conditions such as intractable focal epilepsy, identification
of an epileptogenic lesion is clinically important to guide surgical
treatment. However, these lesions can be visually subtle, particu-
larly in children in whom subtle cortical dysplasias are more
common.6 Dedicated epilepsy MR imaging protocols use high-reso-
lution 3D sequences to allow better cortical definition and free refor-
matting of orientation but involve acquisition times in the order of
minutes, so data collection becomes more sensitive to motion.7

For children in particular, multiple strategies are available for
minimizing motion during MR examinations. Collaboration with
play specialists using mock scanners and training or projecting a
cartoon are good approaches to reduce anxiety.8,9 These tools are
not always available in clinical radiology and, even with these
strategies, motion can still be an issue.10 Different scanning
approaches to correct for intrascan motion have been proposed.
Broadly, prospective methods track head motion in real time and
modify the acquisition directions accordingly.11 These approaches
are applicable to a wide range of sequences but require optical sys-
tems with external tracking markers, sometimes uncomfortable or
impractical, and extra setup can ultimately result in longer exami-
nations. Furthermore, these approaches may also not be robust to
continuous motion.11-13 Retrospective techniques have also been
proposed, in some cases relying on imaging navigators that are not
compatible with all standard sequences or contrasts.12

Here, we use a more general retrospective motion correc-
tion technique: Distributed and Incoherent Sample Orders
for Reconstruction Deblurring by using Encoding Redundancy
(DISORDER). In this method, k-space samples are reordered to ena-
ble retrospective motion correction during image reconstruction.14

Our hypothesis is that DISORDER improves clinical MR imaging
quality and readability. To assess its use for clinical sequences, we
acquired a dedicated epilepsy MR imaging protocol in 32 children
across a wide age range. We used both objective image quality met-
rics and expert neuroradiologist ratings to evaluate the outcome after
motion correction.

MATERIALS AND METHODS
Study Population
We recruited families for a prospective study of pediatric epilepsy
(ethics ref 18/LO/1766). Informed consent was obtained from all
participants or their parents, as appropriate. From June to
November 2019, we recruited 32 participants: 25 healthy control
participants and 7 children with focal epilepsy, ages 2–18 years
(median 11), including 16 females (50%) (Table). Exclusion crite-
ria were age younger than 6months or older than 18 years, major
neurologic conditions unrelated to epilepsy, and contraindica-
tions for 3T MR imaging.

Image Acquisition
Children were scanned without sedation on a 3T Achieva-TX
(Philips Healthcare) using a 32-channel head coil. They were
asked to stay still during scanning while watching a movie. The
protocol was T1-weighted MPRAGE: TR ¼ 7.7ms, TE ¼ 3.6 ms,
flip angle ¼ 8°, TI ¼ 900 ms, echo-train length ¼ 154 and acqui-
sition time ¼ 286 s; T2-weighted: TSE: TR ¼ 2500 ms, TE ¼ 344
ms, echo-train length¼ 133, acquisition time ¼ 342 s; T2-
weighted FLAIR: TR ¼ 5000 ms, TE ¼ 422 ms, TI ¼ 1800 ms,
echo-train length ¼ 182, acquisition time ¼ 510 s. Parallel imag-
ing acceleration (SENSE) of 1.4 was used along both phase-
encoding directions. Field of view was 240 � 188 � 240 mm, and
images were 1mm isotropic. The combined acquisition time was
approximately 22minutes.

All scans were acquired using the DISORDER scheme (Fig 1).
A shot of k-space is defined as a portion of k-space phase-encod-
ing data in the k2k3 plane, acquired within a single acquisition

block. In Fig 1, each shot is represented
by a different color. As demonstrated by
Cordero-Grande et al,14 DISORDER aims
to improve motion tolerance by guaran-
teeing that the acquisition of every shot
contains a series of samples distributed
incoherently throughout k-space. This is
achieved with a modified phase-encoding
sampling order. We adopted the “ran-
dom-checkered” approach illustrated
in Fig 1. Data are acquired in the infe-
rior-superior k1, anteroposterior k2,
and left–right k3 orientations; this way
rotations on the sagittal plane (k1k2)
are sampled faster within each shot,
improving robustness to intrashot

Descriptive demographics of the study population

Characteristics
Healthy Control
Participants

Patients with
Epilepsy Total

Number 25 7 32
Age at scan

(years)
Mean 1 SD 11.32 6 4.8 11.6 6 3.7 11.4 6 4.5
1–5 3 0 3
6–10 9 3 12
11–15 7 3 10
16–18 6 1 7

Sex
Male 13 3 16
Female 12 4 16

FIG 1. The different k-space data acquisitions. On the left side, the standard acquisition that
sequentially acquires adjacent lines in the grid, with an example shot given as bigger dots in blue.
The image on the right represents DISORDER’s “random-checkered” acquisition, in which every
shot acquires distributed information in k-space with a certain degree of randomness.
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motion. In our protocol, the numbers of shots are 120 (dura-
tion, 1200ms each) for MPRAGE, 135 (658ms) for TSE, and
100 (859ms) for FLAIR.

There was not a substantial difference in image quality
between data acquired via standard acquisition and DISORDER
acquisition. This was tested in the pilot phase of the study for all
structural images (MPRAGE, TSE, and FLAIR).

Motion Correction
Motion and reconstruction were estimated jointly using a parallel
k-space model in the presence of rigid motion.14 Starting from a
standard reconstruction assuming no motion, a first approxima-
tion of the motion parameters for each shot is obtained by maxi-
mizing the likelihood of the k-space measures for current
reconstructed volume. Then a new volume is reconstructed with
current motion parameters, and the method alternates between
motion estimation and reconstruction until convergence. Motion
correction is performed as part of the reconstruction stage; an in-
depth description of the reconstruction algorithm has been
described previously.14,15

The time for reconstruction varied from 5 to 40 minutes,
depending on degree of intrascan motion. In the case of high
intrashot motion, the DISORDER framework can further

improve the image quality by dismissing outlier shots. Therefore,
each subject had their images reconstructed in 3 different ways:
as acquired without motion correction (Aq), with DISORDER
reconstruction (Di), and with DISORDER reconstruction includ-
ing outlier shot rejection (DiOut).

Motion estimates from DISORDER correction can also
provide a measure of intrascan motion. To summarize and
quantify this intrascan motion, we averaged the temporal
standard deviations of the 3 rotation parameters (in degrees)
for every scan.

Image Quality Assessment
For all quality assessments, there were 288 images available (32
participants, 3 imaging modalities, and 3 reconstructions). To
objectively compare image quality, we used 2 metrics that do not
rely on reference datasets: gradient entropy (GE) and white mat-
ter (WM) signal homogeneity (MPRAGE only).

The entropy of an image is a measure of sharpness that charac-
terizes its texture based on intensity.16 GE has been previously used
to characterize image definition, smaller when areas of uniform sig-
nal intensity are separated by sharp edges.17 We calculated the nor-
malized GE for Aq, Di, and DiOut. Decreased GE indicates that
image information is concentrated at the edges, a measure of

FIG 2. Estimated motion in relation to age. Older children tended to move less than younger ones. This was statistically significant for MPRAGE
(A) and FLAIR (C) but not for TSE (B).

FIG 3. The reduction in gradient entropy by motion correction (DiOut compared with Aq) relative to the estimated amount of motion for ev-
ery participant in all 3 modalities: MPRAGE (A), TSE (B), and FLAIR (C).
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sharpness. This metric has a high correspondence with visual
assessment of clinical MR imaging.18

WM signal homogeneities of the T1-weighted images were
obtained using an automatic segmentation in FreeSurfer19 (ver-
sion 6; http://surfer.nmr.mgh.harvard.edu). After calculating a
WM mask, the mean and SD of the signal intensity were com-
puted within the mask. The WM signal homogeneity was then
measured as the mean scaled by SD, with higher WM signal ho-
mogeneity associated with higher image quality.

Image quality was further visually inspected by 2 pediatric
neuroradiologists with more than 9 years’ experience each (A.E.
and O.C.). Radiology scoring was explicitly for assessment of
focal epilepsy, which needs very high contrast between gray mat-
ter (GM) and WM. They scored the images with a 4-point Likert
scale: 1, unreadable (not suited for clinical use); 2, poor quality
(main structures identifiable but heavily blurred or artifacts cov-
ering.50% of the image); 3, good quality (good GM–WMdiffer-
entiation, little blurring, or minor artifacts); and 4, excellent
quality (no motion artifacts, good contrast, and perfectly defined
GM–WM boundaries). Sagittal, coronal, and axial views of all
images were presented to the 2 radiologists on the same screen
and room environment in a randomized and blinded fashion.
Each rater looked at all 288 cases in several sessions. The image
viewer was rview (https://biomedia.doc.ic.ac.uk/software/irtk). In
all reported comparisons (quantitative metrics and quality ranks),
Wilcoxon signed-rank tests were used.

RESULTS
Quantitative Metrics
As expected, older children tended to move less than younger
ones. This was a consistent relationship, statistically significant
for MPRAGE and FLAIR (Spearman rho: �0.416, �0.363, both
P, .05) but not for TSE scans (Spearman rho: �0.229, P¼ .21)
(Fig 2).

GE was reduced after motion correction across all modalities:
the Wilcoxon rank test performed on mean scores before and af-
ter motion correction showed a statistically significant difference
(for Di, z ¼ �4.861 MPRAGE, z ¼ �4.769 TSE, z ¼ �4.884
FLAIR; for DiOut, z ¼ �4.937 MPRAGE, z ¼ �4.937 TSE, z ¼
�4.938 FLAIR; all P, .05) (Fig 3).

There was a linear association between GE decrease after
motion correction and degree of intrascan motion. We calculated
the difference in GE before and after motion corrected data and
estimated a linear regression against motion for each technique.
The coefficients of determination (R2) for MPRAGE images
against motion were R2 ¼ 0.24 in Aq-Di and R2 ¼ 0.48 in Aq-
DiOut; for T2-weighted images, they were R2 ¼ 0.63 in Aq-Di
and R2 ¼ 0.69 Aq-DiOut; for FLAIR images, they were R2 ¼ 0.44
in Aq-Di and R2 ¼ 0.51 in Aq-DiOut; all P, .05. The reduction
of GE was larger after outlier rejection (Fig 4).

There was an increase of WM signal homogeneity after

motion correction on the MPRAGE images (R2 ¼ 0.16 for Aq-Di

and R2 ¼ 0.15 for Aq-DiOut; both P , .05). One case was

FIG 4. Differences in gradient entropy before and after motion correction (Di in A and DiOut in B) in relation to intrascan motion for the FLAIR
images. The highlighted outlier datapoint (red circle) is shown on the bottom row. The example images show the reconstruction outcome in the
participant with the highest intrascan motion. In this case, GE decreased after motion correction (more in the DiOut image), which visually relates
to observers’ score that improved from unreadable (1) in the Aq image (C) to good and excellent (3/4) in Di (D) and DiOut (E), respectively.
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excluded from this analysis because of large motion during the

MPRAGE acquisition and the resulting failure of the FreeSurfer

pipeline for the uncorrected reconstruction. Full-brain segmenta-

tion was possible on the motion-corrected version of the images,

and WM signal homogeneity was measured (Fig 5).

Qualitative Metrics
Expert visual inspection showed that image quality generally
improved after motion correction (Fig 6). There was agreement
between observers in raw image scores according to Cohen kappa
coefficient for interrater reliability: kappa. 0.3 for FLAIR and
MPRAGE images, kappa. 0.6 for TSE images, all P, .05. The intra-
class correlation of the score change was used as another measure of
interrater consistency on rating improvement. The intraclass correla-
tion coefficient for absolute agreement in the change in scores after
motion correction of the images was .0.8 for TSE (Di and DiOut);
for FLAIR, it was 0.64 for Di and 0.56 for DiOut images; all P, .05.
The rating increase was less consistent between observers for
MPRAGE images: 0.52 (P , .05) for Di and 0.37 (P ¼ .09) for
DiOut.

Wilcoxon signed-rank tests were conducted to compare
the expert scores before and after image correction: the
improvement of scores was statistically significant both for Di
and DiOut and for both radiologists (for observer 1, z ¼
�3.164 MPRAGE, z ¼ �2.066 TSE, z ¼ �2.645 FLAIR; for
observer 2, z ¼ �3.162 MPRAGE, z ¼ �2.714 TSE, z ¼
�3.419 FLAIR; all P, .05).

The Wilcoxon signed-rank test performed on mean scores
between the 2 types of motion correction (Di and DiOut) did not
show any statistically significant difference except for higher scores
for FLAIR DiOut compared with Di (z ¼ �1.97, P¼ .049) for 1
observer only.

For observer 2, the motion-corrected images (Di and DiOut)
were all scored equally or higher than the Aq ones. Observer 1
gave lower ratings for motion-corrected reconstructions (Di)
compared with acquired in 6/32 cases for FLAIR, 7/32 cases for
MPRAGE, and 4/32 cases for TSE (by a maximum of 1 point).
However, for most scans, the scores increased: 23/32 for FLAIR,
22/32 cases for MPRAGE, and 12/32 cases for TSE. For both
raters, the score tended to remain good and equal in scans with
little or no motion.

As expected, the Spearman rho showed a negative correlation
between the amount of motion and the resulting score of acquired
images in all modalities and for both observers (observer 1: r ¼
�0.558 for MPRAGE, r ¼ �0.496 for T2, both P, .05, r ¼
�0.216 for FLAIR, P¼ .24; observer 2: r ¼ �0.619 for MPRAGE,
r ¼�0.641 for T2, r ¼ �0.544 for FLAIR, all P, .05).

DISCUSSION
Successful neuroimaging in children is important for both clinical
evaluation and research in brain development and disease.
However, obtaining high-quality data in children is challenging
in the highly motion-sensitive MR imaging context.20 In this
work, we demonstrated the benefits of retrospective motion

FIG 5. A, Three individual cases of MPRAGE images before and after motion correction and the corresponding motion trace displaying transla-
tions (Tra) and rotations (Rot) in 3 directions: anteroposterior (AP), left–right (LR), and foot–head (FH). B, High motion. C, Moderate motion. D,
Little to no motion.

778 Vecchiato Apr 2021 www.ajnr.org



correction on a nonsedated pediatric cohort undertaking brain
MR imaging on a 3T scanner using the DISORDER framework.
We applied this method to a dedicated high-resolution epilepsy
protocol across a wide age range and showed that DISORDER
motion correction increases image quality both quantitatively
and qualitatively.

The 2 neuroradiologist raters broadly agreed on the improved
diagnostic value of motion-corrected images;, on average, ratings

were higher after DISORDER. In 24/32 (75%) participants, at
least 1 technique was improved by DISORDER in a clinically sig-
nificant way—from being considered unreadable or of poor qual-
ity to good or excellent quality. Images acquired in the presence
of no or little motion maintained their high quality after motion
correction.

In a small number of cases, DISORDER reconstructions were
rated lower, though all in the context of very low motion.

FIG 6. Scores before and after motion correction (DiOut) for all modalities. Red and blue correspond to observer 1 and 2’s scores, respectively.
The dot indicates the score before motion correction, and the triangle indicates the score after correction. Motion correction generally
improved the image quality from a radiologic perspective.
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However, an advantage of this retrospective method is that
images both before and after motion correction are always avail-
able for radiologic evaluation. Observed differences between
raters are in line with previous studies21 in which differences in
subjective radiologic judgment are reported.

As expected from practical experience and previous studies,22,23

younger children tended to move more than older ones, which was
observed statistically significant for MPRAGE and FLAIR, though
not for TSE. None of the participants exhibited very high motion
during this acquisition. This was the third sequence acquired in our
protocol; it may be that participants at that time point were simply
more settled or comfortable (engaging with the movie they were
watching or spontaneously falling asleep).

The proposed motion compensation method is particularly
flexible for use, and it is applicable to any volumetrically encoded
sequence. It does require modification of the scanner software to
meet the requirements of data acquisition ordering, but it does
not involve any additional hardware, relevant manipulation of
imaging parameters, or additional operator training. The image
reconstruction is operated with a vendor-independent off-line open-
source code (https://github.com/mriphysics/DISORDER/tree/1.1.0),
so the technique is not restricted to a specific vendor and has been
tested on scanners from several manufacturers.

To comply with the requirements of enough SNR for high
image resolution (1mm) and strong motion tolerance, data
are acquired with moderate acceleration factors (SENSE fac-
tor 1.4 � 1.4). However, the DISORDER encoding does not
increase the sequence acquisition time per se. In practice, it
may reduce the need for repeat scans and the time overhead
would compare favorably with times required for sedation.
The method can also provide motion correction for addi-
tional 3D sequences in which motion correction can be cru-
cial (eg, relaxometry24).

The approach provides clinically useful improvements. In this
study, it is applied to a dedicated epilepsy protocol in which

clinicians aim to identify sometime subtle abnormalities such as
focal changes in cortical thickness, subcortical signal abnormal-
ities, or blurring of the GM–WM junction. In the presence of
motion, DISORDER can be a helpful tool because these image
features can be enhanced as shown in Fig 7.

More broadly, DISORDER could be helpful in a clinical set-
ting to improve identification of other types of lesions not neces-
sarily related to epilepsy including smaller injuries such as
punctate bleeds (in which small motion may blur out the injury)
or more obvious such as a brain mass (in which the extent and
edge of pathologic tissue can be difficult to discern on blurry
images). This method would be beneficial not only for children
but also for patients with high anesthesiologic risk, situations in
which time constrains the possibility to repeat scans, and for
adult patients with intellectual disabilities.

Some limitations are noted. First, the method may require lon-
ger scan times to perform well in cases of very quick, large range, or
continuous motion, and this is not assessed here. Second,
DISORDER sampling increases motion sensitivity, facilitating its
subsequent correction, so some enhancement of artifact levels com-
pared with standard acquisition schemes is likely on the uncor-
rected images. Two further clinical considerations are also not yet
addressed, the impact of reconstruction delay (up to 1 hour) and a
quantification of maximum tolerable degradation before an acquisi-
tion needs to be repeated (how bad an image can be before it needs
to be repeated). However, given the almost global improvement in
data quality for motion-corrupted data, the reconstruction delay is
probably not a large concern and will be addressable with future
software implementations. Certainly, in this case, no DISORDER-
reconstructed sequences were considered radiologically unreadable.

This framework for motion-tolerant structural 3D brain
images improves clinical MR imaging quality both quantitatively
and qualitatively. This might have substantial safety and eco-
nomic implications for health care, reducing the clinical indica-
tion for sedation and repeat scans in children and adults.
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PEDIATRICS

Beyond Isolated and Associated: A Novel Fetal MR Imaging–
Based Scoring System Helps in the Prenatal Prognostication

of Callosal Agenesis
S. Glatter, G. Kasprian, D. Bettelheim, B. Ulm, M. Weber, R. Seidl, D. Prayer, and M.C. Diogo

ABSTRACT

BACKGROUND AND PURPOSE: Although “corpus callosum agenesis” is an umbrella term for multiple entities, prenatal counseling is
based reductively on the presence (associated) or absence (isolated) of additional abnormalities. Our aim was to test the applicabil-
ity of a fetal MR neuroimaging score in a cohort of fetuses with prenatally diagnosed isolated corpus callosum agenesis and associ-
ated corpus callosum agenesis and correlate it with neurodevelopmental outcomes.

MATERIALS AND METHODS: We performed a single-center retrospective analysis of a cohort of cases of consecutive corpus cal-
losum agenesis collected between January 2011 and July 2019. Cases were scored by 2 raters, and interater agreement was calcu-
lated. Outcome was assessed by standardized testing (Bayley Scales of Infant and Toddler Development, Kaufman Assessment
Battery for Children) or a structured telephone interview and correlated with scores using 2-way ANOVA.

RESULTS: We included 137 cases (74 cases of isolated corpus callosum agenesis), imaged at a mean of 27 gestational weeks.
Interrater agreement was excellent (0.98). Scores were higher in associated corpus callosum agenesis (P, .0001) without a significant
score difference between complete and partial corpus callosum agenesis (P ¼ .38). Outcome was assessed in 42 children with iso-
lated corpus callosum agenesis and 9 with associated corpus callosum agenesis (mean age, 3.1 years). MR imaging scores correctly
predicted developmental outcome in 90.7% of patients with isolated corpus callosum agenesis, improving neurodevelopmental risk
stratification in corpus callosum agenesis.

CONCLUSIONS: The scoring system is very reproducible and can differentiate isolated corpus callosum agenesis and associated iso-
lated corpus callosum agenesis (significantly higher scores) but not between partial and complete corpus callosum agenesis. Scores
correlated with outcome in isolated corpus callosum agenesis, but there were too few associated postnatal cases of isolated cor-
pus callosum agenesis to draw conclusions in this group.

ABBREVIATIONS: aCCA ¼ associated corpus callosum agenesis; CC ¼ corpus callosum; CCA ¼ corpus callosum agenesis; DCC ¼ deleted in colorectal can-
cer; iCCA ¼ isolated corpus callosum agenesis; MCD ¼ malformations of cortical development; TOP ¼ termination of pregnancy

Corpus callosum (CC) agenesis (CCA) is one of the most com-
mon malformations of the CNS.1 Rather than a single entity,

CCA is an umbrella term defined by anatomy, independent of
etiology or outcome. To further complicate matters, CCA
includes several subtypes, including complete (when the entire

CC is missing) and partial (when part but not all of the CC is
absent), but CCA often also includes several degrees of hypopla-
sia (CC present but of reduced dimensions) and dysgenesis (CC
present yet malformed). Each option may be seen in isolation (no
other fetal brain or body malformations) or in the context of a
polymalformative or genetic condition.1-3

In terms of outcome risk stratification, patients with associated
CCA (aCCA) are at a high risk of neurodevelopmental delay,4 while
isolated CCA (iCCA) is associated with development within the nor-
mal range in up to 88% of children.5-9 Other features, such as the
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presence of Probst bundles or sigmoid bundles, have been used
inconsistently in an attempt to predict outcome.10,11 In an attempt to
improve risk stratification in iCCA, we developed and tested a score
based on anatomic features evaluated on fetal brain MR imaging in
patients with detailed postnatal neuropsychological outcomes.12

This study aimed to test the validity of an MR imaging score
initially developed for isolated congenital CCA in a heterogene-
ous group of complete and partial CCA and to correlate it with
neurodevelopmental outcomes.

MATERIALS AND METHODS
Patients and Setting
A retrospective cohort of consecutive cases of prenatally diag-
nosed CCA with fetal MR imaging between January 2011 and
September 2019 was collected in a single tertiary care center
(Medical University of Vienna).

Fetuses were subdivided into 4 groups based on imaging charac-
teristics (determined on MR imaging by consensus of 2 experts):
complete isolated, complete associated, partial isolated, and partial
associated CCA. CCA was considered isolated when no other brain,
spine, or extra-CNS anomalies were detected on ultrasound or MR
imaging antenatally and no chromosomal anomalies were identi-
fied, in accordance with previous publications.4,6,13-16 In non-iso-
lated CCA, associated anomalies were recorded. Severe global brain
structural malformations that course without a CC (eg, holoprosen-
cephaly, anencephaly) and the absence of the CC secondary to de-
structive lesions (eg, porencephaly) were excluded.17,18

Imaging Analysis
Images were independently scored by 1 neuroradiologist with 7
years’ experience in fetal MR imaging and a pediatrics resident
with 1 year’s basic experience in fetal MR imaging, using a previ-
ously published anatomic fetal MR imaging score,12 consisting of
7 categories: gyration, opercularization, temporal lobe symmetry
or asymmetry, lamination, hippocampal abnormalities, basal gan-
glia, and ventricular enlargement in a 0- to 2-point score (Table 1
and Online Supplemental Data), with a maximum attainable
score of 11 points. Interrater agreement was calculated.

MR imaging examinations included a detailed evaluation of the
fetal CNS and body, following published guidelines.19 For the fetal
brain assessment, we obtained T2-weighted single-shot FSE imag-
ing in 3 orthogonal planes (section thickness ¼ 2–4 mm, section
gap ¼ 0–0.4mm, FOV ¼ 230–260 mm, matrix ¼ 256). Body MR
imaging evaluation comprised T2-weighted steady-state free

precession sequences in 3 orthogonal planes, and T2-weighted
spin-echo FSE, T1WI, EPI, and DWI in at least 1 plane. Further
sequences were acquired depending on examination findings and
fetal and maternal cooperation. No maternal or fetal sedation was
administered before the examination.

Neurodevelopmental Assessment
Patients who are followed in our center were evaluated by a neu-
ropediatrician (R.S.) and a psychologist (S.G.) as previously
described in detail in a previous publication.12 The Bayley Scales
of Infant and Toddler Development, Third Edition, was used for
neurodevelopmental assessment of motor control, cognitive func-
tioning, and language skills (1–42.5months of age). Normal de-
velopment was defined as a development quotient score of $85,
and moderate-to-severe developmental delay was defined as
a development quotient score of ,70. Children older than
42.5months were tested for cognitive and language skills using
the Kaufman Assessment Battery for Children, Second Edition,
complemented by the Peabody Developmental Motor Scales,
Second Edition or the Bruininks-Oseretsky Test of Motor
Proficiency, Second Edition to evaluate motor skills. Normal de-
velopment was defined as a Global Scale Index of$85.

For children not followed up in our center, a structured tele-
phone interview with 1 or both parents or legal guardians was
conducted by a trained psychologist (S.G.). Besides assessment of
developmental milestones, the need for further support, type of
therapy, and type of kindergarten/schooling were also collected.

Statistical Analysis
Metric data are described using mean [SD] and range if normally
distributed or median and maximum and minimum values for
skewed metric or ordinal data. Additionally, 95% confidence inter-
vals were calculated. Categoric data are presented as absolute fre-
quencies and percentages. One-way ANOVAs and Bonferroni-
corrected post hoc tests were used for differences in age among the
4 groups. Two-way ANOVAs were post hoc tests used to compare
the groups regarding MR imaging and neurodevelopmental out-
come scores to be able to model a moderation effect additionally.
The Spearman rank correlation coefficient (r ) was calculated to
describe the correlation between MR imaging and neurodevelop-
mental variables. Image ratings were summed, and the resulting
score was correlated with the neurodevelopmental outcome scores.
Crosstabs and x 2 tests were used to compare groups regarding
nominal data.

Summarized outcome by subgroup of corpus callosum agenesis

CCA Group

Neurodevelopment Therapy School

Normal
Delay

Phy Occ Spc Other Regular Assisted Not AgeMild Moderate Severe
I
C 15 5 1 1 9 2 1 12 9
P 16 2 1 1 11 11 7
A
C 2 2 2 1 2 1 2 1
P 2 2 1 3 1 2 1 1 3 1

Note:—I indicates isolated; A, associated; C, complete; P, partial; Phy, physiotherapy; Occ, occupational therapy; Spc, speech therapy; Not Age, children not attending
school, who were still under the local mandatory school age (5 years-old).
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A P value # 5% (P¼ .05) indicated significant results. To
avoid an increasing error of the second type, we did not perform
multiplicity corrections. All analyses were performed using SPSS
Statistics for Window, Version 26.0 (IBM).

RESULTS
A total of 137 cases of CCA were imaged in our center during the
study period (Fig 1), with a mean gestational age of 27 gestational
weeks (range, 191 4 to 371 1gestational weeks). Of these, 74
fetuses (complete: n¼ 45; partial n¼ 29) presented with iCCA,
while 63 fetuses (complete: n¼ 32; partial n¼ 31) had associated
conditions. The most common associated anomalies involved the
CNS (n¼ 58/64), mostly involving the supratentorial brain and
specifically malformations of cortical development (MCD) (MCD:
n¼ 34/64; only MCD: n¼ 16; MCD with other associated anoma-
lies: n¼ 18), followed by posterior fossa anomalies (n¼ 23/64).

There were extra-CNS anomalies in 31
fetuses, and these were the only find-
ings besides CCA in 6 cases (congenital
diaphragmatic hernia, n¼ 1; heart mal-
formation, n¼ 2; limb anomalies alone,
n¼ 1; and in association with head and
neck malformations, n¼ 2).

Interrater agreement was excellent
(0.98).

By means of the MR imaging
score, there was a statistically signifi-
cant difference between associated
and complete CCA (P, .0001), but
not between partial and complete
CCA within each group (mean iCCA:
partial ¼ 2.69 [SD, 0.31], 95% CI,
2.07–3.31; complete ¼ 2.04 [SD,
0.38], 95% CI, 1.28–2.80; aCCA:
partial ¼ 4.92 [SD, 0.37], 95% CI,
4.19–5.65; complete ¼ 4.96 [SD,
0.37], 95% CI, 4.23–5.69; P ¼ .38)
(Fig 2).

Forty-one cases were lost to follow-up, leaving 96 pregnancies
with known outcomes (Fig 1). Parents opted for termination of
pregnancy (TOP) more often in the aCCA subgroup (aCCA,
n¼ 24/43, [55.8%]; iCCA, n¼ 7/53, [13.2%]; P, .001). There
were also more cases of natural deaths in this group (aCCA n¼ 8),
4 cases in each complete and partial aCCA group; 3 children were
stillborn (gestational age unknown); and 5 died after birth. In
iCCA, all TOPs were in the complete iCCA group.

In 3 cases of iCCA and 2 of aCCA, children were alive, but no
detailed follow-up was available. In the 51 remaining cases, the
mean age at the time of evaluation or interview was 3.1 [SD,
2.08] years, and there was no significant difference in the mean
age of the 4 subgroups (iCCA: complete¼ 3.07 [SD, 2.36] years;
partial¼ 2.76 [SD, 1.36] years; aCCA: complete¼ 4.38 [SD, 2.69]
years; partial¼ 3.96 [SD, 2.46] years; P¼ .42).

Outcome was assessed in the remaining 42 cases of iCCA and
9 of aCCA. The neurodevelopmental outcome overall and di-
vided into domains (speech, cognition, and motor) and the need
for special schooling and therapy are summarized in the Table
and Online Supplemental Data. In the iCCA group, 31/42
patients (73.8%) had normal development, with all school-
age children attending regular school in the appropriate year,
without need for special education. By means of the estab-
lished cutoff of #3 for good neurodevelopmental outcome
and $4 for a high risk of neurodevelopmental delay, MR
imaging was correct in 90.7% of cases. In the normally devel-
oping group, there was 1 fetus with a high MR imaging score
of 4. In the remaining 96.8% (30/31) of cases, the score pre-
dicted the favorable outcome correctly. In the developmental
delay group, the MR imaging score was incorrect in 4/43
cases (9.3%). There were too few cases in the associated group
to evaluate the correlation of scoring and outcome (Fig 3).
Due to the small sample size for iCCA, it was not possible to
adequately compare the outcomes in the associated and iso-
lated groups further.

FIG 1. Flowchart detailing patient inclusion and exclusion criteria. ND indicates neurodevelopmental.

FIG 2. Comparison of mean MR imaging scores and 95% confidence
intervals among the 4 CCA groups: isolated (complete and partial)
and associated (complete and partial).
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DISCUSSION
This recently developed fetal MR neuroimaging score outper-
forms the current oversimplified categorization of isolated CCA
in terms of prognostication. When one exclusively uses the cur-
rent criterion standard of excluding associated disorders, 26.2%
of children had some degree of developmental delay in the iCCA
group, in accordance with most literature available on the sub-
ject.5,6,8,9,20 By applying this systematic evaluation of specific
brain regions, we improved the diagnostic power of MR imaging
by correctly stratifying high- and low-risk cases in 90.7%. The
score accuracy was higher in the normally developing group, in
which 96.8% (30/31) of prognostications were correct, with the
incorrect case with a borderline score of 4. In patients with some
degree of neurodevelopmental delay, there were 3 incorrect clas-
sifications, all of which presented with a mild delay and MR
imaging scores of 3, close to the threshold.

The MR imaging scoring system has been derived from a

variety of previous structural neuroimaging findings known

to be associated with CCA. Given the complexity of human

brain development, the score is based on the principle that

morphologic assessment of interhemispheric connectivity

alone is not sufficient to offer an appropriate prognostic

counseling in cases of CCA.
Despite the difference in experience in fetal MR imaging

interpretation, interrater agreement was 0.98. This is similar to
our previously published findings when comparing the ratings of
2 experienced raters.12

There was a significant difference
in the MR imaging scores between iso-
lated and associated CCA (P, .001),
detecting a higher degree of deviation
from normal brain development in
aCCA despite being primarily de-
signed for the specific assessment of
cases classified as iCCA.12 Application
of the MR imaging score did not, how-
ever, help stratify the risk in aCCA. It
does not account for severe or even
life-threatening extra-CNS malforma-
tions. There was also a low number of
surviving children in this group with
known outcomes, of which 4 patients
(4/9) are developing within normal
ranges, though we have a limited max-
imum follow-up period of 7.5 years. It
can be argued that these results are
skewed because minor associated
anomalies are more likely to be posi-
tively counseled and not terminated,
but the 4 children mentioned pre-
sented with associated CNS anomalies
(MCD in 3 cases and germinolytic cyst
in 1). In our opinion, this highlights
the need to better understand this en-
tity. The simplified categorization into
isolated and associated does not do
justice to the complex neurobiology

behind this malformation.21,22

As would be expected, parents opted for TOP more often when

fetuses presented with multiple malformations (aCCA: TOP,

n¼ 24/43 [55.8%]; iCCA: TOP, n¼ 7/63 [9.6%]), because neurode-

velopmental outcome is expected to be poor in most of these chil-

dren, particularly taking into consideration that most of our

associated findings were related to other CNS anomalies (90.6%).

An interesting finding in our cohort was that parents opted for TOP

more often when presented with a fetus with complete iCCA

(n¼ 7/32 [21.9%]) than in cases of partial iCCA (n¼ 0/21), despite

extensive literature proving the lack of difference in outcomes

between these groups.20,23 We could not determine whether this

choice related to the personal beliefs of the parents alone or to the

prenatal counseling received by a variety of medical professionals

(within and outside our center). In our cohort, we found no

statistical difference in the neurodevelopmental outcome

(P¼ .20), area of deficits (P¼ .89), need for therapy (physio-

therapy, P¼ .40; occupational, P¼ .55; speech, P¼ 1.0), or

schooling (P¼ .87) between partial and complete iCCA. This

finding is in accordance with previous literature,8,23,24 as is

the percentage of children with iCCA and some degree of de-

velopmental delay (26.2%).20,25 Furthermore, these data sup-

port the notion that counseling in cases of CCA requires

further refinement and updates concerning recent genetic,

morphologic, and functional neurobiologic insights into this

condition. Also, in the future, more complex imaging techniques

FIG 3. Example of associated partial CCA (white dashed arrow, D) in fetuses at 24 gestational
weeks (A and B), 26 gestational weeks (C, D, F), and 31 gestational weeks (E). T2-weighted single-shot
FSE images in the axial (A, B, E) and sagittal planes (C) and super-resolution 3D reconstruction of T2-
weighted spin-echo FSE images through the coronal plane (D) and cortical surface (F). There is a mal-
formation of cortical development with an abnormal “bump” in the insular region (dashed black
arrow, A, C, F) and abnormal gyration in the posterior frontal cortex (dashed black arrow, E). There
is a concurrent signal abnormality with low T2 signal intensity that follows the intermediate zone/
subplate limit on the left (white arrow, A–D), also reaching the ventricular lining (black arrowhead,
B), with slight ectasia of the homolateral posterior aspect of the lateral ventricle.
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such as diffusion tensor imaging may further optimize the assess-

ment of fetuses with CCA.
The retrospective nature of the data collection has inherent

limitations. Furthermore, a large group of patients was lost to fol-
low-up due to the tertiary referral nature of our center, with most
patients coming from outside clinics or hospitals and often from
foreign countries, making it challenging to obtain outcome data.
Furthermore, particularly in the associated group, more than half
of the pregnancies were terminated, leaving a small surviving
aCCA group and limiting the intergroup comparisons. However,
this information is still relevant in relation to the outcome of
these pregnancies. There was also a relatively inhomogeneous
assessment of outcome. Twenty-one of the iCCAs had detailed
in-person neurodevelopmental assessments, while the remaining
children were assessed via structured telephone interview, which
can be less precise. To further validate our data and indirectly
evaluate the neurodevelopmental status of the children, we also
collected data on schooling (level for age and need for special
schooling) as well as any specific therapy attended.

CONCLUSIONS
Despite increasing the ability to stratify the risk of neurodevelop-
mental delay of these patients, the MR imaging score does not sub-
stitute in any way for other investigations, namely genetic studies,
which were not uniformly available in our cohort and hence were
not discussed in detail. It is established that some genetic muta-
tions are associated with a poorer prognosis, while others, such as
deleted in colorectal cancer (DCC) gene, usually have a mild
course.26 However, we should aim to improve our diagnostic accu-
racy on fetal MR imaging, independent of other studies that may
or may not be available. It is the last imaging resource in prenatal
diagnosis, and it should add useful information for parents and
counseling whenever possible.
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ORIGINAL RESEARCH
SPINE

Validation of the National Institute of Neurological
Disorders and Stroke Spinal Cord Injury MRI Common Data

Elements Instrument
J. Fisher, L. Krisa, D.M. Middleton, B.E. Leiby, J.S. Harrop, L.M. Shah, E.D. Schwartz, A. Doshi, S.H. Faro,

F.B. Mohamed, and A.E. Flanders

ABSTRACT

BACKGROUND AND PURPOSE: The National Institute of Neurological Disorders and Stroke common data elements initiative was cre-
ated to provide a consistent method for recording and reporting observations related to neurologic diseases in clinical trials. The pur-
pose of this study is to validate the subset of common data elements related to MR imaging evaluation of acute spinal cord injury.

MATERIALS AND METHODS: Thirty-five cervical and thoracic MR imaging studies of patients with acute spinal cord injury were
evaluated independently in 2 rounds by 5 expert reviewers. Intra- and interrater agreement were calculated for 17 distinct MR imag-
ing observations related to spinal cord injury. These included ordinal, categoric, and continuous measures related to the length and
location of spinal cord hemorrhage and edema as well as spinal canal and cord measurements. Level of agreement was calculated
using the interclass correlation coefficient and kappa.

RESULTS: The ordinal common data elements spinal cord injury elements for lesion center and rostral or caudal extent of edema
or hemorrhage demonstrated agreement ranging from interclass correlation coefficient 0.68 to 0.99. Reproducibility ranged from
0.95 to 1.00. Moderate agreement was observed for absolute length of hemorrhage and edema (0.54 to 0.60) with good reproduci-
bility (0.78 to 0.83). Agreement for the Brain and Spinal Injury Center score showed the lowest interrater agreement with an overall
kappa of 0.27 (0.20, 0.34). For 7 of the 8 variables related to spinal cord injury, agreement improved between the first and second
evaluation. Continuous diameter measures of the spinal cord and spinal canal using interclass correlation coefficient varied substan-
tially (0.23 to 0.83).

CONCLUSIONS: Agreement was more consistent for the ordinal measures of spinal cord injury than continuous measures. Good to
excellent agreement on length and location of spinal cord hemorrhage and edema can be achieved with ordinal measures alone.

ABBREVIATIONS: BASIC ¼ Brain and Spinal Injury Center; CDE ¼ common data element; CRF ¼ case report form; NINDS ¼ National Institute of
Neurological Disorders and Stroke; SCI ¼ spinal cord injury; ICC ¼ interclass correlation coefficient

In 2006, the National Institute of Neurological Disorders and
Stroke (NINDS) began a process to develop common data

elements (CDEs) to provide a standardized method for the

collection of clinical data related to neurologic diseases.1-3

Recognizing that there is a lack of clear and consistent terminol-
ogy for spine disorders, particularly spinal cord injury (SCI), in
2014, the NINDS convened a workgroup comprising expert
stakeholders for the development of SCI CDE instruments that
included clinical care assessments and imaging.3-8 This new set of
SCI CDE instruments aimed to increase the efficiency and value
of clinical research studies and treatment, increase data quality,
facilitate data sharing, and help educate new clinical investiga-
tors.3 Investigators are expected to incorporate the CDE modules
in grant applications and National Institutes of Health–funded
research.

The MR imaging SCI CDE subset was created to be a compre-
hensive and standardized terminology for describingMR imaging
findings in patients with SCI. This collection consists of a case
report form (CRF) containing 35 discrete measures and responses
divided into 4 main categories: general imaging characteristics,
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spinal injury features, canal and cord measurements, and chronic
SCI features. The responses are of 3 types: Boolean, categoric,
and an ordinal range representing specific anatomic locations.
These measures were chosen to represent both objective and sub-
jective assessment derived from routine clinical MR images. The
workgroup codified these features using existing CDEs that have
proved value in the published literature, and when ones did not
exist, the workgroup developed the feature and the response
parameters.

As with the development of any CRF used for a clinical
trial or research, the goal is to provide an instrument that pro-
vides useful data representations that are reproducible across
trained observers and institutions, require minimal cognitive
effort, minimize ambiguity, and are both accurate and precise.
Reproducibility of the observations through rigorous testing
by multiple observers is a needed step to validate the instru-
ment before clinical or research use. However, the evaluation
process may not entirely reproduce the clinical environment
in which it is meant to be used such that datasets and observ-
ers are overly prepared or optimized. Therefore, the goal of
this study is to determine the inter- and intrarater reliability
of the NINDS MR imaging CDEs when assessed by MR imag-
ing experts with familiarity with SCI. We hypothesize that
there will be good to excellent agreement (kappa.0.4) among
the expert raters after limited training.

MATERIALS AND METHODS
Collection of the MR Imaging Dataset
This study was given exemption status from the institutional
review board. An MR imaging evaluation dataset was assembled
to represent a range of subjective visual MR SCI features that
would be used to validate the NINDS SCI MR imaging CRF fea-
ture set. Examinations were preselected from a research MR
imaging archive of adult patients with spinal injuries (without
SCI) and patients with SCIs assembled from 12 different institu-
tions. All examinations were previously de-identified and anony-
mized. Thirty-five suitable patients were selected by the principal
investigator (A.E.F.) to represent the range of features and
responses that constitute the NINDS adult SCI CDE collection.
This number of cases was determined based on estimates pro-
vided by a statistical power analysis assuming an interclass corre-
lation coefficient (ICC) of 0.8 and a desired 95% confidence
interval of60.1 (ie, 0.7–0.9).

The selected representative examinations consisted of 31 acute
cervical and 4 thoracic SCIs of varying levels and degrees of sever-
ity. Each preoperative MR imaging examination consisted of a lo-
calizer, sagittal T1, sagittal T2, T2 axial gradient-echo, and axial
T2 sequence. The emphasis on cervical injuries reflected the prev-
alence of cervical injuries in the general population at large.

Import of Dataset into the Web-Based DICOM Viewer
Case selection, training, and scoring of the evaluation set were
performed using a cloud-based zero-footprint DICOM web
viewer on a suitable monitor. All 35 cases were uploaded to this
platform for each rater to review and report on from any location.
Five pilot or test examinations were also included for the purpose

of training and familiarizing the examiners with the platform.
These cases were not used in the statistical analysis.

Development of the CRF
The complete NINDS MR imaging CDE case report form con-
tains 35 elements that encompass all facets of spinal trauma,
including bony injury, surgical instrumentation, soft tissue injury,
and SCI. Because the goal of this investigation was to evaluate fea-
tures specific to SCI, a subset was selected for use. A limited-scope
CRF was created using an extract of the most relevant NINDS SCI
CDEs that could be used to describe SCI on clinical MR imaging.
This included 8 specific imaging features focused on length and
location of hemorrhage and edema in the spinal cord referenced
by anatomic location. Each cervical segment is visually subdivided
into 4 relatively equal subparts: upper, middle, and lower third of
each vertebral body with the adjacent caudal intervertebral disc as
the fourth part.9 This anatomic reference is used to designate the
location of the rostral or caudal extent of hemorrhage and edema
as well as the injury center (Fig 1). The CRF also included an addi-
tional CDE that is not included in version 1 of the NINDS MR
imaging CRF, called the Brain and Spinal Injury Center (BASIC)
score,10 which is a 5-part categoric assessment of spinal cord dam-
age on axial T2-weighted images (Fig 2). The BASIC score is an
ordinal scale that reflects the extent of hyperintensity on a select
axial T2-weighted image.

FIG 1. Graphic of a SCI on a sagittal T2-weighted image showing the
anatomic location designations of the impact zone (center), rostral
and caudal limits of spinal cord edema (yellow), and hemorrhage
(red). By convention, each vertebral body is arbitrarily subdivided into
3 equal parts (designated as level.1, level.2, and level.3) with the inter-
vertebral disc below the body as the fourth subpart (level.4). On this
diagram, the rostral limit of edema is at C3.4, and the caudal extent is
at C6.2. Hemorrhage (red) is demarcated by C5. 1 and C5.2. Lesion cen-
ter is at C5.2. The dotted line represents actual continuous measure-
ment of length of edema demarcated by the upper and lower
boundaries on a T2-weighted image that a reviewer would create
with electronic calipers.

788 Fisher Apr 2021 www.ajnr.org



The second set of CDEs used in
this study includes 9 continuous meas-
ures specified by the NINDS SCI CDE
set that focus on discrete dimensions
of the spinal canal and spinal cord that
have been shown to be relevant to
posttraumatic spinal cord dysfunction.
These include measurements obtained
directly at the level of injury compared
with relatively normal canal or cord
dimensions rostral and caudal to the
injury (Figs 3–5).

The entire subset used for the
study CRF consisted of 17 discrete
elements derived from the original
NINDS MR imaging SCI CDEs.
Technical items related to scanner
or software type, pre-existing hard-
ware, injury subtype, and associated
bony and soft tissue injury were not
included in this assessment. The
final CRF was published on a cloud-

based form system with instructional material and visual referen-
ces (Figs 1–5). Each rater was given access to the webform, and the
data entries were automatically transferred to a spreadsheet
(Google Forms and Google Sheets, Google Alphabet LLC) for
analysis.

Training of Expert Raters
Five distinct MR imaging examinations were selected to be used
as a training set. A training guide was written and distributed
based on the general and specific instructions given via the
CRF module instructions (NINDS SCI CDEs version 1.0). This
training guide outlined how to open the image viewer, view
each case, make annotations, and record responses. This
included visual examples of the controlled responses to each
CDE (when applicable). Graphic references (Figs 1–5) were
incorporated into the reviewer entry form to provide visual
guidance for specific measurements.

Four Certificate of Added Qualification-certified neuroradiolo-
gists with expertise in spine imaging and 1 spine neurosurgeon
with expertise in SCI were recruited and trained for correct use of
the CRF using a combination of independent and virtual training.
The incorporation of a clinician in the rater pool was intended to
confirm that the CDEs could generalize to a nonradiology spe-
cialty. All raters were from 5 separate institutions, and all had
greater than 10 years’ experience in their specialty. The goal was to
review the training manual, the terminology, the CDEs, and the
response types. Examples were shown of each feature, criteria for
assessment, and response. Training was kept to a single session
with the expectation that the raters would apply their expertise to
the criteria stipulated on the CRF using minimal supplemental
instruction.

The 25 reviews on the 5 training cases were collected, out-
liers were identified based on consensus, and remediation
was planned accordingly when necessary. This remediation
included retraining of an individual reader(s) or modification

FIG 3. Graphic representation of a T2-weighted sagittal MR imaging
illustrating an example of 3 key absolute measurements of the sagittal
diameter of the spinal canal at the level of injury (b), above the level of
injury (a), and below the level of injury (c). Reviewers were instructed
to obtain the measurements from the dural boundaries instead of the
cortical margins. Measurements obtained rostral and caudal to the
injury level are made at the midbody level of the first normal-appearing
body above and below the injury level, respectively.

FIG 2. Graphic representation of the BASIC score CDE. The score is based on the extent of the
cross-sectional T2-weighted abnormality. A score of 0 is normal. A score of 1 represents signal
change in the central GM. A score of 2 represents signal change that extends beyond the central
GM but does not involve the entire cross-sectional area. A score of 3 involves the entire cross-
section of the spinal cord. A score of 4 features a grade III injury as well as hypointense foci in
the central GM indicative of hemorrhage.
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of a CDE description to mitigate ambiguity and revision of
the training manual and the CRF. The NINDS CDEs and the
BASIC scoring system were not modified in any way from
their original form.

Data Collection
De-identified examinations were uploaded to the web viewer in
batches of 5 numbered sequentially. The 5 expert raters reviewed
each case independently and entered their responses into the web
form accordingly. The readers were given the latitude to use the
entire clinical imaging dataset to perform their evaluations. Data
entries were checked in real time for missing entries, and evalua-
tors were requested to complete entries as needed. No modifica-
tions to the values were allowed after the entries were recorded.
One month after the completion of the first-round evaluation
MR imaging dataset, the cases were randomized in order and
reassessed by each of the readers to test both inter- and intrarater
reliability. The second round of measurements and responses
were performed de novo because the results from the first round
of evaluation were not available to the readers.

Statistical Analysis
The CRF contained variables of 2 different data types: ordinal
and continuous. Because the injury level convention for the entire
spine (Fig 1) consists of more than 5 choices, the ordinal
responses, which can range from C2.1 to C8.4, were treated as
continuous variables. The BASIC score, with 5 ordinal choices,
was assessed for agreement using the kappa statistic and a mea-
sure of percent agreement. For the continuous measures that
included absolute measures of hemorrhage and edema length, as
well as sagittal and transverse diameters of the spinal cord and
spinal canal at multiple levels, each continuous element was
rounded to the nearest integer (in millimeters). Assessing agree-
ment of ratings among raters (ie, interrater reliability) and assess-
ing the agreement of rating of a rater to the same patient’s images
over time (ie, test–retest reliability) was done with the ICC with
confidence intervals.11 Interrater ICCs were repeated, leaving out
a single reviewer to assess for inconsistencies among the readers
themselves.

RESULTS
Agreement results for the 7 SCI features are listed in Table 1.
Reader agreement related to injury level, edema, and hemorrhage
ranged from good to excellent (kappa.0.4). The ordinal CDEs
that referenced the spinal cord feature of center and rostral or
caudal extent of edema or hemorrhage to anatomic location (eg,
Cx.1–Cx.4; Fig 1) demonstrated agreement among the
5 reviewers and showed an ICC ranging from 0.68 to 0.99.
Moreover, reproducibility of these measures was excellent, rang-
ing from 0.95 to 1.00. Agreement for absolute length of hemor-
rhage and edema was moderate, ranging from 0.54 to 0.60, with
good reproducibility at 0.78 to 0.83. Agreement for the BASIC
score was poor, showing the lowest interrater agreement, with an
overall kappa of 0.27 (0.20, 0.34) with a percent agreement of
54.86 in round 1 and 0.42 (0.35, 0.50) and a percent agreement of
66% in round 2 with moderate intrarater agreement at 0.62 (0.53,
0.72). For 7 of the 8 variables related to SCI, agreement improved
between the first and second evaluation with a modest reduction
in agreement for absolute hemorrhage length (0.59 to 0.54).

Table 2 lists the agreement for morphologic continuous meas-
urements of spinal canal and spinal cord diameter measured at,
rostral to, and below the center of injury. Agreement on measures

FIG 4. Graphic representation of a T2-weighted sagittal MR imaging
illustrating an example of 3 key absolute measurements of the sagittal
diameter of the spinal cord at the level of injury (b), above the level
of injury (a), and below the level of injury (c). Measurements obtained
rostral and caudal to the injury level are made at the midbody level
of the first normal-appearing vertebral body above and below the
injury level, respectively.

FIG 5. Graphic representation of an axial MR image of the spine
illustrating the methodology for generating absolute measure-
ments of the transverse and anteroposterior dimensions of the
dural envelope (arrows). These were measured at 2 locations, the
point of maximal compression on the axial dataset and at the first
normal rostral midvertebral body level. Reviewers were instructed
to estimate the margins from the dural envelope and not the bony
cortical boundaries.
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of the spinal cord and spinal canal using ICC varied substantially,
ranging from poor to good categories (0.23 to 0.83). The most
consistent and reproducible measure was sagittal cord and canal
diameter at the level of injury in which interrater agreement
ranged from 0.72 to 0.83. Intrarater agreement was more consist-
ent at 0.84 and 0.85 for cord and canal, respectively. There was
more of a disparity in agreement for measures that theoreti-
cally are less cognitively challenging, above and below the
lesion center. Sagittal canal measurements obtained at the clos-
est rostral segment showed consistently poor agreement at 0.23
and 0.31 with consistent performance with repeat measures at
0.86. Similarly, sagittal cord measurements at the closest nor-
mal rostral level also demonstrated poor overall agreement at
0.37 and diminished performance in the second review at 0.27.
Intrarater performance was good at 0.79. Sagittal canal and
cord diameter agreements obtained caudal to the level of injury
also showed poor to moderate overall agreement (ICC, 0.38–
0.56). Anteroposterior and transverse dimensions of the spinal
cord measured in the axial plane also varied widely among the
reviewers (ICC range, 0.27–0.76) with lowest agreement para-
doxically at the levels that were traditionally cognitively easier
to measure compared with the level of maximum compression
or injury epicenter, where agreement was moderate to good.
Intrarater performance for all 9 of these continuous measures
fell in the moderate to excellent range (ICC, 0.69–0.90).

The Online Supplemental Data show the change of the aggre-
gate ICC when a single observer is removed from the calculations
for each of the continuous measures. This provides a general
understanding of outlier observers as the source of variability of
agreement. A substantial increase in ICC value for any 1 feature
compared with the aggregate mean suggests outlier behavior.
Although there was some source of variation attributed to 1
reader, in no case did the change in ICC value shift the degree of
agreement into the next category. ICC for the BASIC score was
also included for comparison, which remains in a similar per-
formance category to the kappa. There was no consistent pattern
for change from overall in inter- or intrarater agreement when
ICCs were recalculated with a single observer removed.

DISCUSSION
The NINDS MR imaging CDE instrument for SCI was devised
by a consensus expert panel based on existing literature and expe-
rience. The published instrument is endorsed by the NINDS as a
recommended means for conducting clinical research and for
evaluating specific features of MR imaging as they relate to SCI.
No validation or reproducibility study was conducted after the
publication by the NINDS. Therefore, the goal of this study was
to validate the NINDS imaging CDE feature set for potential use
in SCI clinical trials. To adhere to this objective, the experimental

Table 1: Inter- and intrarater agreement (ICC) and confidence intervals for CDE features related to SCI using 5 raters, 35 cases, and
2 rounds of evaluationsa

Interrater ICC: Round 1 Interrater ICC: Round 2 Intrarater ICC
Center of injury level 0.99 (0.99, 1.00) 0.99 (0.99, 1.00) 1.00 (1.00, 1.00)
Rostral extent of spinal cord edema 0.99 (0.98, 0.99) 0.98 (0.98, 0.99) 1.00 (1.00, 1.00)
Caudal extent of spinal cord edema 0.97 (0.95, 0.98) 0.97 (0.95, 0.98) 0.98 (0.98, 0.99)
Rostral extent of spinal cord hemorrhage 0.68 (0.56, 0.81) 0.70 (0.58, 0.82) 0.96 (0.95, 0.98)
Caudal extent of spinal cord hemorrhage 0.69 (0.56, 0.81) 0.69 (0.57, 0.82) 0.95 (0.93, 0.97)
Hemorrhage length (mm)b 0.59 (0.44, 0.74) 0.54 (0.39, 0.70) 0.78 (0.72, 0.84)
Edema length (mm)b 0.57 (0.42, 0.72) 0.60 (0.46, 0.75) 0.83 (0.78, 0.88)

a Quantitative and categoric features are specified per the methodology illustrated in Fig 1.
b Continuous data.

Table 2: Inter- and intrarater agreement (ICC) and confidence intervals for direct measures of spinal canal and spinal cord diame-
ters derived from sagittal and axial MR images using the methodology featured in Figs 3–5 using 5 raters, 35 patients, and 2 rounds
of evaluations

Interrater ICC:
Round 1

Interrater ICC:
Round 2 Intrarater ICC

Sagittal cord diameter at level of injury (mm)a 0.83 (0.75, 0.91) 0.82 (0.74, 0.90) 0.84 (0.80, 0.89)
Sagittal cord diameter at first rostral segment above injury (mm)a 0.37 (0.20, 0.53) 0.27 (0.11, 0.43) 0.79 (0.73, 0.85)
Sagittal cord diameter at first caudal segment below injury (mm)a 0.43 (0.27, 0.60) 0.51 (0.36, 0.67) 0.69 (0.61, 0.77)
Sagittal canal measurement at level of injury (mm)a 0.80 (0.71, 0.89) 0.72 (0.60, 0.83) 0.85 (0.81, 0.90)
Sagittal canal measurement rostral to injury (mm)a 0.23 (0.07, 0.38) 0.31 (0.15, 0.48) 0.86 (0.82, 0.91)
Sagittal canal measurement caudal to injury (mm)a 0.56 (0.41, 0.71) 0.38 (0.21, 0.54) 0.90 (0.86, 0.93)
Anteroposterior diameter (mm) of the spinal cord at the point of
maximal compression or epicenter of injury from axial imagea

0.76 (0.65, 0.86) 0.69 (0.57, 0.82) 0.86 (0.82, 0.90)

Transverse diameter (mm) of the spinal cord at the point of maximal
compression or epicenter of injury from axial imagea

0.41 (0.25, 0.58) 0.33 (0.17, 0.50) 0.78 (0.72, 0.85)

Anteroposterior diameter (mm) of the spinal cord on axial image at
the nearest adjacent rostral normal levela

0.37 (0.20, 0.53) 0.27 (0.11, 0.43) 0.82 (0.77, 0.87)

a Continuous data.
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design included several key elements: 1) the evaluation panel
included a clinical (nonradiologic) domain expert, 2) we provided
only a minimal amount of training to reduce training bias, and 3)
we provided a complete clinical imaging dataset such that each
reviewer expert was given the latitude to select the optimal image
(s) to address each of the 17 CDE features without being directed
to a specific image or series to make each assessment.

Several interesting patterns arise in examining the agreement
among the groups of features. Absolute or continuous measures
were less reliable or reproducible than ordinal or categoric
features. That is, absolute measures requiring use of an electronic
caliper were less reliable than semiquantitative ordinal methodol-
ogies overall, and this was reproducible on repeated measures.
Selection of section and window or level also introduces measure-
ment error caused by varying partial volume effects, resolution
differences, and changes in cord angle between slices. Alternatively,
the ordinal methodology for assessing edema or hemorrhage length
and location based upon anatomic reference to the nearest adjacent
vertebral segment9 demonstrated consistent agreement in moder-
ate, good, and excellent categories by ICC. This methodology has
been successfully adapted for use in a series of SCI andMR imaging
studies and was adopted by the NINDS as the preferred methodol-
ogy for assessing extent and location of SCI on sagittal T2-weighted
MR imaging because of the limited cognitive effort required. These
results suggest that the method is sound and reproducible for char-
acterizing lesion size and location on clinical MR imaging studies
and more robust to real-world confounds than continuous distance
metrics.

The BASIC score was developed as an axial adjunct to the sag-
ittal method. It is an analogous visual measure of SCI by assessing
the relative cross-sectional involvement of the spinal cord paren-
chyma in a single axial image. Using 7 evaluators with varied clin-
ical backgrounds, Talbott et al10 demonstrated mean and median
kappa scores of 0.83 and 0.81 for BASIC assessment on prese-
lected MR images of 20 patients with SCI. Kappa assessment for
the BASIC CDE in our cohort performed substantially lower
than reported by Talbott et al’s original work (ICC 0.27 and 0.42)
with only moderate intrarater agreement. The reason for this
large disparity is not entirely clear, but the results do point to var-
iations in how the studies were conducted. This includes more
heterogeneity in our dataset with respect to scanner type and
imaging protocol compared with Talbott et al’s work. Image
selection bias could have played a role in our lower performance.
Moreover, in our analysis, there was no significant difference in
agreement when removing the results of any single observer. One
additional factor relates to reader inattention: the BASIC score
was inserted as the last and final CDE in the CRF, and it is possi-
ble that this produced an inadvertent attention bias. Fortunately,
this CDE is supplemental to the other SCI features.

Two related reliability studies were conducted by Fehlings et
al12 and Furlan et al.13 These studies aimed to validate quantita-
tive measures related to SCI. Fehlings et al12 focused on deter-
mining reliability of 2 specific quantitative measures: maximum
canal compromise and spinal cord compression in acute cervical
SCI. Using 10 acute SCI MR imaging and CT cases rated by 28
spine surgeons, Fehlings et al12 were able to detect an interob-
server reliability range of 0.35–0.58 and intrarater reliability of

0.95–0.97 using the MR imaging.12 These ranges of ICC for con-
tinuous responses are comparable to our own. Similarly, Furlan
et al13 conducted a study that measured cord compression and
canal stenosis on 5 cases rated by 13 raters on 10 occasions. They
reported an interrater reliability range of 0.55–0.61 and intrarater
reliability range of 0.68–0.70 for their continuous variables.13

A number of spine-based reliability studies have been con-
ducted to validate specific grading scales or systems for specific
features or findings in spine imaging. These CDEs were created
as a means to standardize reporting grading system for the evalu-
ation of disc herniation and lumbar spinal stenosis.14-16 A panel
of 3 or 4 readers was trained to read a dataset of MR images on 2
separate occasions. The Spine Patient Outcomes Research Trial
(SPORT) trained 4 clinical experts in spine MR imaging to use a
grading system for determining nerve root compression after a
lumbar intervertebral disc herniation.14 They found overall intra-
rater kappa coefficients of 0.90, 0.84, and 0.63, respectively.
Interrater reliability was found to be 0.81, 0.54, and 0.47.

Two other studies by Pfirrmann et al15 and Schizas et al16

used similar methods. Pfirrmann et al’s15 grading system
determined an intraobserver kappa range of 0.72–0.77 and an
interobserver kappa range 0.62–0.67. Schizas et al16 found an
intraobserver stenosis morphologic grading of 0.65 and inter-
observer kappa of 0.44.16 These studies demonstrate that there
is a broad range of agreement and reproducibility of spine MR
imaging features and that agreements in the moderate or good
range may still be adequate both to drive clinical decision
making and to categorize patients for research and clinical tri-
als. The magnitude of our agreement figures falls in line with
other MR spine imaging reliability assessments and shows
greatest value in characterizing SCI on sagittal T2-weighted
images.

Limitations of this study included uncontrolled technical var-
iations such as the browser type, screen resolution, and lumi-
nance of the monitors and environment used for the evaluations
at the 5 different locations, which may have had an effect on per-
ceptual abilities. Because the order of the responses on the CRF
may have played a role in diminishing agreement for the items
that appeared near the end of the CRF such as the BASIC score,
one mitigation strategy might have been to reorder the 17 items
for the second round of responses. Availability of the PACS pre-
sentation state of the annotated images from each observer might
have provided direct comparison of the image selection and
annotations, which may have provided some insight into the
individual variation of absolute linear measures, choice of images,
optimal window or width, and level of the spine and spinal cord
dimensions on sagittal and axial images. Because the presentation
state was not readily accessible as discrete data, this additional
analysis was not pursued.

In summary, this investigation has demonstrated that the
NINDS SCI MR imaging CDE set provides a valid and reproduci-
ble instrument for documenting the MR imaging features of SCI
for clinical trials research, radiology reporting, and ultimately
clinical decision making. The levels of agreement for the spinal
cord features exhibited good to excellent agreement with multiple
independent observers. Absolute measures of injury and dimen-
sions of the residual spinal canal and spinal cord showed lower
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reliability with repeat measures than ordinal semiquantitative
measures overall. However, the magnitude of agreement was
shown to be equivalent to prior multireader assessments of simi-
lar features. The recommended NINDS CDE system can be relied
on for obtaining consistent results from domain experts with the
minimum requisite amount of training.
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ORIGINAL RESEARCH
SPINE

Cervical Cordotomy for Intractable Pain: Do Postoperative
Imaging Features Correlate with Pain Outcomes and Mirror

Pain?
A. Berger, M. Artzi, O. Aizenstein, T. Gonen, R. Tellem, U. Hochberg, D. Ben-Bashat, and I. Strauss

ABSTRACT

BACKGROUND AND PURPOSE: Percutaneous cervical cordotomy offers relief of unilateral intractable oncologic pain. We aimed to
find anatomic and postoperative imaging features that may correlate with clinical outcomes, including pain relief and postoperative
contralateral pain.

MATERIALS AND METHODS: We prospectively followed 15 patients with cancer who underwent cervical cordotomy for intractable
pain during 2018 and 2019 and underwent preoperative and up to 1-month postoperative cervical MR imaging. Lesion volume and diame-
ter were measured on T2-weighted imaging and diffusion tensor imaging (DTI). Lesion mean diffusivity and fractional anisotropy values
were extracted. Pain improvement up to 1 month after surgery was assessed by the Numeric Rating Scale and Brief Pain Inventory.

RESULTS: All patients reported pain relief from 8 (7–10) to 0 (0–4) immediately after surgery (P¼ .001), and 5 patients (33%) devel-
oped contralateral pain. The minimal percentages of the cord lesion volume required for pain relief were 10.0% on T2-weighted
imaging and 6.2% on DTI. Smaller lesions on DWI correlated with pain improvement on the Brief Pain Inventory scale (r ¼ 0.705,
P ¼ .023). Mean diffusivity and fractional anisotropy were significantly lower in the ablated tissue than contralateral nonlesioned
tissue (P ¼ .003 and P ¼ .001, respectively), compatible with acute-phase tissue changes after injury. Minimal postoperative mean
diffusivity values correlated with an improvement of Brief Pain Inventory severity scores (r ¼ �0.821, P ¼ .004). The average lesion
mean diffusivity was lower among patients with postoperative contralateral pain (P ¼ .037).

CONCLUSIONS: Although a minimal ablation size is required during cordotomy, larger lesions do not indicate better outcomes.
DWI metrics changes represent tissue damage after ablation and may correlate with pain outcomes.

ABBREVIATIONS BPI ¼ Brief Pain Inventory; FA ¼ fractional anisotropy; MD ¼ mean diffusivity; RF ¼ radiofrequency; NRS ¼ Numeric Rating Scale; STT ¼
spinothalamic tract; POD ¼ postoperative day

Percutaneous cervical cordotomy is used to selectively disconnect
the nociceptive spinothalamic fibers traveling in the anterolat-

eral quadrant of the spinal cord.1 It offers relief for patients with uni-
lateral intractable oncologic pain below the C4 dermatome level
who have failed conservative treatment.2 Success rates in contempo-
rary series reach nearly 80% with advancing technology, including
combined intraoperative CT guidance and radiofrequency (RF)

tools.3-5 The 2 main reasons for patient dissatisfaction from the pro-
cedure include failure in achieving complete and long-standing pain
relief (up to 20%) and the development of postoperative pain in the
contralateral side (at least 17%).6-8

Previous studies showed that a lesion of at least 20% of the
entire cord and localized in the anterolateral quadrant is neces-
sary to achieve effective pain relief, yet no clear correlation was
found between the size of the lesion and the degree of improve-
ment.9-11 More recent MR imaging– and DWI-based studies
found direct correlations between the degree of the lesion’s mean
diffusivity (MD) as a measurement of local neural damage and
improvement on pain assessment scores after surgery.12 However,
data on the mechanisms behind the postoperative contralateral
pain phenomenon and its predicting factors are still lacking.

We performed this prospective study to analyze potential cor-

relations between clinical responses to surgery, including pain

relief and contralateral pain with several postoperative MR imag-

ing–based parameters, such as the size of the lesions and their
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DWI metrics, including trace, MD, and fractional anisotropy

(FA) measurements.

METHODS
Demographic and Clinical Parameters
We prospectively collected data of patients with intractable onco-
logic pain who underwent cordotomy in our center during 2018
and 2019, focusing on the following parameters: age, sex, cancer
type, original pain side, location, and duration before surgery. All
patients who signed informed consent and underwent pre- and
postoperative MR imaging were included in the study. Their data
were recorded throughout their course of treatment and follow-
up period, and they are reported in this article. We also reviewed
oncologic imaging work-ups to seek lesions that were considered
nonpainful before surgery and that were located along the mid-
line (spine or pelvis) or contralateral to the original painful side.

Patients were asked to fill in pain assessment questionnaires
before and after surgery, including the Numeric Rating Scale
(NRS) and Brief Pain Inventory (BPI) scores. NRS is used to eval-
uate the average degree of pain as it is currently being experi-
enced. The BPI score has been validated for patients with cancer,
and it estimates several aspects of the magnitude of pain out-
comes over a longer time period.13 We measured the relative
decrease in BPI severity score after surgery and present the results
as the percentage of decrease from the preoperative BPI severity
score.

Surgical Technique
Our surgical technique has been previously described.3 In short,
the procedure requires cooperation of the patient for electrophy-
siologic verification of the spinothalamic tract (STT), usually with
mild sedation (remifentanil and propofol) during the initial nee-
dle insertion until dural puncture. Patients are first injected with
8mL of intrathecal iohexol contrast dye (Omnipaque 300 mgI/
mL) by means of either lumbar puncture or direct cervical injec-
tion. We then use O-arm lateral fluoroscopy to insert the needle
into the lateral C1–C2 interspace. Needle location and trajectory
are verified with CT. After the correct angle is achieved, an RF
electrode is introduced through the cannula and slowly advanced
while the impedance is monitored. When the cord has been pene-
trated as indicated by an increase in impedance, we perform
another CT scan to verify the anatomic position of the electrode.
Then electrophysiologic monitoring testing with both motor and

sensory stimulation is used to confirm
proper electrode location inside the spi-
nothalamic tract. After this has been
accomplished, a test lesion is created at
60° for 30 seconds while simultaneously
monitoring motor strength. A perma-
nent lesion is then created at 80° for 60
seconds. If the painful area is not com-
pletely covered, additional lesions are of-
ten created in the same manner after
gentle repositioning of the electrode
until satisfactory pain relief is achieved.
The procedure usually involves more
than 1 pial penetration (median, 4;

range, 2–10) to find the optimal target and usually more than 1
ablation to achieve satisfactory pain relief (median, 3; range, 2–5).
The electrode is repositioned either anteroposteriorly or medio-
laterally, according to the findings of intraoperative stimulation.
The STT is organized in the cervical spinal cord with the fibers
from the leg located posterolaterally and fibers from the hand
and shoulder located more anteromedially.

Imaging
Patients underwent MR imaging of the cervical spine before and
again 1–2 days after the procedure (n¼ 15). They were also
scheduled to undergo an MR imaging 1month after surgery, but
only 5 of them were able to do so because of the complexity of
their condition. Scans were performed on a 3T MR imaging scan-
ner (Magnetom Prisma; Siemens) and included axial turbo spin-
echo T2-weighted imaging with TR of 5080 ms, echo time TE of
90 ms, and voxel dimensions of 0.56 � 0.56 � 3.3 mm3. Also
included was diffusion tensor imaging (DTI) acquired with TR of
10,000 ms, TE of 69ms, with 24 gradient directions, b-values of
0,1000 s/mm2, and voxel dimensions of 0.65 � 0.65 � 3mm3.
Transverse slices were set to cover the C1–C7 vertebral levels. To
minimize possible deviations between pre- and postoperative MR
imaging that might result from differences in angulation of the
axial slices or orientation of the neck, examinations were per-
formed by the same technician and in the same clinical setting.

Image Analysis
Imaging analysis was performed using FMRIB Software Library
(http://www.fmrib.ox.ac.uk/fsl) and Analyze (version 11.0;
AnalyzeDirect) software. It included manual-based segmentation
of the hyperintense lesion area and the spinal cord that delineates
it by means of AnalyzeDirect separately for the T2-weighted
imaging (Fig 1) and diffusion trace images. Segmentation was
performed on axial images using a semiautomatic threshold-
based algorithm (region of interest module). Segmentation was
initiated by manually setting a seed point at the hyperintense
lesion area or at the lesioned cord on the trace image and man-
ually adapting the threshold range. Semiautomatic segmentation
of the region of interest by means of a threshold-based algorithm
instead of manual segmentation is expected to minimize the
effects of partial volume averaging. The following numeric pa-
rameters were extracted based on the extracted lesion area: lesion
volume (in cc), lesion-to-cord ratio (in percentages) at the level

FIG 1. Manual-based segmentation of the hyperintense lesion area (blue) and the spinal cord
that delineates it (gray) based on T2-weighted imaging.
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of ablation, and largest in-plane axial (minor axis) and sagittal
(major axis) lengths (in millimeters).

Last, we measured the minimal, maximal, and average MD
and FA values of the lesions’ DWI areas (Fig 2) and of the nonle-
sioned cord as measured contralateral to the side of the lesion on
postoperative DTI. In addition, we measured preoperative MD
and FA on DTI of the future lesion’s area on the same anatomic
cervical segment.

Statistical Analysis
Statistical procedures were performed with SPSS 21.0 software
(IBM).

Categoric characteristics of patients with and without postop-
erative contralateral pain were compared using the Fisher exact
test. Comparison of continuous variables between unrelated sam-
ples was performed using the Mann-Whitney U test, and the
Wilcoxon test was used for related samples. Correlations between
continuous study parameters were performed with the Spearman
correlation. Analyses were performed by nonparametric tests
because of the small sample size and the fact that several parame-
ters did not show normal distribution on normality tests. A P
value,.05 (2-sided) was considered statistically significant.

This study was approved by the institutional review board.

RESULTS
Clinical and Demographic Data
Twenty patients with cancer underwent percutaneous cervical
cordotomy as part of a prospective trial in our center between
February 2018 and July 2019. Five patients were excluded from
this study because they could not undergo preoperative MR
imaging because of pain or general fatigue. The mean age of our
study population was 65 6 9 years. The Online Supplemental
Data describe individual demographic, clinical, and imaging pa-
rameters of the study group. All 15 patients had localized unilat-
eral intractable pain. The average duration of pain before surgery
was 10 6 7months. Four patients (27%) had pain in the upper
extremities and 11 in the lower part of the body (73%). Most
patients mainly had tumor-associated nociceptive pain, but 1
patient with sciatic malignant peripheral nerve sheath tumor also
had painful plexopathy. One patient died from a general deterio-
ration associated with his primary disease within 1month after

surgery; therefore, only relatively short-
term postoperative data are available for
that patient.

Imaging Data
All lesions were hyperintense on T2-
weighted imaging sequences with an av-
erage volume of 0.28 6 0.13 cc and 19%
6 8% of the total cord volume at the
level of ablation. Lesions on diffusion
trace images were smaller and measured
0.08 6 0.05 cc and 15% 6 9% of the
total cord volume at the same level. The
average percentages of the lesioned
cross-sectional area of the cord on T2-
weighted imaging and diffusion trace

images were 24% 6 8% and 26% 6 8%, respectively. The mean
major axis (sagittal) length on T2-weighted imaging and trace
images was 156 1.8mm and 7.66 1.8mm, respectively.

The average MD and FA of the measured lesions were
0.905 6 0.216 10�3 mm2/s and 0.4066 0.07 a.u. (arbitrary unit),
respectively (Online Supplemental Data).

Clinical Outcomes and Imaging Correlations
All 20 patients reported a substantial improvement in the original
pain intensity immediately after surgery: the median preoperative
NRS was 8 (range 7–10) compared with the postoperative NRS of
0 (0–4) (P ¼ .001). One month after surgery, 1/14 surviving
patients had pain in the original distribution of a similar intensity
as the preoperative levels. The other 13 patients reported a com-
plete or near-complete resolution of the original pain.

The average percentages of the ablated cord’s cross-sectional
area were 22.1% 6 7.6% and 26.4% 6 8.0% on the T2-weighted
imaging and diffusion trace images, respectively, for the group of
patients who survived 1month after surgery. The minimal lesion
volumes that achieved adequate pain response were 13.4% and 9.6%
for T2-weighted imaging and the diffusion trace images, respec-
tively. The average volumes of the lesioned cord on the T2-weighted
imaging and diffusion images were 0.3 6 0.1 cc and 0.1 6 0.05 cc,
which respectively included 17.8%6 6.9% and 14.4%6 8.3% of the
cord’s volume at the ablated segments. The minimal volumes were
0.15 cc and 0.03 cc, including 10.0% and 6.2% of the cord’s volume
on T2-weighted imaging and diffusion images, respectively. No sig-
nificant differences were noted in the degree of 1-month postopera-
tive decrease in NRS when comparing patients with ablation below
or above 20% of the cord’s T2-weighted imaging cross-sectional
area (8 6 1, n¼ 5 and 8 6 3, n¼ 9, respectively; P ¼ .518).
Similarly, no significant differences between the groups were noted
when diffusion was used (P¼ .635).

Ten patients completed BPI questionnaires and reported a
significant improvement in pain severity scores, from 28 6 6
before surgery to 18 6 13 at 1month after surgery (P ¼ .022).
We measured the relative decrease in the BPI severity score after
surgery as the percentage of decrease from the preoperative BPI
severity score. There was a correlation between the minor axis
(in-plane, axial) length of the lesion on diffusion trace images
and the change in BPI severity score (r¼ 0.827, P ¼ .003): the

FIG 2. Postoperative MR imaging findings 1 day after cervical cordotomy. Red arrows indicate
the cordotomy ablation. A, Sagittal T2-weighted imaging. B, Axial T2-weighted imaging. C and D,
Axial diffusion trace images.
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shorter the lesion, the greater was the relative (percent) decrease
in BPI severity score after surgery. Similarly, a possible correla-
tion was demonstrated between the change in BPI severity and
the major axis (sagittal) length of the lesion on diffusion trace
images (r ¼ 0.705, P¼ .023) (Fig 3).

In addition, we evaluated the correlation between the size of
the lesion on the postoperative MR imaging and the number of
pial penetrations and the number of ablations during surgery.
The results showed a significant correlation between the major
axis (sagittal) length of the lesion on T2-weighted imaging and

the number of penetrations (r¼ 0.566, P ¼ .028). There were no
additional significant correlations between any of the other imag-
ing parameters and the number of pial penetrations or ablations.

Furthermore, we measured each lesion’s minimal, maximal,
and average MD and FA on the pre- and postoperative DTI stud-
ies. The postoperative MD was significantly lower at the site of the
lesion compared with the preoperative MD values of the same area
(0.947 6 0.213 � 10�3 mm2/s and 1.125 6 0.304 � 10�3 mm2/s,
respectively; P ¼ .023). Postoperatively, the lesion’s MD was also
significantly lower than the nonlesioned cord on the contralateral
side (1.1216 0.259 � 10�3 mm2/s; P ¼ .003). The lesion’s FA val-
ues (0.406 6 69) were significantly lower than the preoperative val-
ues of the normal cervical cord at the same segment (0.6036 0.145;
P¼ .001) as well as the contralateral nonlesioned cord values on the
postoperative scan (0.5656 0.130; P¼ .001).

Interestingly, patients with higher minimal MD values had
improved postoperative BPI severity scores. The minimal MD
correlated significantly with a greater relative decrease in the BPI
severity score (r ¼ �0.821, P ¼ .004). A higher average MD
showed a tendency toward similar trends, but results were not
statistically significant (r ¼ �0.450, P ¼ .192). No significant
association was demonstrated between either minimal, maximal,
or average FA and changes in postoperative BPI severity
(r ¼ �0.148, P ¼ .688; r ¼ 0.255, P ¼ .476; and r ¼ 0.292, P ¼
.413, respectively) (Table 1).

Lesion Parameters Over Time
Five patients were able to undergo a repeat MR imaging 1month
after surgery. The lesion volume on T2-weighted imaging signifi-
cantly decreased from 0.25 cc 6 0.06 cc on postoperative day 1
(POD 1) to 0.05 cc 6 0.02 cc 1month later (P ¼ .043). The lesion
volume on diffusion images decreased nonsignificantly, from 0.08
cc 6 0.04 cc to 0.05 cc 6 0.03 cc over 1month (P ¼ .066).
However, the lesion’s percentage of the cord’s cross-sectional area
on T2-weighted imaging and diffusion decreased significantly,
from 21.5 6 5.4 to 14.2 6 3.2 (P ¼ .043) and from 24.11 6 12.77
to 13.196 7.71 (P¼ .043), respectively.

The sagittal length (major axis) on T2-weighted imaging
decreased significantly, from 12.8 mm 6 2.4mm on POD 1 to

FIG 3. Spearman correlation between percentage of change in BPI 1
month after cordotomy and the following values: A, Ablation size
of minor axis (in-plane, axial) on diffusion trace images, (r ¼ 0.827,
P ¼ .003). B, Major axis (sagittal) length on diffusion trace images (r ¼
0.705, P ¼ .023). C, Lesion minimal MD, 10–3 mm2/s (r ¼ �0.821,
P¼ .004).

Table 1: Change in BPI after cordotomy and its correlation with
different postoperative imaging characteristics

% BPI Change Correlation
(n= 10/15)

Spearman
Rho

Significance
(2-Tailed)

T2-weighted imaging total cord, % �0.091 .802
Diffusion, total cord, % 0.590 .073
Major axis (sagittal), T2-weighted

imaging, mm
�0.529 .116

Minor axis (in-plane, axial), T2-
weighted imaging, mm

�0.091 .802

Major axis (sagittal), DWI, mm 0.705 .023
Minor axis (in-plane, axial), DWI, mm 0.827 .003
Minimal MD �0.821 .004
Maximal MD �0.091 .802
Average MD �0.450 .192
Minimal FA �0.148 .688
Maximal FA 0.255 .476
Average FA 0.292 .413
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8.8 mm6 0.8mm 1month later (P¼ .043). The lesion’s in-plane
axial length (minor axis) on diffusion decreased significantly,
from 5.26 0.98mm to 4.66 1.0mm (P¼ .043). We did not find
any significant differences when we compared the lesion’s sagittal
length on diffusion or axial length on T2-weighted imaging
between the POD 1 and the 1-month postoperative MRIs (P ¼
.08 and P ¼ .08, respectively). The MD showed a nonsignificant
increase from 0.9266 0.251 to 1.0706 0.285 � 10�3 mm2/s; P¼
.08). We found no significant changes in FA from POD 1 to
1month after surgery (0.409 6 0.083 and 0.361 6 0.063, respec-
tively; P¼ .225).

Contralateral Pain
Pain contralateral to the original one appeared immediately after
surgery in 5 of the 15 patients (33%), which, with 1 exception,
was considered less severe than the original one. We did not
detect any significant differences between patients with and those
without immediate postoperative contralateral pain in terms of
lesion volume or percentage of the involved cord (P ¼ .270 and
P ¼ .999 for T2-weighted imaging and DWI, respectively). The
MD was significantly lower among patients with contralateral
pain (P ¼ .037), but the FA showed no significant association (P
¼ .903) (Table 2).

Three patients in our cohort had clear preoperative documen-
tation of metastatic lesions contralateral to the side of the origi-
nally painful lesion. All 3 had relief of their original pain, but 2 of
them developed postoperative contralateral pain. Eight patients
had lesions that were assumed to at least partially involve midline
structures. However, because of their frailty, we were unable to
obtain more recent adequate oncologic imaging data from all 15
patients.

One month after surgery, 9/14 (64%) reported developing
contralateral pain, which was as severe as the original pain in 1
patient. Six of these 9 patients (66%) required medical treatment
for relief of the contralateral pain. Of note, 8 of them had tumors
along the midline or on the contralateral side that could be the
cause of the new contralateral pain.

DISCUSSION
In this prospective study, we characterized the postoperative
changes on MR imaging studies after percutaneous RF cordot-
omy. We further examined the correlations between postcordot-
omy diffusivity and T2 MR imaging changes and 2 clinical
outcomes, pain improvement and the development of contralat-
eral pain. In addition, we observed the evolution of the imaging
characteristics of the ablated area up to 1month from
surgery. We hypothesize that postoperative parenchymal

imaging changes could reflect intrao-
perative events, and after correlating
such changes to clinical results, we
might therefore be able to search for
ways to improve surgical technique
and outcomes.

It has been previously shown that
ablation of at least 20% of the cord is
required to achieve optimal pain improve-
ment after cordotomy.9 However, these

numbers derive from a histology-based cohort from the 1990s, and
they were based on older surgical techniques that were associated
with relatively lower success and safety profiles. That report was later
challenged by a more contemporary series by Vedantam et al,10 who
showed similar degrees of pain relief when comparing patients with
ablations above and below 20% of the cord-cross sectional area, as
represented by postoperative T2-weighted MR imaging. Similarly,
our current study did not detect any significant differences in the
decrease in NRS between patients with lesions below or above 20%
of the cord’s cross-sectional area based on both T2-weighted imag-
ing and DWI. Lesions encompassing as low as 13% of the cord’s
cross-sectional area achieved excellent and long-term pain control.
Therefore, our findings agree with the conclusions of Vedantam et
al,10 who stated that larger lesions do not necessarily represent
adequate ablation of the STT. In fact, we showed that smaller lesions
on diffusion imaging correlated with greater improvement on the
BPI severity score, probably signifying better intraoperative localiza-
tion of the STT while sparing the need for repeated repositioning of
the electrodes (Table 1, Fig 3). This is also explained by the fact that,
as was previously shown and in accordance with our results, the size
of the lesions on postcordotomy T2-weighted imaging directly cor-
relates with the number of pial penetrations.10 We believe that more
accurate localization of the STT, based on improved imaging and
neurophysiologic techniques, may decrease the need for unnecessary
repeated positioning of the electrodes and result in smaller surgical
lesions and better pain control outcomes.

To our knowledge, this is the first study to describe the evolu-
tion of the imaging characteristics of cordotomy ablated areas up
to 1month after surgery. Our results showed that the lesions’ per-
centage of the cord’s cross-sectional areas on both T2-weighted
imaging and diffusion imaging decreased significantly from
POD1 to 1month after surgery. Because only 5 patients were able
to arrive for the scheduled 1-month postoperative MR imaging,
we were not able to search for potential correlations between the
lesions’ dynamics and clinical outcomes at this point. We are cur-
rently gathering more data on this topic.

Furthermore, we analyzed the MD and FA values of the lesion
on DTI. Whereas MD quantifies the diffusion of water molecules
within tissues, FA estimates the degree of tissue organization.
Overall, these parameters may indicate the degree of tissue injury,
as was previously shown in patients after cordotomy and patients
with spinal injuries.12,14-16

Similar to previous reports, FA was significantly lower in the
lesioned side of the cord compared with the nonlesioned side.12

Our study also demonstrated a significant decrease in tissue FA
of the targeted cervical cord area from pre- to postoperative DTI.
FA values did not change at 1month after surgery (P ¼ .225).

Table 2: Imaging characteristics of patients with and without immediate postoperative
contralateral pain

POD 1 Contralateral Pain Yes 5/15 No 10/15 Sig.
Pain side, right, n (%) 2 (40%) 6 (60%) .608
T2-weighted imaging total cord, % 17.46 6 10.27 20.10 6 7.91 .270
Diffusion, total cord, % 14.60 6 7.60 15.67 6 9.65 .999
MD 0.804 6 0.98 1.019 6 0.222 .037
FA 0.402 6 0.07 0.408 6 0.073 .903

Note:—Sig indicates significance.
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Tissue FA decreased after neuronal tissue ablation because of dis-
ruption of axons that are aligned longitudinally, as was previously
shown in studies of spinal cord injuries.17,18 Decreased FA has
been associated with impaired white matter microstructure,
including myelin damage, increased axonal diameter, low axonal
attenuation, and impaired cellular membrane.19,20 In addition,
we found significantly lower MD values in the lesioned area com-
pared with the nonlesioned cord on the contralateral side. The
lesion’s MD was also significantly lower compared with the same
area’s MD on preoperative imaging. We then observed a non-
significant increase in the lesion’s MD at 1month after surgery (P
¼ .08). These results represent acute changes that typically follow
sudden neural tissue insults, such as trauma or ischemic
stroke.17,18,21 MD is initially decreased within the first few hours
because of restriction of the movement of water molecules in the
intracellular compartment. MD is later increased after the disrup-
tion of tissue barriers and the formation of necrotic tissue, but FA
often stays decreased because of permanent axonal disruption.21

Interestingly, we found a significant correlation between the
lesions’minimal MD values on postoperative scans and improved
BPI severity scores after cordotomy. Average MD values showed
a similar trend in relation to BPI severity, but the correlation was
nonsignificant. No significant correlations were seen between FA
values and changes in BPI after surgery. Our results are therefore
in line with a previous study that found a correlation between the
lesions’ MD (but not FA) and the degree of improvement in the
1-week postoperative BPI severity score.12 A higher MD is
believed to be associated with cellular edema, demyelination, and
disruption of membranes, which follow RF ablation.12 Therefore,
although MD values on immediate postoperative MR imaging
are generally lower in the ablated area compared with nonle-
sioned tissue, higher MD values may, in fact, indicate better abla-
tion of the neural tissue during cordotomy.

The development of contralateral pain after unilateral cordot-
omy has been reported in 17%–73% of patients.3,6-8 This type of
pain is commonly reported as less severe when compared with
the original one and is usually well controlled with pain medica-
tions. The mechanisms behind this phenomenon are still contro-
versial because it is often difficult to differentiate between pure
new-onset mirror pain and pain that is related to an underlying
midline or contralateral disease. It is believed that pure mirror-
image pain is a type of referred pain resulting from chronic
changes in the spinal cord circuitry, coupled with disinhibition
following ablation of descending pain inhibitory pathways.7 In
our study, pain in the contralateral side appeared immediately af-
ter surgery in 33% of the cases and increased to 64% within 1
month after surgery. In most cases, this new pain was signifi-
cantly less severe than the original one. We did not find any sig-
nificant impact of the size of the lesion on the occurrence of
immediate postoperative contralateral pain. However, patients
who developed postoperative contralateral pain had lower MD
on their immediate postoperative MR imaging.

Even though our patients were not asked to undergo preoper-
ative total-body imaging, we assume that at least some of them
harbored nonpainful metastatic lesions involving midline axial or
contralateral structures. Previous reports emphasized the role of
the dorsal columns in transmitting visceral and potentially also

midline axial pain. They mentioned the higher effectiveness
of midline myelotomy (either thoracic or cervical) in eliminating
midline pain compared with anterolateral cordotomy.22-24 It is
therefore plausible that pain transmitted from silent midline spi-
nal or pelvic tumors could potentially reach the surface after
eliminating the more dominant original pain by unilateral cor-
dotomy and contribute to the contralateral pain phenomenon.
We plan to gather more preoperative total-body imaging data to
investigate the correlation between the distribution of nonpainful
metastatic spread, the ablation’s anatomic characteristics, and the
contralateral pain phenomenon.

Limitations
The main limitation of this study is its small cohort size.
Additional correlations between different factors, including sub-
group analyses, would have been possible with a larger patient
population. Furthermore, pre- and 1-month postoperative BPI
questionnaires were available for only 10/15 of the patients,
mainly because of the medical and psychosocial complexity of
our patients, as well as clinical deterioration and even death.
Having more data derived from this well-validated tool would
allow a better quantification of the studied associations.13 In addi-
tion, our imaging studies were performed within 24hours after
surgery. The patients’ complex conditions made it too difficult to
bring them back for a 1-month follow-up MR imaging study in
parallel to the clinical evaluation. Therefore, we are currently
working on increasing our data to analyze whether changes in
diffusionMD values and the size of the lesions over time correlate
with clinical outcomes.

CONCLUSIONS
The results of this study suggest that postoperative MR imaging
has a role in predicting clinical outcomes after cordotomy. Even
though a minimal size of ablation is required, larger lesions do not
necessarily indicate better outcomes. Smaller lesions may signify
better intraoperative localization of the spinothalamic tract and are
correlated with better outcomes. Changes in MD and FA values
represent neural tissue damage after ablation, and increased lesion
MD values may be linked to better clinical response.

Disclosure: Ido Strauss—RELATED: Grant: European Society for Stereotactic and
Functional Neurosurgery.* *Money paid to institution.
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ORIGINAL RESEARCH
SPINE

MRI T2-Hyperintense Signal Structures in the Cervical Spinal
Cord: Anterior Median Fissure versus Central Canal in Chiari

and Control—An Exploratory Pilot Analysis
T.A. Tomsick, L.L. Wang, M. Zuccarello, and A.J. Ringer

ABSTRACT

BACKGROUND AND PURPOSE: Cervical spine axial MRI T2-hyperintense fluid signal of the anterior median fissure and round hyper-
intense foci resembling either the central canal or base of the anterior median fissure are associated with a craniocaudad sagittal
line, also simulating the central canal. On the basis of empiric observation, we hypothesized that hyperintense foci, the anterior
median fissure, and the sagittal line are seen more frequently in patients with Chiari malformation type I, and the sagittal line may
be the base of the anterior median fissure in some patients.

MATERIALS AND METHODS: Saggital line incidence and the incidence/frequency of hyperintense foci and anterior median fissure in 25
patients with Chiari I malformation and 25 contemporaneous age-matched controls were recorded in this prospective exploratory study
as either combined (hyperintense foci1anterior median fissure in the same patient), connected (anterior median fissure extending to and
appearing to be connected with hyperintense foci), or alone as hyperintense foci or an anterior median fissure. Hyperintense foci and an-
terior median fissure/patient, hyperintense foci/anterior median fissure ratios, and anterior median fissure extending to and appearing to
be connected with hyperintense foci were compared in all, in hyperintense foci1anterior median fissure in the same patient, and in ante-
rior median fissure extending to and appearing to be connected with hyperintense foci in patients with Chiari I malformation and
controls.

RESULTS: Increased sagittal line incidence (56%), hyperintense foci (8.5/patient), and anterior median fissure (4.0/patient) frequency were
identified in patients with Chiari I malformation versus controls (28%, 3.9/patient, and 2.7/patient, respectively). Increased anterior median
fissure/patient, decreasing hyperintense foci/anterior median fissure ratio, and increasing anterior median fissure extending to and appearing
to be connected with hyperintense foci/patient were identified in Chiari subgroups. A 21%–58% increase in observed anterior median fis-
sure extending to and appearing connected to hyperintense foci in the entire cohort and multiple sagittal line subgroups compared with
predicted occurred.

CONCLUSIONS: In addition to the anticipated increased incidence/frequency of sagittal line and hyperintense foci in patients with
Chiari I malformation, an increased incidence and frequency of anterior median fissure and anterior median fissure extending to
and appearing to be connected with hyperintense foci/patient were identified. We believe an anterior median fissure may contrib-
ute to a saggital line appearance in some patients with Chiari I malformation. While thin saggital line channels are usually ascribed
to the central canal, we believe some may be due to the base of the anterior median fissure, created by pulsatile CSF
hydrodynamics.

ABBREVIATIONS: AMF ¼ anterior median fissure; AMF.HIF ¼ anterior median fissure extending to and appearing to be connected with hyperintense foci;
CTM ¼ CT myelography; HIF ¼ hyperintense foci; HIF1AMF ¼ hyperintense foci and anterior median fissure in the same patient; pt. ¼ patient; SL ¼ sagittal
line

Axial MR imaging of the cervical spine frequently demon-
strates hyperintense, linear, anatomically, sagittally-oriented

T2 fluid signal of the anterior median fissure (AMF) and hyperin-
tense foci (HIF) resembling the central canal or the base of the
AMF.1-3 These axial T2 findings may be associated with a
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channel-like T2-hyperintense craniocaudad line on images paral-
lel to the sagittal plane (a sagittal line [SL]), simulating the central
canal (Fig 1).4,5 A previous analysis of HIF, AMF, and a thin SL
in a population without Chiari I malformation provided not only
a baseline for their identification but also a confirmation of a rela-
tionship between not only the AMF and HIF but also their rela-
tionship to the SL.1 It found the following:

1. HIF were greater in number than AMFs, but AMFs increase
in the presence of increasing HIF, suggesting an anatomic
relationship.

2. SLs were associated with greater numbers of both HIF and
AMF/patient (pt.) versus no SL, 6.7 versus 2.7/pt. and 3.3 versus
2.0/pt., respectively. SL presence correlated more closely to HIF
than to AMF presence within the entire 358-patient group.

3. When HIF and AMF were classified as combined (concurrent
HIF and AMF, with $1 of each both present in the same
patient [HIF1AMF]) or continuous (AMF appearing to extend
to and join an HIF [AMF.HIF]), HIF and AMF/pt. each dif-
fered numerically and patients with an SL had more combined
HIF1AMF and continuous AMF.HIF than patients without
an SL.

4. In patients with both SL and combined HIF1AMF (a circum-
stance allowing the possibility of a relationship of all 3 struc-
tures), HIF become proportionally fewer compared with
AMFs. In patients with an SL actually exhibiting continuous
AMF.HIF, the HIF/AMF ratio decreased further.

While it is expected that manifestations of the central canal as
an SL and HIF are more frequent in patients with Chiari syn-
drome type I,6 past experience leads us to hypothesize that AMFs
are also seen more frequently in patients with Chiari I malforma-
tion and that the SL or channel may represent the base of a wide
AMF, rather than the central canal, in some patients (Figs 1 and
2). Therefore, we performed an exploratory prospective analysis
of HIF, AMF, and SL in patients with Chiari I malformation to
examine their relationships.

MATERIALS AND METHODS
The presence of HIF, AMF, and SL on cervical MR imaging in 25
patients with Chiari I malformation and 25 age-matched controls
performed on a single scanner was recorded by a single reader.
Reader blinding by hiding the tonsil position and postoperative
changes was not performed. SL presence was assessed and
recorded before HIF and AMF assessment.

The scanning facility is associated with the Mayfield Clinic
Chiari Center, a multidisciplinary outpatient center for evalua-
tion and treatment of Chiari I malformation. Patients with Chiari
I were symptomatic with headache, dizziness, and/or nystagmus
and were confirmed to have a cerebellar tonsil position below the
foramen magnum with reduced CSF signal ventral to the cervico-
medullary junction at the tectorial membrane and dorsal to the
tonsils at the opisthion. The population with Chiari I included 10
postoperative patients. Preoperative images were not available for
review. Approval was obtained by Mayfield Clinic and University
of Cincinnati institution’s review board.

Technical imaging scanning parameters included the follow-
ing: a Signa Excite high-definition 1.5T scanner (GE Healthcare);
7.9T/m, 120 T/m/s gradients, standard fast spin-echo T2 sequen-
ces; sagittal: 256 � 256 pixel matrix, 3.0-mm thickness, with 1-
mm spacing, 24 � 24 cm FOV; axial: 256 � 224 pixel, 3.0-mm
thickness, 0.5-mm spacing, 22 � 22 cm FOV. Images were
reviewed at �2.5 magnification on a diagnostic eFilm
Workstation (IBM). Patients with an SL diameter of .3 mm, in-
dicative of syringohydromyelia, were excluded from analysis.

FIG 1. A patient with Chiari I with 19 HIF up to 3mm in diameter, 1
AMF, no AMF.HIF, and an SL of various hyperintensity and diameter
from C4 through T1, consistent with hydromyelia.

FIG 2. Postdecompressive craniectomy patient with Chiari I with 9
HIF, 4 AMFs, 1 AMF.HIF, and sharp and hyperintense SLs at C6–C7
and less hyperintense, sharp, and defined SLs at C2–C6.
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AMFs were recorded as anterior, midline, linear hyperinten-
sities continuing from a dimple-shaped indentation between the
ventral hemicords. AMFs may be oriented minimally to the per-
pendicular.1 HIF were recorded as focal, round, midline fluid-sig-
nal hyperintensities of the anterior 25%–50% of the cord. SLs were
recorded as sharply-marginated hyperintense craniocaudad lines
on sagittal images located in the anterior 25%–50% of the sagittal
dimension of the cord (Figs 1 and 2) or as discontinuous craniocau-
dad alignments of dots and dashes of varying lengths and hyperin-
tensity (Fig 3). They may be associated with wider less hyperintense
and less sharp bands and may be seen with partial volume struc-
tures (Fig 4).

HIF and AMF numbers per patient (frequency) in the control
and Chiari I groups were determined. Differences in the inci-
dence of HIF, AMF, SL, and HIF and AMF/pt. between patients
with Chiari I and controls were analyzed in Excel (Microsoft)
with x 2 and Student t tests. Comparison of the incidence and
numbers of AMF1HIF and AMF.HIF/pt. in patients with and
without an SL in the Chiari I versus non-Chiari I groups was also
performed. Incidence and frequency of HIF and AMF in the 25-
patient control group were compared with those of the original,
published 356-patient control group.1

RESULTS
Age, sex, and incidence and frequency of HIF, AMF, and SL are
listed in Table 1 for the 25 Chiari I, 25 current control, and 356
prior non-Chiari I groups. A female predominance was present
in both current groups, with no age difference. No difference was
identified in HIF and AMF incidence in the Chiari I and current
control groups, present in 88%–100% of both. Both HIF/pt. and
AMF/pt. were significantly greater in the Chiari I group com-
pared with current controls (8.5 versus 3.9 HIF/pt. and 4.1 versus

2.7 AMF/pt., respectively). HIF/pt. and AMF/pt. were similar for
the current control and the original earlier multiscanner non-
Chiari I analysis group1 (3.9 versus 3.7 and 2.7 versus 2.3, respec-
tively), as was the SL incidence (28% versus 25%).

No differences in HIF or AMF were identified in 15 patients
without an operation versus 10 postoperative patients with Chiari I
(Table 2). Twenty HIF measured, 1 mm in width (8 postopera-
tive), 4 measured 1–2mm (2 postoperative), and 1 patient without
an operation had HIF that measured 2–3 mm. (Fig 1). The postop-
erative group exhibited a higher incidence of SLs (8/10, 80% versus
5/15 [33.3%]), with numerically greater AMF.HIF (2.8 versus 1.9).

Table 3 outlines HIF and AMF/pt., HIF/AMF ratios, and
AMF.HIF/pt. in Chiari I versus controls, with and without SLs.
Fourteen patients with Chiari I and an SL demonstrated increased
HIF/pt. (10.1 versus 6.6, P, .04) and numerically greater AMF (4.6
versus 3.5, P¼ .18) versus 11 patients with Chiari I and no SL. Seven
control patients with an SL demonstrated increased HIF/pt. (7.0 ver-
sus 2.7/pt., P, .04) and greater AMF/pt. (3.4 versus 2.4, P¼ .02) ver-
sus 18 controls without an SL. One patient with Chiari I and HIF-
only with 7 HIF and no SL and 1 control with HIF-only with 12 HIF
with an SL were identified. One control had noHIF or AMF.

The observed AMF.HIF/pt. was greater for all patients with
Chiari I versus all controls (Online Supplemental Data; 2.2 versus
1.0/pt., P, .001), for 14 patients with Chiari I and an SL versus 7
controls with an SL (2.9 versus 1.3/pt., P, .02), and for 11
patients with Chiari I versus 18 controls without an SL (1.9 versus
0.8, P ¼ .01). The incidence of observed AMF.HIF was also
greater than predicted for 12 patients with Chiari I and an SL

FIG 3. Control patient with 15 HIF, 3 AMFs, 3 AMF.HIF, and SL with var-
iably hyperintense and variably sharp dots and dashes from C3–4 to C7.
Note hyperintense pixels immediately anterior to the AMF on axial
images, despite crescentic flow-related signal loss immediately anterior
to the cord on most images.

FIG 4. Postoperative patient with Chiari I with 19 HIF, 3 AMFs, and 2
AMF.HIF, with a faintly hyperintense ventral line at C6–T1.
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compared with 5 controls (3 versus 1.8/pt., P, .02) (Online
Supplemental Data)

DISCUSSION
Patients with Chiari I are known to have a high incidence of
hydrosyringomyelia. Therefore, identification of round foci on

axial images (HIF) and thin craniocaudad channels on sagittal

images (SL), both usually considered manifestations of the central

canal, is anticipated. However, the higher incidence of identifica-

tion and frequency of an AMF in patients with Chiari I compared

with controls has not been previously reported. AMF/pt. increased

progressively from all (2.7/pt.), to HIF1AMF (4.3/pt.), to

Table 1: Age, sex, incidence (%), and frequency (No./Pt), for HIF, AMF, SL, and AMF>HIF in the Chiari I and non-Chiari I control
groups

Age (Median) Sex (F) (%) HIF (%) HIF/Pt. AMF (%) AMF/Pt. SL (No.) (%) AMF>HIF (Mean)
Chiari I (n ¼ 25) 40 23 (92%) 25 (100%) 8.5a 24 (96%) 4.0b 14c (56%) 2.2
Control (n ¼ 25) 40 17 (68%) 24 (96%) 3.9a 22 (88%) 2.7b 7c (28%) 1.0

a P ¼ .0004.
b P ¼ .025.
c P , .02 (x 2).

Table 2: Incidence HIF and AMF/pt., SL incidence, and number of AMFs extending to HIF (AMF>HIF) in Chiari I without an opera-
tion versus patients having undergone postdecompressive craniectomy

HIF AMF SL AMF>HIF
% HIF/Pt. % AMF/Pt. No. (%) No.

Chiari I no surgery (n ¼ 15) 100 8.9 100 4.0 5 (33%)a 1.9b

Chiari I post-op (n ¼ 10) 100 8.1 90 4.3 8 (80%)a 2.8b

Note:—Post-op indicates postoperative.
a P ¼ .009.
b P ¼ .07.

Table 3: Number patients, HIF/pt., AMF/pt., HIF to AMF ratio, and AMF>HIF/pt. in HIF or AMF-only, HIF+AMF, and AMF>HIF
subgroups for all Chiari I and control groups, with and without SL

No. HIF/Pt. AMF/Pt. Ratio AMF>HIF
All Chiari I 25 8.6 4.1 2.1 2.2
All control 25 3.9 2.7 1.4 1
All Chiari I and controls
HIF only
Chiari I 1 7 NA NA 2.3
Control 1 12 NA NA 1.0
AMF only 0 NA NA NA NA
HIF1AMF
Chiari I 24 8.6 4.3 2.0 2.1
Control 23 3.9 3 1.3 1.1
AMF-HIF
Chiari I 22 7.9 4.7 1.7 2.5
Control 16 4.4 3.3 1.3 1.5
No AMF!HIF
Chiari I 3 13.7 1.7 8.2 0
Control 9 3 1.7 1.8 0
SL
Chiari I 14 10.1 4.6 2.2 2.9
Control 7 7 3.4 2.1 1.3
HIF1AMF
Chiari I 14 10.1 4.6 2.2 2.2
Control 6 6.2 4 1.6 1.5
AMF-HIF
Chiari I 12 8.6 5 1.7 2.9
Control 5 7.2 4 1.8 1.8
No SL
Chiari I 11 6.6 3.5 1.9 1.9
Control 18 2.7 2.4 1.1 0.8
HIF1AMF
Chiari I 11 6.8 3.9 1.7 2.1
Control 17 2.9 3 0.9 0.9
AMF-HIF
Chiari I 9 7 4.2 1.7 2.2
Control 11 3.1 3 1.1 1.2

Note:—NA indicates not applicable.
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AMF.HIF (4.7/pt.), and to SL AMF.HIF in patients with Chiari I

(5.1/pt.). The ratio of HIF/AMF decreased among patients with SL,

while AMF/pt. and AMF.HIF/pt. were increasing. AMF.HIF/pt.

was highest among patients with an SL (2.9/pt.). Increasing AMF/

pt., a decreasing HIF/AMF ratio, and increased AMF.HIF/pt. in

patients with SL represent a stronger association of AMF-to-SL

identification than suggested in the original non-Chiari I study,1 in

which the AMF.HIF/pt. were not counted.
It may be argued that with increases in AMF, identification of

an AMF.HIF becomes more likely. However, the observed
AMF.HIF/pt. was 47% greater in number than expected on the
basis of HIF and AMF numbers for all patients with Chiari I and
58% greater for patients with an SL with AMF.HIF. The correla-
tion of increasing AMF to AMF.HIF/pt. numbers in the setting
of a decreasing HIF/AMF ratio supports an etiologic relationship
between the visible cleft of an AMF and the round HIF of a
potential channel or SL and indicates a potential anatomic con-
nection of the 3 structures. This raises the question of whether
some thin craniocaudad channels simulating the central canal on
midline sagittal imaging are actually due to widened bases of
AMFs. While numbers of AMF.HIF/pt. were not counted in the
original non-Chiari I study,1 other measures of HIF, AMF, and
SL occurrence in that study are generally consonant with current
control findings.

Despite an inability to resolve and separate without question
the base of the AMF and HIF or the central canal individually on
the same axial image in routine clinical scanning,7 the relation-
ships in our previously published analysis of HIF, AMF, and thin
SL in a non-Chiari I MR image population provided not only a
baseline control for their incidence of identification but also a
confirmation of a relationship among AMF, HIF, and SL.1 This
confirmation led us to believe that depictions of HIF and AMF
are not totally independent occurrences of 2 different structures
(the AMF and the central canal) but rather identification of dif-
ferent manifestations of the same structure: the sagittal cleft of
the AMF as well as its wider base, in some instances.

In our prior review of 35 patients without Chiari I with both
cervical MR imaging and cervical CTmyelography (CTM), iodin-
ated contrast media–filled AMFs were more common than HIF
on CTM.1 When present, HIF on CTM appeared almost exclu-
sively as a focal dilation of the base of an AMF on CTM. A num-
ber of AMFs on CTM were seen at the same spinal level where
MR imaging HIF were identified when an MR imaging AMF had
not been identified. In several instances, the AMF on CTM was
wide, possibly freely communicating on multiple, contiguous,
consecutive axial images, while seen as an atypical broad, indis-
tinct channel on a sagittal image due to partial volume effects on
MR imaging. These CTM data are also consistent with HIF repre-
senting a wide base of the AMF.8,9

Our findings raise the question of the physiologic origin and
basis for imaging findings of the increased HIF, AMF-related
channel, or SL simulating hydromyelia on MR imaging. CSF flow
dynamics are known to be altered in patients with Chiari I, result-
ing in imaging of complex, pulsatile CSF motion that is subject to
greater or lesser bright-T2 conspicuity with certain pulse sequen-
ces, even varying between systole and diastole.10-12 Pulsatile CSF
flow effects directed in a Craniodaudal or transverse radial

fashion that have been suggested to cause syringomelia13 may be
transmitted to the AMF, whose entire cervicomedullary course
may not be subject to equal directions and magnitude of force.
This possibility may be suggested by variable signal changes of
flow and flow-related signal loss on axial images (Figs 3 and 4).
Pial/arachnoidal coverings and vessels within the AMF14 may
limit communication with the subarachnoid space and secondar-
ily alter local transverse pressure transmission, but they may not
limit and may even amplify craniocaudad effects (Figs 1–4). The
effects may vary among subjects, and their depiction may vary
among field strengths and imaging parameters applied. A for-
mula for the production and/or loss of T2-signal in the AMF has
yet to be elucidated.

The main limitation of this study lies in subjective observa-
tions of a single, potentially biased reader. That the current
explorative study identified control SL incidence similar to prior
non-Chiari study (28% versus 25%) as well as similar AMFs and
HIF/pt. (3.9 versus 3.7 HIF, and 2.7 versus 2.3 AMF/pt.) suggests
that scanners and reader performed similarly in this regard.
However, the higher incidence of both HIF and AMF in 25 con-
trols was seen compared with the original 6-scanner retrospective
control study with 2 readers (96% versus 66% HIF, 88% versus
60% AMF). Scanner and reader performance may explain this
discrepancy. Wide ranges of contributions to the identified HIF
and AMF totals were found in the original 2-reader, 6-scanner
analysis of controls without Chiari I: 5.9%–15.4% for HIF and
5.9%–16.7% for AMF among the 6 individual scanners (Online
Supplemental Data).1 At these rates of identification, a hypothetic
similar top-performing scanner might record nearly 100% HIF
and/or AMF (16% � 6 scanners¼ 96%) in a Chiari I population,
and 6 similar lowest-performing scanners, just 36% (6% � 6 ¼
36%). The single scanner of the current study did perform at a
similar level for HIF and AMF incidence compared with the
highest-performing scanner in the prior 6-scanner non-Chiari I
study. However, no single scanner performed best for identifica-
tion of HIF, AMF, and SL, and no single scanner performed
worst for individual structures in the prior study.

That the percentage of SLs was similar for both control sub-
groups without Chiari I is also consistent with the anticipated
range of scanner performance (identified as 12.7%–34.2% in the
6-scanner study) and with the k analysis in the original study, in
which both readers agreed that,70% of patients did not have an
SL. The small numeric increase of SLs in patients with Chiari I
without operations versus controls is consistent with the original
study, in which scanners that identified high numbers of HIF and
AMFs did not identify high numbers of SLs. The discrepancy
may reflect case selection, in which many patients with Chiari I
with larger channels were already excluded from analysis. That a
higher percentage of SLs was identified in postoperative patients
with Chiari I may indicate a bias in favor of an operation for
patients with hydrosyringomyelia preoperatively. The numeric
increase of AMF and AMF.HIF in patients with Chiari with and
without an operation remains of interest. A more comprehensive
review of a larger population of pre- and postoperative scans in
patients with Chiari I is required to answer these questions.

The observations reported here may appear to be of little im-
mediate and direct clinical importance, because thin channels of
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,3mm in patients with Chiari I are thought to be of little clinical
consequence.5,15 However, MR imaging reports attributing an SL
or thin channel in a patient with Chiari I to hydro- or syringomy-
elia may increase patient concern, causing him or her to consider
any neurologic symptom as potentially related, leading to
unnecessary restudy. To solidify a relationship between conspicu-
ous AMFs and such SLs or channels would serve to diminish con-
cerns based on historical hydrosyringomyelic relationships.

CONCLUSIONS
We identified an increase of not only HIF and SLs in patients
with Chiari I compared with controls as anticipated, but also of
AMFs, not previously reported. The presence of increased fre-
quency of HIF, AMFs, and thin SLs in the Chiari I population is
consistent with a hydrodynamic effect likely created by CSF pres-
sure/pulsation/flow phenomena. We believe that HIF and AMF
are also manifestations of the same structure in some instances
and may be responsible for some thin SL channels seen in some
healthy patients and those with Chiari I as well, not due to the
central canal or hydromyelia but rather to the widened base of
the AMF.

Disclosures: Mario Zuccarello—UNRELATED: Employment: University of Cincinnati.
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MEMORIAL

Douglas Gordon Potts, MD

We are saddened to inform you that Dr Douglas “Gordon”
Potts passed away onMarch 6, 2021, at the age of 94.

Gordon Potts was born on January 27, 1927, in Otahuhu, a
suburb of Auckland, New Zealand. He went to a university in
Christchurch and obtained a bachelor of science degree, majoring
in atomics, nuclear physics, and mathematics. His initial intent was
to become a physicist but he changed that later to radiotherapist,
which subsequently led to a career in radiology. In 1953, he started
training in radiology at the Auckland Hospital, where he was very
much influenced by Stephen Moor, who had recently returned
from neuroradiology training with James Bull at the National
Hospital for Nervous Diseases in London, England, and Eric
Lysholm at the Serafimer Hospital in Stockholm, Sweden. Intrigued
by the new techniques in neuroimaging developed in Europe,
Gordon decided to further pursue training in neuroradiology.

In 1955, he embarked on a 7-week journey as a cargo ship’s
doctor from Auckland to London, where he completed his radiol-
ogy training at University College Hospital. He then started his
neuroradiology training at the Atkinson Morley Hospital. This
institution was known to be the most active neurosurgical unit in
Britain with Wylie McKissock as Head of Neurosurgery and James
Bull as the Consultant Neuroradiologist. After 1 year, Gordon
moved to Queens Square as a senior registrar working with James
Bull, who was the neuroradiologist in charge at that time.

In 1960, Gordon was recruited by Juan Taveras to join the staff
at the Neurological Institute at the Columbia Presbyterian Center in
New York, which included Norman Chase and Ernest Wood. It was
one of the first institutions in the United States to receive National
Institutes of Health funding for neuroimaging research. This focus
on research was further strengthened by the recruitment of Sadek
Hilal, who was interested in cerebral vascular flow conditions.

In 1967, Dr. John Evans, Chairman of Radiology, recruited
Gordon to the New York Hospital-Cornell Medical Center to
become Head of the Division of Neuroradiology. The National
Institutes of Health approved the neuroradiology training program
at Cornell and provided funding for research in CSF production
and absorption. Michael Deck was recruited from Queens Square
to further complete the neuroradiology research team at Cornell.

It was at this time that Gordon and Hans Newton decided to
embark on creating a textbook on neuroradiology, entitled
Radiology of the Skull and Brain, which consisted of 2 volumes and a
series of 6 books. Theirs was a joint work that took more than a dec-
ade to complete and resulted in one of the most admired and
respected textbooks in our field, often referred to as the “Red Bible.”

Gordon was also an inventor and designed the “Pottometer,”
a device that demonstrated on the radiographs at the time of my-
elography the degree of angulation from the horizontal, as well as
the “Potts” needle for direct puncture of the carotid and brachial
arteries. He also designed the “Potts Chair,” which made it possi-
ble to obtain biplane radiographs during a somersault procedure
at the time of pneumoencephalography.

From 1968 to 1978, Gordon Potts was very much involved in
the National Institutes of Health and served on multiple commit-
tees including the Radiation Sciences study section, and he was
the Chairman of its Diagnostic Committee.

By 1985, Gordon had acquired an interest in health care orga-
nization and planning. Having had previous experience with public
health care systems in New Zealand and Great Britain, he decided
to accept the position of Chairman of Radiology at the University
of Toronto, Canada. Gordon was instrumental in restructuring the
previously independent radiology training programs at the 5
University of Toronto–affiliated hospitals and merging them into a
single program. In doing so, Gordon enhanced the experience of
the trainees and created the largest such program in Canada. The
University of Toronto’s annual Best Resident Award in Radiology
was named in Gordon’s honor. During his tenure from 1985 to
1992, Gordon was also the Radiologist in Chief at the Toronto
Western Hospital, and his presence, guidance, and active participa-
tion greatly contributed to the successful formation of a dedicated
Neuroscience Center at that institution.

During his professional career, Gordon remained strongly
focused on research and teaching in neuroradiology, while always
striving for innovation, scientific excellence, and education. He
was one of the 14 founders of the American Society of
Neuroradiology in 1962, was its President from 1970–1971, and
received its Gold Medal in 1998.

In retirement, Gordon remained active at his country home on
Shelter Island, NY, where he was known to make a delicious “Potts”
jam and participated in growing oysters as part of a program at
Cornell University to replenish the shellfish stocks of the Peconic
Bay system on the East End of Long Island. Gordon’s annual oyster-
fest party was a highlight for many of his friends and neighbors.

At the same time, he remained committed to his New Zealand
roots. In the 1980s, he acquired a large plot of bush land on the
Northern Island of New Zealand called Doubtless Bay. For almost
30 years, he slowly developed the land and constructed a simple,
country home near its waterfront. One of his greatest achievements
and pleasures there was to be part of the Whakaangi Landcare
Trust, which aimed to protect and promote the native bush and
the Kiwi population.

As part of his ongoing commitment toward neuroscience edu-
cation in New Zealand, he founded the Moor Trust Annual
Educational Meeting in 2014 in honor of his mentor Stephen
Moor, to facilitate a Visiting Professorship in Neuroradiology at
the University of Auckland, providing exposure to and discussion
between radiology residents and staff in Auckland with innova-
tive leaders in neuroradiology from around the world.

We will remember Gordon as a genuine, warm human being,
who was down-to-earth even as an innovative world leader in
neuroradiology. He had a skill for making friends all around the
globe and was a role model for many. Gordon is survived by his 3
children, their partners, and his 6 grandchildren.

K. ter Brugge
http://dx.doi.org/10.3174/ajnr.A7127
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LETTERS

Evolution of Radial Access in Neurointerventional Surgery

Incorporating innovative technologies and techniques often pre-
cipitates paradigm shifts in patient care. Despite the rapid evolu-

tion of endovascular devices and techniques, the idiom “primum
non nocere” or “first, do no harm” must remain at the forefront of
the interventionalist’s use of new therapies. While change at times
may be driven by innovations that increase the speed or ease of a
procedure, new techniques that facilitate improved efficacy, an
enhanced safety profile, or the ability to treat an otherwise untreat-
able pathology should be the primary driving force behind techno-
logic advances. One such therapy, the move to transradial access
(TRA) for neurointerventional procedures, has marked a sizeable
paradigm shift in the literature and care of neurovascular patients
during the past several years.

Following compelling data from the cardiovascular litera-
ture,1,2 a boom in the use of transradial access in diagnostic and
interventional endovascular neurosurgery procedures has been
observed.3-6 In addition to an improved patient safety profile,
TRA tends to enhance patient comfort and allows earlier mobili-
zation and shorter observation for outpatient procedures. As neu-
rointerventionalists have gained further experience, TRA has
been used with increasing frequency for interventions as well.7,8

The learning curve may be steep at the onset of converting
to a radial-first approach, with increased procedural and fluo-
roscopic times a legitimate concern.9 Nonetheless, while fluo-
roscopy times may be marginally increased (approximately
4minutes), a significant reduction in overall complications has
been observed with TRA, generating a near 4-fold decrease in
the rate of complications.9 Additionally, while the learning
curve may be daunting at the onset, high success and low rates
of crossover are experienced after as little as 30 TRA cases,
with many skills from transfemoral access (TFA) being readily
transferrable to TRA.10

In the setting of mechanical thrombectomy for acute ischemic
stroke, access site complications are not infrequent with TFA,
with major and overall access site complication rates of 1.67%
and 4.59%, respectively, leaving room for improvement in the
treatment of this patient population.11 While robust head-to-
head comparisons of TFA and TRA do not yet exist in the neuro-
interventional literature, the use of TRA in interventional proce-
dures has been shown to have lower major (0.15%) and overall

(2.75%) access site complication rates.7 As TRA experience has
grown, so has its use in the setting of acute thrombectomy, where
time and efficiency remain paramount. In fact, equivalent proce-
dural times have been observed in this time-sensitive interven-
tional procedure.12,13 A comparison of mean procedural times
between TRA (60minutes) to TFA (66minutes) in the setting of
thrombectomy for large-vessel occlusion found no difference in
time metrics between the 2 approaches.12

Despite its advantages, certain anatomic features may not
prove favorable for transradial access. Previous studies have
shown that the presence of a proximal radial loop, severe sub-
clavian and innominate artery tortuosity, and proximal com-
mon carotid tortuosity yield a higher degree of difficulty for
TRA with a higher conversion rate to TFA.14 Particularly in
time-sensitive procedures, patients having these anatomic con-
figurations may be best served with TFA, because the benefits
afforded by TRA must be weighed against the potential time
lost. Nonetheless, TRA has demonstrably lower rates of access
site complications and resultant patient morbidity; thus, partial-
ity ought to be shown to TRA in the absence of certain anatomic
constraints.

While transradial access for middle meningeal artery emboli-
zation is being used with greater frequency,15 Shotar et al16 pre-
sented their experience using a patient-tailored approach to the
access site based on preprocedural CT angiograms and interven-
tionalist’s discretion, with a strong radial recommendation for
right carotid catheterization in patients with a type III aortic arch
with proximal common carotid artery tortuosity and for left ca-
rotid navigation in case of a bovine arch configuration. Using this
approach, they found a greater rate of procedural success with
less catheterization failures.

Given the safety benefit afforded by transradial access, in
addition to the secondary gains of improved patient comfort and
early mobilization, a radial-first approach for both diagnostic and
interventional procedures has continued to evolve within neuro-
interventional surgery. A tailored approach using frontline TRA
for both diagnostic and interventional procedures, augmented
with TFA for certain hostile anatomic configurations, maintains
a patient-centered focus, aimed at improving care through
enhanced safety. As more familiarity with the technique and new
devices develop, rates of crossover and potential time differences
will decrease while maintaining the improved safety profilehttp://dx.doi.org/10.3174/ajnr.A7060
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afforded by TRA, thus enhancing the neurointerventional care
provided to our patients.
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LETTERS

COVID-19-Associated Acute Disseminated
Encephalomyelitis–Like Disease

We read with great interest the article by Toledano-Massiah
et al1 entitled, “Unusual Brain MRI Pattern in 2 Patients

with COVID-19 Acute Respiratory Distress Syndrome.” The
authors reported 2 patients hospitalized in their intensive care
unit with confirmed coronavirus disease 2019 (COVID-19) in
whom brain MR imaging had shown an unusual DWI pattern
with nodular and ring-shaped lesions involving the periventricu-
lar and deep white matter. Based on the recent literature, the
authors discussed the probable mechanism of action for Severe
Acute Respiratory Syndrome coronavirus disease 2 (SARS-CoV-
2) neurologic invasion.

We treated 2 hospitalized patients who share some simi-
larities with the reported unusual brain MR imaging pattern.
Patient 1 was a previously healthy 49-year-old man whose
CT revealed interstitial pneumonia and with real-time poly-
merase chain reaction (RT-PCR) was positive for SARS-
CoV-2. Endotracheal intubation and mechanical ventilation
with prolonged sedation were required because of severe re-
spiratory failure. He presented with delayed recovery of con-
sciousness after protracted sedation. Patient 2 was a
previously healthy 9-year-old child with a family history of
COVID-19 who had difficulty walking and speaking, right
hemiparesis, and impaired ocular motor function. There
were no respiratory symptoms. The serologic test for
COVID-19 was positive.

Brain MR imaging was performed on day 30 from hospi-
talization for patient 1 (day 5 after the sedation) (Fig 1) and
on day 7 for patient 2 (day 37 after the first symptoms) (Fig
2). At that time, patient 1 showed progressive clinical and
laboratory improvement of COVID-19, and patient 2
remained without respiratory symptoms with blood RT-
PCR negative for SARS-CoV-2. The CSF RT-PCR for SARS-
CoV-2 was negative for patient 1 and not available for
patient 2.

Even though the authors have concluded that the etiology
and physiopathology of these unusual brain lesions are still not
clarified, these 2 additional patients reinforce the inflammatory
mechanism hypothesis. Acute disseminated encephalomyelitis
(ADEM) is a rare immune-mediated demyelinating disease that
has been associated with vaccine and viral infections, including
SARS-CoV-2 infection.2

The causative neuropathogenic mechanism of SARS-CoV-
2 infection should be carefully analyzed. In particular,
patient 2 was asymptomatic for about 30 days, and the RT-
PCR test was not performed. Nevertheless, we presumed that
the infection had acted as a trigger for developing an autoim-
mune response that manifested in the central nervous system
as ADEM in these 2 additional patients. The perception that
the appearance of neurologic symptoms had happened
simultaneously with both progressive clinical and laboratory
improvement or after the SARS-CoV-2 infection reinforces
this hypothesis. Furthermore, the imaging findings also sug-
gested an “ADEM-like” pattern.

In conclusion, we thank the authors for sharing their experien-
ces. Together, we provide valuable information about unusual
brain MR imaging patterns in patients with COVID-19. We
believe that given the cumulative evidence of the probable neuro-
invasive nature of SARS-CoV-2, the association of COVID-19
with neurologic manifestations cannot be ignored, either by direct
cytopathic effect or, mainly, by an immune-mediated inflamma-
tory response. Thus, it is vital to be aware of the multitude of neu-
rologic manifestations in patients with COVID-19 and be open-
minded about possible new clinical-radiologic presentations and
courses.
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FIG 1. FLAIR images (A–C) depict multiple nodular/oval hyperintensities that involve the deep
and periventricular cerebral white matter, splenium of the corpus callosum, and pons. All lesions
show restricted diffusion on DWI sequences (D–F). Neither gadolinium enhancement (G–I) nor
hemorrhages (not shown) were demonstrated.
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FIG 2. Axial T2WI (A–C) demonstrates multiple large hyperintense oval lesions predominantly
affecting the subcortical WM of the cerebral hemispheres, the posterior arm of the right internal
capsule, and the infratentorial fossa structures, particularly in the middle cerebellar peduncles.
All lesions concurrently demonstrate diffusion restriction observed in the diffusion sequence
(D–F) and gadolinium enhancement in the postcontrast T1 sequence (G–I). Most lesions have an
open-ring enhancement pattern, best characterized in the right middle cerebellar peduncle
(arrowhead in I).
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LETTERS

Primary Angiitis of the CNS with Unremarkable Vessel
Wall MR Imaging: How the “T1 Shinethrough” Effect on
SWI Adds to the Detection of Gadolinium Enhancement

of Small Intraparenchymal Brain Vessels

The article published by Suthiphosuwan et al1 in the
September 2020 edition of AJNR made a strong impression

on us. The authors elaborate on the clinical, histopathologic, and
imaging findings of biopsy-proved cases of primary central nerv-
ous system vasculitis (PCNSV).

One of the major difficulties in the diagnosis of tumefac-
tive primary CNS vasculitis (t-PCNSV) is the differentiation
of this condition from malignant neoplasms.1,2 The absence
of abnormalities in large- and medium-sized vessels on CTA,
MRA, and high-resolution vessel wall imaging makes it even
more unlikely for this entity to be included in the list of dif-
ferential diagnoses for expansive-appearing lesions of the
brain.1 The main reason for the unremarkable angiographic
studies might be the preferential involvement of small-sized
vessels with relative sparing of medium and large arteries in
this PCNSV subtype.1,2

An imaging pattern that has been associated with cerebral
small-vessel inflammatory disease is that of linear or punctuate
enhancement in the brain parenchyma identified in postgado-
linium T1-weighted imaging.1,2 That pattern of enhancement
mimics the location of perivascular spaces, suggesting a dis-
tribution along the axis of small vessels in the brain, and has
therefore been termed perivascular enhancement.2 However,
on most conventional gadolinium-enhanced T1-weighted
imaging sequences, this perivascular distribution can only
be presumed because most clinically available MR imaging
equipment does not offer enough spatial resolution to visu-
ally identify the gadolinium enhancement actually surround-
ing the vessels. Even vessel wall imaging, which can clearly
demonstrate gadolinium enhancement in large- and medium-
sized artery walls, fails to visually depict the perivascular
nature of linear and punctuate enhancement in the brain
(Fig 1).

SWI is a relatively recent technique of MR imaging that
combines both phase and magnitude signal to produce

high-resolution images that provide higher sensitivity than
T2*-weighted imaging to detect brain hemorrhage and cal-
cification.3 It is also useful to acquire intracranial venog-
raphy (venous bold imaging).3 Although in that sequence
the T2* and phase effects are dominant, the signal inten-
sity is also a function of molecular transverse relaxation
time for gradient-echo imaging; therefore, T1 effects are
still present.4 This phenomenon is termed the “T1 shi-
nethrough” effect and can be exploited for the detection of
pathologic gadolinium enhancement in the brain tissue
with several applications, ranging from neuro-oncology to
demyelinating diseases.4 The strong contrast resolution
provided by gadolinium-enhanced SWI caused by the
combination of its T2* intracranial venographic effect and
T1 shinethrough effect might prove itself helpful in the
characterization of perivascular gadolinium enhancement
in small-sized vessel vasculitis (Fig 2). The strong T2*
effect in SWI sequences allows the identification of the
very low-intensity signal of small vessels within the brain
parenchyma, surrounded by a hyperintense background
determined by a T1 shinethrough effect caused by the
highly paramagnetic gadolinium in the vessel walls and
adjacent tissues. In some studies, it is possible to identify a
perivascular annular area of enhancement surrounding
the vessels, which we coined the “silver ring sign” (Fig
2D). This high-contrast resolution obtained between small
vessels and the surrounding tissue gadolinium enhance-
ment is the same principle that allows the visualization of
a small-sized central medullary vein in demyelinating
lesions in MS.4

The applications of the gadolinium-enhanced SWI sequence
have been growing recently. Therefore, we believe this
sequence might also have the potential to add information
on the currently difficult issue of diagnosing t-PCNSV.
Further research is necessary to determine whether it can
add to the sensitivity and specificity of such diagnosis.
Also, we encourage the study of postgadolinium SWI forhttp://dx.doi.org/10.3174/ajnr.A6973
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other potential applications in this scenario, such as bi-
opsy guidance and treatment follow-up.
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FIG 1. MR imaging findings in a 42-year-old man with biopsy-confirmed t-PCNSV. Axial fluid-attenuated inversion recovery (A) and postgadoli-
nium T1-weighted imaging (B) demonstrate an expansive-appearing lesion (arrows) with ring enhancement in the right frontal lobe surrounded
by an area of vasogenic edema. Coronal reformat 3D CUBE T1-weighted vessel wall image (C) at the internal carotid bifurcation shows no large-
or medium-sized artery wall enhancement (arrows). Sagittal reformat of the 3D CUBE T1-weighted vessel wall image (D) depicts multiple linear
or nodular foci of enhancement (arrow) within the right hemisphere white matter, with a striking radial distribution attributable to a perivascular
location.
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FIG 2. SWI findings of the same patient. Axial pregadolinium SWI (A and B) shows a large hemorrhage in the right brain hemisphere and a smaller
hematic focus in the body of left caudate nucleus (arrow). Postgadolinium SWI (C and D) shows selective perivascular gadolinium enhancement
along the parenchymal small-sized vessel walls (arrows). The “silver ring sign” is depicted in the amplified image in D.
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LETTERS

Inconsistencies between Radiologic and Cadaveric Studies of
the Occipital Sinus

The fetal and postnatal development patterns of dural venous
sinuses are not fully understood. In their article, published in

the American Journal of Neuroradiology in October 2020, Larson
et al1 examined the development of dural venous sinuses using
MR venography in more than 400 patients. They found that all
dural venous sinuses reached their maximum diameters around
5–10 years of age, and the occipital sinus was found in only 2.8%
of individuals 16–20 years of age. These findings led the authors
to conclude that the occipital sinus disappears gradually from
birth to 20 years of age; therefore, it is rarely observed in postnatal
life. However, these findings ignore the technical limitations of
MR imaging. In another study using MR venography, the occipi-
tal sinus was observed in 10% of cases, and it was suggested that
artifacts encountered due to flow gaps and the complexity of
intravascular blood flow may have caused this low percentage.2

In contrast, human cadaver studies have shown that 90% of indi-
viduals have an obvious occipital sinus.3 During the opening of
the dura of the posterior cranial fossa, various surgical maneuvers
are performed to specifically avoid damage to the occipital sinus
and unnecessary bleeding.4 Consequently, the infrequent obser-
vation of the occipital sinus in MR venograms is likely related to

technical factors, because it is not supported by either anatomic
or clinical observations.
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REPLY:

We read with interest the letter by Balak regarding our
study. We appreciate the interest in our study. We agree

that perhaps the right terminology is not to say that the occipital
sinus regresses, because it is likely always persistent, but that it no
longer plays a dominant role in the dural venous sinus drainage
pathway. There have been numerous examples in the literature of
embryonic sinuses (of which we consider the occipital sinus to be
one) recanalizing or playing a dominant role in cerebral venous
drainage due to the presence of arteriovenous shunting lesions or
venous sinus thrombosis.1-3 In this regard, the author is correct;
in all likelihood, the occipital sinus is present but just does not
have enough flow to be opacified on the MRV study.
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LETTERS

The So-Called Cranial Dural Channels and Their Relationship
with the Bridging Veins

With great interest, we read the paper “Dural Venous
Channels: Hidden in Plain Sight—Reassessment of an

Under-Recognized Entity” by M. Shapiro et al.1 The authors
should be commended for drawing the attention of readers to
what is a common experience among neurointerventionalists per-
forming cerebral angiographies on a daily basis: the extreme varia-
tion of the cerebral venous—including the dural—system. In the
literature and in everyday practice, we used to call these channels
“convexial sinuses,” “accessory sinuses,” “tributary sinuses,” or
even “no-name sinuses” when located in the convexial dura.
Therefore, it is a common finding, but certainly their recognition
requires a minimum angiographic experience and attention. We
definitely concur that their frequency is at least 26% as the authors
found, if not higher. These flattened channels may be very short or
very long.2 In the latter, the bridging veins emptying into them
appear away from the typical sinuses, and this is the reason why a
bridging vein fistula3 is sometimes found in a convexial location.

However, we should not forget that we are talking about images
and radiologic impressions. Therefore, we have to clarify the fol-
lowing point: do they really represent a part of the dural sinus net-
work, as the name “dural channel” implies, or is it simply the
intradural course of the bridging vein, which may be short or lon-
ger? In the first case, the channel should be indistinguishable from
the rest of the dural venous sinuses and histologically equivalent to
a sinus, whereas in the second, we are dealing with a vein covered
by or embedded in the dura but still a vein. Although we cannot
answer this question in an absolute way for all observed cases, we
can certainly state that often we are dealing with the intradural
course of the bridging vein and not with a “dural,” properly speak-
ing, channel. In our dural anatomy project, we have seen several
bridging veins with such an intradural course (Figure). The same
configuration can be seen , though extremely rarely, also in the spi-
nal cord (anecdotal data), where no sinuses exist. In our study, we
have not found yet a dural channel as meant by the authors;1 how-
ever, it may well be related to the small number of the cases studied
until now. Therefore, we are not sure if the proposed unifying
name “dural venous channels” is a good idea.

Regarding the statement “They may play a role in the
angioarchitecture of dural arteriovenous fistulas that appear to

drain directly into the cortical vein,” it is unclear if the authors
mean that these dural channels may represent the actual location
of the shunt. In our experience, the shunt is not located in that
channel. Until now, we have not seen a fistula located in such a
channel, in a tentorial one (tentorial sinus), or in a falcine or a con-
vexial one, despite years of observation trying to distinguish fea-
tures implying such a location. On the contrary, detailed analyses
of the angiographic images, sometimes also correlated with surgical
views, convince us that the exact location of the shunt is the junc-
tion of the bridging vein with the dura.3 This is why bridging vein
fistulas occur even without such a “dural venous channel.”
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FIGURE. A, Cadaveric preparation showing a bridging vein (thick blue arrow) reaching the dura (blue arrow) at the lateral wall of the superior
sagittal sinus and falx (yellow arrows), continuing (incomplete silicon penetration), embedded into the dura (multiple short blue arrows) to its
piercing point (thin blue arrow), where it enters the sinus. Even macroscopically, one may see the bridging vein buried, not just adherent to and
still easily distinguishable from the dura. The vein can be microsurgically prepared and separated from the dura, as it is shown in B (photo slightly
tilted to the right compared with A).
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REPLY:

We are extremely thankful to the Hannover group for for-
warding to the Editor their deep insights and critique. We

see the resulting exchange as an excellent opportunity for a sub-
stantive anatomic discussion and debate in the Journal.

It appears that we agree on most points. We agree that study of
vascular dural anatomy requires gross pathology and histology ma-
terial, as acknowledged in the Limitations section of our publica-
tion. We agree that the channels we both reported go by varied
names, hindering a comprehensive literature search. We also agree
that the distinction between dural venous channels and bridging
veins traversing the dura is not semantic, and furthermore, we
agree that from the perspective of surgical safety this distinction is
immaterial. We have also observed, in a less structured setting
than your group (during surgery), the appearance of bridging veins
traversing the dura to join with the recipient dural sinus.

The question as to whether a venous structure, once inside the
dura, retains anatomic characteristics of a vein or assumes those of
a venous sinus is a histologic question and, in our opinion, cannot
be answered for all structures in question by either imaging or
gross examination. Where we disagree is that we believe, based on
existing evidence, that the structures we illustrated are sinuses:

1. They are lens-shaped, not round. This morphology closely
resembles undisputed venous sinuses that traverse the dural
sheets such as duplicated superior sagittal, falcine, and occipi-
tal sinuses (Fig 1A–F, Fig 2A, -B).

2. We have observed what appear to be arachnoid granulations
inside several of the channels we called “dural venous
sinuses,” which are certainly not a structure expected in a
bridging vein (Fig 2C,-D and Fig 6 in our original
publication).

3. Existence of tentorial venous sinuses is generally accepted,
which is no proof of truth, but a strong supporting argument
for the presence of similar channels in the supratentorial
compartment (Fig 1G).

We view the dura as a sort of arterial and venous “tabula rasa”—
meaning any part of the dura can form a sinus when sufficient flow
or other factors encourage it—both in utero and under pathologic
circumstances such as a falcotentorial fistula. Indeed, we feel this

view is entirely consistent with Padget’s investigations,1 repeatedly
emphasizing the plexiform nature of dural venous structures.

Regarding the relationship between dural venous channels
and dural fistulas, we feel that the varied opinions held by multi-
ple groups as to their etiology and vascular pathoanatomy, given
the relative paucity of data, are such that a productive discussion
on the matter at this stage may be premature.

In conclusion, we believe that both bridging veins traversing
the dura and supratenorial dural venous channels exist, and both
are common. We continue to prefer the term “dural venous
channel,” unless new data disprove this view. Perhaps “intradural
venous channel” would be more of a semantic compromise.
Regardless of whether any name at all will “catch,” we feel confi-
dent that both our efforts in this arena will continue.
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FIG 1. Examples of dural venous sinuses/channels similar to those described in our index article. Angiography (A) and MR imaging (B) of same
patient, with multiple dural channels in addition to the usual superior sagittal sinus. The additional channels, marked by similar arrows on both
angiogram and MR image, are flattened, lens-shaped structures, just like the dural venous channels we describe. C and D, Axial and sagittal MR
images of patient with a falcine sinus variant—the same flattened morphology as in A and B. E and F, Morphology of the occipital sinus on a ve-
nous digital subtraction injection. G, Typical flattened appearance of tentorial venous sinuses.

FIG 2. A and B, Cinematic renderings, highlighting transition points (arrows) between round bridging vein and flattened dural venous channel in
2 different cases. A small fenestration versus arachnoid granulation is present in A (dashed arrow); neither structure would be expected in a
bridging vein. Frontal (C) and lateral (D) views of another arachnoid granulation inside a dural venous channel.
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