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REVIEW ARTICLE

Skull Base Osteomyelitis: A Comprehensive Imaging Review
P.R. Chapman, G. Choudhary, and A. Singhal

ABSTRACT

SUMMARY: Skull base osteomyelitis is a relatively rare condition, generally occurring as a complication of advanced otologic or
sinus infection in immunocompromised patients. Skull base osteomyelitis is generally divided into 2 broad categories: typical
and atypical. Typical skull base osteomyelitis occurs secondary to uncontrolled infection of the temporal bone region, most of-
ten from necrotizing external otitis caused by Pseudomonas aeruginosa in a patient with diabetes. Atypical skull base osteo-
myelitis occurs in the absence of obvious temporal bone infection or external auditory canal infection. It may be secondary to
advanced sinusitis or deep face infection or might occur in the absence of a known local source of infection. Atypical skull
base osteomyelitis preferentially affects the central skull base and can be caused by bacterial or fungal infections. Clinically,
typical skull base osteomyelitis presents with signs and symptoms of otitis externa or other temporal bone infection. Both typ-
ical and atypical forms can produce nonspecific symptoms including headache and fever, and progress to cranial neuropathies
and meningitis. Early diagnosis can be difficult both clinically and radiologically, and the diagnosis is often delayed. Radiologic
evaluation plays a critical role in the diagnosis of skull base osteomyelitis, with CT and MR imaging serving complementary
roles. CT best demonstrates cortical and trabecular destruction of bone. MR imaging is best for determining the overall extent
of disease and best demonstrates involvement of marrow space and extraosseous soft tissue. Nuclear medicine studies can
also be contributory to diagnosis and follow-up. The goal of this article was to review the basic pathophysiology, clinical find-
ings, and key radiologic features of skull base osteomyelitis.

ABBREVIATIONS: ASBO ¼ atypical skull base osteomyelitis; EAC ¼ external auditory canal; Ga-67 ¼ gallium-67 citrate; IgG4 ¼ immunoglobulin G4; Tc99m
MDP ¼ technetium Tc99m methylene diphosphonate; NEO ¼ necrotizing external otitis; SBO ¼ skull base osteomyelitis; TSBO ¼ typical skull base
osteomyelitis

Skull base osteomyelitis (SBO) is a rare, potentially life-threat-
ening infection that can present a diagnostic challenge clini-

cally and radiologically.1-4 While reports differ in terminology,
there are generally 2 categories of SBO: typical and atypical.
Typical SBO (TSBO) is the most common and classically occurs
in elderly patients with diabetes as a result of necrotizing external
otitis (NEO) caused by Pseudomonas species. (Fig 1).1,3 Atypical
SBO (ASBO), also called central SBO, predominantly involves the
basisphenoid and basiocciput and occurs without preceding oto-
logic infection (Fig 2).2,5 Recognition of SBO is increasing, and it
is clear that radiologic evaluation plays a critical role in diagnosis
and management. The goal of this article was to review the

pathophysiology, clinical presentation, and detailed radiologic
findings using multiple modalities including CT, MR imaging,
and nuclear medicine.

TSBO
TSOB is considered a part of the NEO spectrum, and these terms
are often used interchangeably.1,2,6 TSBO can also occur second-
ary to other otologic infections, including complicated otomastoi-
ditis or petrous apicitis.4,7,8 It can also occur secondary to trauma
or as a surgical complication.7-10

Disease may begin as localized otitis externa (Fig 3). Progres-
sive, deeper infection leads to NEO, in which microorganisms
invade local cartilage and bone, spreading through natural gaps in
the cartilaginous framework of the external auditory canal (EAC)
(fissures of Santorini).1 Infection can extend from the EAC through
the foramen of Huschke into the temporomandibular joint (Fig 4).
Progression of NEO ultimately causes TSOB, with local osseous
destruction and localized marrow infiltration. From the EAC, infec-
tion most often spreads anteromedially to the infratemporal and
preclival soft tissues, petrous apex, and clivus (Fig 5).1
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Patients with TSBO have otorrhea and severe otalgia, with
pain often out of proportion to the physical findings. Local
adenopathy may be present, but fever and leukocytosis are of-
ten absent.1 The erythrocyte sedimentation rate is generally
increased and can be used to monitor treatment. Trismus may
occur with involvement of the masticator space. Infiltration of
the EAC or nasopharyngeal soft tissues may produce mass
effect and suggests underlying malignancy. Eustachian tube
obstruction can cause further fluid accumulation and phleg-
mon in the middle ear. Cranial neuropathies can occur and

may indicate a poor prognosis. Facial nerve palsy is seen in
25% of patients as the disease spreads medially to involve the
stylomastoid foramen.1,11 Extension to the petrous apex may
result in Gradenigo syndrome (facial pain, cranial nerve VI
palsy, and persistent otorrhea).12

Inferomedial spread of infection to the jugular foramen and
carotid space can result in multiple lower cranial neuropathies
(cranial nerves IX–XII).1,2 Involvement of the sympathetic plexus
along the internal carotid artery can also produce Horner
syndrome. Rare cases of Villaret syndrome (neuropathies of

cranial nerves IX–XII plus Horner
syndrome) have been reported when
SBO affects the jugular foramen.13

Secondary thrombophlebitis of the
jugular bulb and sigmoid sinus can
also occur.11 The internal carotid ar-
tery can be affected anywhere from
the neck to the cavernous sinus, pro-
ducing infectious arteritis, thrombo-
sis, pseudoaneurysm, and stroke.

Intracranial spread can result in
meningitis, epidural abscess, and cav-
ernous sinus thrombosis. If the cavern-
ous sinus is affected, multiple upper
cranial nerves can be involved.11

Cranial nerve involvement is typically
unilateral but can be bilateral in
advanced SBO crossing the midline.

Patients with diabetes are particu-
larly prone to NEO/TSBO due to a
combination of immune dysfunc-
tion and microvascular angiopathy.
Pseudomonas aeruginosa is respon-
sible for 98% of cases.14 The virulence
of this Gram-negative bacterium is
related to angioinvasion and small-

FIG 1. Typical skull base osteomyelitis. A 55-year-old man with type 2 diabetes with low-grade
fever, severe pain, and drainage from his left ear. Eight weeks before imaging, the patient had
been diagnosed with left-sided otitis media and possible otitis externa. He had initially been
treated with amoxicillin and ofloxacin drops, without improvement. Culture from left-ear drain-
age revealed methicillin-sensitive S aureus. The patient was treated with IV vancomycin and
piperacillin/tazobactam for 2weeks and then 14weeks of amoxicillin/clavulanate. All clinical and
laboratory parameters initially resolved during 4months. However, a gallium scan continued to
indicate abnormal activity of the skull base at both 8 and 16weeks. Despite the gallium scan, anti-
biotics were discontinued. Within 2weeks, the patient had recurrent symptoms and severe neck
pain. Additional imaging (not shown) indicated new cervicocranial septic arthritis, requiring an
additional 3months of IV antibiotics that led to a cure. A, Axial CT demonstrates opacification of
left-mastoid air cells. There is subtle erosion along the petro-occipital fissure (arrow) and loss of
cortical bone along the left lateral margin of the clivus (arrowhead). B, Axial unenhanced T1-
weighted MR image demonstrates abnormal signal in the marrow space of the basiocciput
(arrow), ill-defined signal in the left carotid space, and masslike submucosal infiltration of the left
nasopharynx (arrowhead). C, Axial T1-weighted fat-saturated contrast-enhanced image demon-
strates abnormal enhancement involving the marrow space of the clivus (arrow) as well as heter-
ogeneous enhancement of infiltrating soft tissue in the left nasopharynx (arrowhead).

FIG 2. Atypical skull base osteomyelitis. A 72-year-old man with history of hypertension presented with a 9-week history of sinus congestion,
rhinorrhea, and headache. The patient had been treated for severe sinusitis with several courses of oral antibiotics and steroid injections pre-
scribed by his primary care physician as well as community ear, nose, and throat physicians. Just before admission, he developed left hearing
loss and left-sided facial palsy. Swab culture of the nasopharynx revealed P aeruginosa. The patient was treated with amoxicillin-pot clavulanate
(Augmentin) and Ceftazidime (Ceftaz) with clinical resolution after several weeks. Follow-up MR imaging at 4months confirmed improvement.
A, Axial contrast-enhanced CT scan demonstrates patchy heterogeneous density in the preclival soft tissues extending to involve the carotid
spaces bilaterally (arrows). The inflammatory tissues in the preclival soft tissues could mimic an infiltrative neoplasm of the nasopharynx. B,
Axial bone CT at the same level shows irregular erosions of the ventral clivus (arrows). C, Axial T1-weighted contrast-enhanced MRI. There is
nodular enhancement involving the clivus at this level with focal areas of necrosis and abscess just inferior to the foramina lacerum (arrow).
Note circumferential enhancement of the petrous internal carotid arteries (arrowhead). D, Axial DWI depicts small foci of fluid near the fora-
men lacerum bilaterally as diffusion-restricted, consistent with focal abscesses (arrows).
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vessel thrombosis.1 Rarely, other bacteria including Staphylococcus
species are reported. Otologic fungal infections, especially
Aspergillus species, are increasingly reported in immunocompro-
mised patients and can lead to fungal SBO.4,15

TSBO has been traditionally associated with high morbidity
and mortality despite intensive antibiotic therapy, with reported
survival rates of around 50%.2,16 Although prognosis has
improved, recent studies still report mortality of up to 30%, and
it is still difficult to cure.17-19

ASBO
ASBO, or central SBO, for has a predilection for the clivus and
occurs without precipitating otologic infection. It can be idio-
pathic or secondary to regional infections of the sinus, deep face,
or oral cavity.4,8,10,16,19 The distinction between typical and atypi-
cal is not always clear because patients may have occult or par-
tially treated infection before diagnosis of SBO. Furthermore,
infection of the temporal bone can spread medially to the central
skull base and vice versa, making the true origin uncertain in
some cases.6,20

The clinical features of ASBO are nonspecific. Patients are
generally middle-aged to elderly with underlying diabetes or
other immunocompromised states (HIV, chronic steroid use,
and so forth).2 Ridder et al18 reported that 70% of patients with
ASBO had a predisposing factor affecting bone vascularization,
including diabetes (45%). Additional predisposing factors include
previous radiation therapy, anemia, malnutrition, chronic cardio-
pulmonary disease, Paget disease, and osteoporosis. Rare patients
have ASBO with no relevant pre-existing illness.

The most common symptoms of ASBO are headache and cra-
nial neuropathies, with sinonasal symptoms reported in 25%.2

Fever is uncommon, found in ,20%.2,3,5 The erythrocyte sedi-
mentation rate can be elevated, but leukocytosis is absent more
often than not.3,5 ASBO can begin with persistent sinus or other
local infections, with spread from pneumatized space or soft
tissues to the osseous skull base. Involvement of preclival or naso-
pharyngeal soft tissues raises concern for nasopharyngeal neo-
plasm. Intracranial extension can lead to meningitis, multiple
cranial neuropathies, and cavernous sinus thrombosis.2,5,16

Gram-positive bacteria, including Staphylococcus species, are
more common than Pseudomonas species.2,3 ASBO can be
caused by fungal organisms, especially mucoraceal family in
ketoacidosis and Aspergillus species in patients with neutropenia
(Fig 6).3,15,21 Nontuberculous Mycobacteria species are being
increasingly recognized in the immunocompromised popula-
tion. Some cases are polymicrobial.

In ASBO, a 90.5% survival rate has been reported with aggres-
sive management at 18-month follow-up, though up to one-third
of the patients experienced residual neurologic sequelae.2

A summary of the comparison of clinical characteristics of
TSBO and ASBO is shown in the Table.

Pathology
Biopsy is often necessary in the clinical course to exclude neo-
plasm, examine features of non-neoplastic tissue, and obtain
direct microbiologic specimens for Gram stain, culture, and anti-
biotic-sensitivity assessment. In cases of SBO, pathologic speci-
mens show inflammatory changes that vary from edema to
purulence, with varying degrees of tissue necrosis. Histology may
not reveal microbes directly, and cultures are important for defin-
itive diagnosis and specific treatment.5 However, there have been

FIG 3. Bilateral external otitis. A 44-year-old woman presented with
severe bilateral ear pain and drainage with conductive hearing loss.
Clinically, there was marked inflammatory thickening of the EACs
bilaterally. Pseudomonas species were cultured from the external au-
ditory canals bilaterally. The patient was treated with IV vancomycin
and piperacillin/tazobactam for 4 days followed by 2weeks of oral
ciprofloxacin. Symptoms resolved at 3weeks without additional
imaging work-up. A, Axial enhanced CT images are shown. Upper
image with bone windows shows marked opacification of the EACs
(arrows). The lower image with a soft-tissue filter shows marked
inflammation of the EACs and periauricular tissues (arrowheads). B,
The upper coronal T1 image shows marked opacification and thicken-
ing of the EACs (arrows) and associated opacification of the middle
ear cavities. The lower image depicts postcontrast fat-saturated T1
images. A discrete mass is not identified. However, there is marked
enhancement along the walls of the EACs (arrowheads), compatible
with otitis externa.

FIG 4. Necrotizing external otitis complicated by septic temporo-
mandibular joint arthritis. An 88-year-old man with several months of
right ear pain and drainage presented with progressive symptoms and
right temporomandibular joint pain and trismus. In the prior weeks,
he had been treated for NEO with oral and IV antibiotics at an out-
side facility. After initial evaluation, debridement and temporoman-
dibular joint replacement were planned, but the patient was lost to
follow-up. A, Axial contrast-enhanced CT with bone windows dem-
onstrates abnormal opacification of the right EAC and inferior middle
air cavity. There is erosion of the floor of the EAC, potentially involv-
ing the foramen of Huschke (arrowhead), and communication with
the right temporomandibular joint. Air/gas density is identified within
the temporomandibular joint (arrow) as well as within the mandibular
condyle itself. B, Sagittal reformatted CT scan again demonstrates
abnormal air density within the right temporomandibular joint and
mandibular condyle (arrow). Note a defect in the anterior inferior
margin of the EAC (black arrowhead).
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emerging reports of culture-negative SBO, typically in patients
with previous incomplete/partial treatment with topical or oral
antibiotics.22,23 There is a wide range of reported culture-negative
cases in the literature.24-26 In a systematic review by Mahdyoun et
al,26 culture-negative cases of NEO in the literature ranged from
0% to 36%. Djalilian et al,22 in 2006, reported 8 cases of SBO, all
of which were culture-negative. Some authors have reported
100% positive cultures in their studies of patients with SBO,27

whereas some have reported up to 70% of patients with negative
cultures, ultimately requiring empiric treatment.28 These data are
limited by the absence of prospective studies and small sample
sizes; a systematic analysis of these data to assess differences
between typical and atypical SBO in this regard is beyond the
scope of this article.

Imaging. Radiologic evaluation is critical for prompt diagnosis of
SBO. The imaging approach depends on presenting symptoms.
However, in general, a combination of complementary studies
using high-resolution bone CT and gadolinium-enhanced MR
imaging is often necessary. In challenging cases, molecular imag-
ing studies can provide functional and metabolic information.

CT. Unenhanced CT is often first-line for suspected head and
neck infections and is adequate for identifying opacification, mu-
cosal thickening, and air-fluid levels in the temporal bones and
sinuses. High-resolution submillimeter-section CT using a bone
algorithm can be reformatted in multiple planes and is the study
of choice for identifying cortical bone erosion or trabecular
demineralization that accompanies osteomyelitis.

In suspected TSBO, it is critical to assess cortical bone loss,
which can be subtle. In areas without prominent marrow and tra-
becular bone, this may be the only clue to SBO. Several key areas

should be evaluated, including the
bony EAC, mastoid tip, temporoman-
dibular joint, petrous apex, petro-occi-
pital fissure, foramen lacerum, jugular
foramen, and clivus. In cases of ASBO,
there is often evidence of invasive si-
nusitis with cortical erosions of the
paranasal sinuses, particularly the
sphenoid or ethmoid sinuses and pos-
sibly along the anterior clivus and fo-
ramina of the central skull base.5

Contrast-enhanced CT with soft-
tissue windows can also be useful. In
TSBO, the anteromedial spread of cel-
lulitis and phlegmon in the infratem-
poral soft tissues manifests as poorly
defined enhancement and soft-tissue
infiltration. Occasionally, a frank ab-
scess can be identified in the preclival
soft tissues. Asymmetric soft-tissue
fullness of the nasopharynx is com-
mon and can mimic an infiltrating
neoplasm, especially nasopharyngeal
carcinoma (Fig 7A). The soft-tissue
invasion and neurovascular complica-
tions can occur before or without

frank bone destruction, especially in early or aggressive diseases
such as fungal SBO. CTA or CTV can be of additional benefit for
evaluation of vascular complications, including cavernous sinus
thrombosis or stroke.

MR Imaging. MR imaging of the skull base is complementary to
CT and is superior for evaluating soft-tissue extent, marrow
involvement, and intracranial complications related to SBO.3 A
combination of MR images is necessary to fully evaluate the skull
base and surrounding structures, including T1, T2, STIR, DWI,
and T1-weighted fat-saturated contrast-enhanced images. Early
TSBO may demonstrate abnormal signal and enhancement of the
EAC, with marked edema and inflammation of the auricular soft
tissues. With progression, there is anteromedial spread as
described above.

On T1 images, the ill-defined soft-tissue process demonstrates
hypo- or isointensity to muscle and causes obliteration of normal
fat planes: retromandibular fat, parapharyngeal fat, and retro-
pharyngeal fat in the preclival region. The infiltration consists of
inflammation, edema, and phlegmon and produces T2 hyperin-
tensity and heterogeneous enhancement on T1-weighted fat-satu-
rated contrast-enhanced sequences. As noted, the soft-tissue
abnormality in the nasopharynx may be the dominant feature
and can be indistinguishable from an infiltrative neoplasm (Fig
7B, -C).

When osteomyelitis affects the bone marrow, there is loss of
normal fat signal in the marrow space, causing T1 hypointensity
and STIR hyperintensity. The affected marrow demonstrates het-
erogeneous gadolinium enhancement.4,7,21 With advanced infec-
tion, bone marrow may become necrotic and evolve into an
abscess, producing a region of peripherally enhancing tissue.

FIG 5. Typical SBO from NEO. An 82-year-old woman with insulin-dependent diabetes pre-
sented with a several-month history of pain and drainage from the right ear. The patient was
recently treated as an outpatient with several rounds of antibiotics (including amoxicillin/clavula-
nate and ciprofloxacin) for otitis media and NEO, but symptoms had progressed. Following imag-
ing and a diagnosis of SBO, the patient was treated with 4weeks of IV vancomycin and
piperacillin/tazobactam and additional 4weeks of oral ciprofloxacin. The patient initially had clin-
ical improvement, but a gallium scan at 8weeks showed persistent uptake. The patient did not
return for follow-up as instructed but returned 8months after the original admission with pro-
gressive infection extending to the central skull base and left temporal bone, requiring an addi-
tional 6weeks of IV antibiotic treatment. A, Axial CT scan through the right EAC demonstrates
thickening and partial opacification of the external auditory canal (arrow). There is subtle erosion
along the posterior wall of the external auditory canal and mild soft-tissue fullness of the right
nasopharynx. B, Axial T1-weighted MR image demonstrates obliteration of normal fat planes in
the submucosal and preclival tissues of the nasopharynx (arrows). This process extends postero-
laterally to the tip of the mastoid on the right. C, Axial T1-weighted contrast-enhanced image
demonstrates heterogeneous enhancement of abnormal tissue extending from the tip of the
mastoid on the right to the nasopharynx (arrows) without discrete abscess formation.
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Mucormycosis infection, in particular, can produce a combina-
tion of abnormal enhancement and nonenhancing areas of devi-
talized soft tissue and bone.15,21

Early in TSBO, the volume of marrow space abnormality may
be small and attention to detail and use of fat-suppression are
necessary to identify subtle involvement of mastoid bone, petrous
apex, or occipital bone. Progression of disease can lead to more
diffuse involvement of the marrow space and can include the cli-
vus. While most cases will present as unilateral abnormalities,
disease can progress to bilateral skull base involvement.

With ASBO, the MR signal abnormalities of the affected soft
tissues and the bone marrow will be similar to those in TSBO.
The primary difference is that the epicenter of disease will be the
sphenoid bone. Paranasal sinus opacification may be conspicu-
ous. The primary marrow signal abnormality will be in the clivus
but may also involve the lesser and greater wings of the sphenoid

or petrous apices. The soft-tissue
abnormalities will also involve the pre-
clival soft tissues but may be more
symmetric, producing diffuse fullness
in the nasopharynx. Soft-tissue infil-
tration of the pterygopalatine fossa
with obliteration of normal fat in these
regions is typical of invasive sinusitis
associated with SBO.

DWI, especially non-EPI DWI,
may be of benefit in evaluating SBO.
Diffusion restriction in nonenhancing
fluid collections can help confirm an
abscess. Additionally, ADC values may
allow distinction between SBO and
neoplasm, with bacterial SBO values
shown to be higher than those in
nasopharyngeal carcinoma or lym-
phoma.17 On postcontrast imaging,
focal abscesses could show a periph-
eral rim of enhancement, whereas a
neoplasm would generally demon-
strate enhancement within the diffu-
sion-restricting tissue.29

CT or MR imaging is not necessar-
ily helpful in long-term monitoring of
the disease because radiologic findings
lag behind clinical improvement.1,11,30

Overall, improvement in soft-tissue
findings is the best radiologic indicator
of early improvement,11,31 but abnor-
malities of bone may persist for weeks
to months despite a clinical response
to treatment.1,3,5,31

Nuclear Medicine. Before the advent
of CT and MR imaging, nuclear
imaging served as a cornerstone for
evaluation of SBO.32 The various ra-
dionuclide studies provide func-
tional and metabolic information

that can help confirm and localize infection of the skull base
and can be complementary to clinical findings and anatomic
imaging to monitor treatment response.

Technetium Tc99m methylene diphosphonate (Tc99m MDP)
can demonstrate increased osteoblastic bone activity that occurs in
response to infection. A 3-phase Tc99m MDP bone scan is more
sensitive than CT for early detection of SBO, with sensitivity
approaching 100%, including SPECT Tc99m MDP scans, which
are reported to be more sensitive and a better prognosticator for
patients with malignant external otitis.33 It typically shows abnor-
mal increased tracer uptake in bone on all 3 phases (ie, immediate
blood flow, blood pool [5–10 minutes], and delayed phase [3–
4hours]), whereas isolated soft-tissue infection will be differentiated
by a normal delayed phase. If available, delayed-phase SPECT
improves anatomic localization. A bone scan, however, lacks speci-
ficity for infection because it can demonstrate abnormal bone

FIG 6. Extensive atypical skull base osteomyelitis secondary to invasive fungal sinusitis (mucor-
mycosis). A 68-year-old man with insulin-dependent diabetes mellitus and a history of chronic si-
nusitis and previous sinus operations presented with a 6-month history of severe headache,
nausea and vomiting, and weight loss. Endoscopic debridement and biopsies were performed.
While cultures were negative for fungus, pathologic evaluation of sinus material yielded micro-
scopic evidence of invasive fungal sinusitis consistent with mucormycosis. The patient was
treated with micafungin and amphotericin B. A protracted course was complicated by persistent
symptoms, and the patient had additional sinonasal debridement at 4months. Endoscopic cul-
ture at that time yielded P aeruginosa as a new or potentially coexistent organism, and IV ceftazi-
dime was added to treatment. The patient was followed clinically and with CT/MR imaging until
resolution. A, Axial unenhanced CT image through the skull base demonstrates diffuse osteolysis
and fragmentation of the sphenoid bone, including the walls of the sphenoid sinus and greater
wing (arrows). There is marked mucosal thickening and opacification of the visualized sinuses. B,
Axial CT image through the central skull base shows diffuse bone demineralization of the body
of the sphenoid bone (arrows). C, Axial T1-weighted fat-saturated contrast-enhanced image
shows abnormal enhancement in the greater wings of the sphenoid bone bilaterally (arrows) and
confluent opacification of the sinuses. There is evidence of devitalization and necrosis in the
upper clivus (arrowhead). D, Axial T1-weighted fat-saturated contrast-enhanced image shows
marked infiltrative signal abnormality and enhancement in the greater wings of the sphenoid
bone (arrows). There is marrow necrosis and devitalization of the body of the sphenoid bone
centrally (arrowheads). E, Axial fused Tc99m MDP bone scan SPECT image shows marked radio-
tracer uptake in the greater wing of the sphenoid bone on the left and the anterior midline skull
base, consistent with osteomyelitis. F, Axial fused Tc99m MDP bone scan SPECT image shows
multifocal areas of radiotracer uptake in the sphenoid bone bilaterally.
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activity in malignancies, trauma, recent
surgery, or noninfectious inflamma-
tion. Furthermore, in the setting of
osteomyelitis, a bone scan can remain
abnormal even after satisfactory treat-
ment due to bone healing and remod-
eling (Fig 8).1,2,34,35

A gallium-67 citrate (Ga-67) scan
targets acute-phase reactants like lac-
toferrin and bacterial siderophores
and can bind to white blood cells
engaged in the immune response to
infection. This feature provides high
specificity for infection and is comple-
mentary to the bone scan (Fig 9). A
normal Ga-67 scan, even with an
abnormal bone scan, reliably excludes
SBO, and increased uptake on a Ga-67
scan confirms infection. A Ga-67 scan
plays an important role in monitoring
of treatment response, converting to
normal findings after successful treat-
ment; persistent increased uptake sug-
gests residual infection. The scan can
be repeated to monitor antibiotic re-
sponse until findings become nor-
mal.6,34 This repetition can be reassur-
ing for the consulting physician and
the patient, especially in complicated
cases in which the diagnosis was
delayed or in doubt. The major limita-
tion of a Ga-67 scan is the long scan
time requiring delayed images up to
48–72 hours.

A technetium-labeled white blood
cell scan is less commonly used but
like Ga-67, it has a high specificity for
SBO in the initial diagnosis. A tagged
white blood cell study can be used for
confirming healing at the end of anti-
biotic therapy.1,11,36

Overall, the literature has vari-
able data regarding the overall diag-
nostic value of nuclear medicine

FIG 8. Extensive skull base osteomyelitis. A 70-year-old man with poorly controlled diabetes pre-
sented with symptoms of otomastoiditis with associated hearing loss, left facial nerve paralysis,
and dysphagia. A culture of the left external auditory canal revealed Pseudomonas infection. The
patient received aggressive treatment for several months, including IV vancomycin and piperacil-
lin/tazobactam, but he ultimately died from meningitis and aspiration pneumonia. A, Axial CT
demonstrates multiple focal areas of cortical dehiscence involving the temporal bones bilaterally
as well as the clivus (arrowheads). The generalized erosion is compatible with diffuse osteomyeli-
tis of the skull base. B, Axial fused Tc99m MDP bone scan SPECT image demonstrates significant
accumulation of radiotracer in the skull base bilaterally, preferentially affecting the temporal
bones. C, An axial fused gallium scan SPECT image shows bilateral accumulation of radiotracer in
the temporal bones, with some extraosseous accumulation in the left preclival region.

FIG 7. Typical SBO with atypical organisms. A 75-year-old man with diabetes presented with
left-ear discharge, conductive hearing loss, and headache. Initial imaging suggested an infiltrative
neoplasm of the nasopharynx, and multiple endoscopic biopsies of the nasopharynx were per-
formed to exclude nasopharyngeal carcinoma. Ultimately, biopsies of the external auditory canal
revealed an infectious organism, Aspergillus species. The patient was treated with amphotericin
with gradual resolution of symptoms. A, Axial enhanced CT image through the level of the naso-
pharynx suggests an infiltrative soft-tissue abnormality involving the submucosa and preclival
soft tissues of the nasopharynx (arrow). B, Axial T1-weighted MR image through the nasopharynx
shows poorly defined infiltrative soft tissue (arrowhead) in the submucosa of the nasopharynx
on the left, extending to involve the left carotid space. There is also replacement of normal mar-
row on the left side of the basiocciput (arrow). C, Axial enhanced fat-saturated T1 image through
the nasopharynx demonstrates abnormal enhancement on the left side of the occipital bone
(arrow) as well as abnormal enhancing infiltrative tissue (arrowheads) in the preclival soft-tissue
left carotid space and left retromandibular region. Courtesy of Dr Christine Glastonbury,
Professor of Clinical Radiology, Otolaryngology Head and Neck Surgery, and Radiation Oncology,
University of California, San Francisco, California.

Comparison of clinical characteristics of typical versus atypical SBO

Typical SBO Atypical SBO
Age Elderly Middle-aged
Predisposing factors DM more common than immunocompromised DM, immunocompromised
Clinical features Otorrhea, otalgia (severe, with pain out of

proportion to the physical findings), hearing loss
Headache, atypical facial pain, cranial
neuropathies, sinonasal symptoms in 25%

Cranial nerve involvement VII most common VI, IX, and X more common than VII
Pathogen P aeruginosa in most cases; fungal more common

in immunosuppressed patients without diabetes
S aureus slightly more common than
P aeruginosa and fungal

Primary epicenter of
disease process

EAC, petrous apex, and clivus Central skull base, sphenoid bone, or clivus with
or without evidence of regional infection of
the sinuses, deep face, or oral cavity

Note:—DM indicates diabetes mellitus.
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studies.37 A recent review of malignant otitis externa litera-
ture revealed pooled sensitivities for technetium-99 and gal-
lium-67 of 85.1% and 71.2%, respectively, with poor
specificity; however, the data were deemed insufficient for a
meta-analysis. The authors, therefore, advised against the
routine use of these studies in SBO management in patients
with a known diagnosis on conventional imaging. However,
these examinations were considered to be reasonably sensi-
tive tests in patients with an unclear diagnosis despite an oto-
microscopic examination or other imaging studies.37 The
authors also concluded that there were insufficient data to
determine the usefulness of these modalities during follow-
up and that larger prospective studies would be necessary.

[18F] FDG- PET detects increased glucose metabolism. FDG
is nonspecific and accumulates at sites of high glucose demand,
including active infection, but also in postoperative, inflamma-
tory, or neoplastic tissue. The advantages of FDG-PET/CT over
other nuclear studies are wider clinical availability, shorter imag-
ing time, and higher spatial resolution. It can be complementary
to determine the extent of infection in confirmed cases of SBO and

for evaluation of treatment response. In a recent study comparing
the diagnostic performance of [18F] FDG-PET/CT with MR imag-
ing, both modalities had comparable sensitivities (87.5 versus
81.25%, respectively), but PET-CT had better specificity (71.0% ver-
sus 28.5%, respectively) in identifying infection. The sensitivity,
specificity, positive predictive value, negative predictive value, and
accuracy of FDG-PET/CT in detecting SBO were 96.7%, 93.3%,
98.3%, 87.5%, and 96.1%, respectively.38 With wider availability of
hybrid PET-MR imaging scanners with superior soft-tissue detail
and metabolic information in a single imaging session, PET-MR
can be used to follow patients with SBO.6,38,39 PET-MR imaging
with gadolinium in combination with high-resolution CT is an
excellent approach for suspected new SBO, and a combination of
FDG-PET with either MR imaging or CT may provide sufficient
follow-up (Fig 10).6

Differential Considerations. The primary diagnostic dilemma
for SBO arises from neoplastic processes because they can also
infiltrate the skull base and the adjacent soft tissues. Carcinoma
of the EAC can have similar clinical and radiologic features to

FIG 9. Typical skull base osteomyelitis. A 63-year-old man with diabetes presented to an outside hospital with a several-month history of left ear
pain. He was initially diagnosed with otitis media and treated with several rounds of antibiotics. A recent evaluation at an outside hospital suggested
the presence of a nasopharyngeal mass with skull base invasion. Two separate biopsies of the nasopharynx failed to demonstrate nasopharyngeal
carcinoma. While a discrete organism was not cultured, the patient was presumptively treated with levofloxacin and clindamycin with gradual
improvement and resolution of all symptoms. He was monitored using serial CT, MR imaging, and gallium scans. A, Axial postcontrast CT of the soft
tissue of the neck at the level of the nasopharynx demonstrates a heterogeneously enhancing soft-tissue lesion involving the submucosal region of
the left nasopharynx (arrow). The process extends laterally to the left carotid space, and there is occlusion or thrombosis of the left internal jugular
vein. B, Axial postcontrast CT scan through the skull base with bone windows demonstrates focal cortical erosion along the margins of the foramen
lacerum (arrow), consistent with osteomyelitis. C, Axial T1-weighted MR image through the skull base shows an infiltrative process involving the left
side of the clivus (arrow) and adjacent preclival tissues of the left nasopharynx. The lesion appears masslike on the left (arrowhead). The infiltrative
process extends posterolaterally on the left to the jugular foramen. Partial thrombosis of the jugular bulb and sigmoid sinus is identified (black
arrowhead). D, Axial enhanced T1-weighted MR image through the skull base shows an enhancing infiltrative process involving the left side of the cli-
vus (arrow) and adjacent preclival tissues of the left nasopharynx (arrowhead). The process extends posterolaterally on the left to the jugular fora-
men. Partial thrombosis of the jugular bulb and sigmoid sinus is identified (black arrowhead). E, Axial DWI shows no diffusion restriction in the
nasopharyngeal soft tissue, favoring a non-neoplastic process over lymphoma or nasopharyngeal carcinoma. F, Axial fused Tc99m MDP bone scan
SPECT image shows localized accumulation of radiotracer in the left skull base, compatible with osteomyelitis. G, An axial fused gallium scan SPECT
image at the level of the nasopharynx shows mild uptake in the soft tissues of the nasopharynx. H, A follow-up fused gallium scan SPECT image at
the level of the nasopharynx demonstrates resolution of previously seen uptake in the nasopharyngeal soft tissues, favoring a treatment response.
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those of TSBO and, therefore, needs to be excluded. Other neo-
plasms to consider are metastatic disease, nasopharyngeal carci-
noma, sinonasal neoplasm, and lymphoma.3

Neoplasms that affect the skull base may arise locally from vari-
ous sources that are amenable to clinical evaluation. For example, a
primary skin lesion such as EAC squamous cell carcinoma or a pri-
mary mucosal lesion such as nasopharyngeal carcinoma may have a
dominant, clinically obvious primary soft-tissue mass that heavily
influences image interpretation and preliminary management deci-
sions. Other neoplasms of the skull base such as lymphoma, my-
eloma, or metastatic disease may be accompanied by pertinent
clinical history and other extracranial findings to indicate underlying
systemic metastatic or multifocal disease and would typically present
with more bulky lesions than ill-defined skull base pathologies.

Most primary forms of local invasive neoplasms that affect the
skull base have a dominant soft-tissue mass or nodule that

secondarily invades the bone. While
the osseous skull base may have signif-
icant derangement due to invasion
and destruction, the primary lesion
presents on cross-sectional imaging
as nodular or masslike enhancement
in the extraosseous soft tissues. As
opposed to SBO, malignant neoplasms
typically displace or replace normal
anatomy without preservation of tis-
sue planes. Enhancement and fullness
without destruction of fascial planes
may support a diagnosis of SBO over
tumor.29,40 Additionally, at presenta-
tion, MR imaging has been reported
to show greater disease involvement
compared with CT in central SBO,
whereas malignancy generally shows
equal involvement; and combining the
CT and MR imaging information can
help differentiate between central SBO
and malignancy.40 With high-resolu-
tion imaging, especially T1-weighted
contrast-enhanced fat-saturated MR
imaging, the margins of the tumor can
be reasonably mapped and measured.
If a lesion involving the skull base has
a dominant, solidly enhancing soft-tis-
sue component that correlates with a
clinically obvious mass involving the
skin or mucosa, neoplasm is strongly
favored over infection. In these cases,
biopsy of the apparent lesion is indi-
cated as initial management. In situa-
tions in which a primary lesion is not
clinically apparent, imaging can help
direct a potential biopsy of suspected
viable tumor by identifying localized
extraosseous soft-tissue enhancement.29

The dilemma is made more diffi-
cult in the setting of a small or occult

primary tumor, deep subcutaneous or submucosal invasion, or tu-
mor with significant ulceration or necrosis. In these cases, a domi-
nant soft-tissue nodule or mass may be lacking both clinically and
radiologically. This situation occasionally occurs in the setting of
nasopharyngeal carcinoma or adenoid cystic carcinoma that affects
the central skull base. In such circumstances, the radiologic picture
may be dominated by osseous demineralization on CT and abnor-
mal marrow space signal and enhancement on MR imaging. In
these cases, infiltrating tumor can be difficult to distinguish from
SBO. In addition, focal soft-tissue infection associated with SBO
can produce phlegmon, occasionally taking on masslike qualities
of soft-tissue fullness, mass effect, and enhancement.

The decision to biopsy tissue is based on multidisciplinary
consultation. Surface mucosal or submucosal disease can be biop-
sied through endoscopic approaches by ear, nose and throat sur-
geons, whereas more deep-seated disease may require image-

FIG 10. Progressive left-sided skull base osteomyelitis. A 65-year-old man with multiple comorbid-
ities, including poorly controlled diabetes, presented with a relatively long-standing history of
chronic sinusitis and bilateral otitis media. He was recently treated for otitis media of the left ear
and presented with new headache and left-sided hearing loss. Culture from the left EAC was nega-
tive for a causative organism, and cultures from the sphenoid sinus demonstrated methicillin-resist-
ant S aureus. The patient was treated with 4weeks of IV vancomycin and piperacillin/tazobactam.
The patient improved, and a gallium scan performed during follow-up showed significant improve-
ment and only mild residual uptake in the skull base. Antibiotics were discontinued. The patient
returned 4weeks later with sepsis, and blood cultures were positive for Klebsiella species. In the
next 3months, the patient had a return of headaches and new right-sided symptoms. Imaging eval-
uation demonstrated progressive infection of the right skull base. Re-institution of IV antibiotics
led to gradual resolution of clinical and imaging findings. A, Axial T1-weighted MRI through the skull
base shows an infiltrative soft-tissue abnormality (arrows) involving the central skull base with
abnormal marrow signal on the left side of the occipital bone (arrowhead). B, Axial enhanced T1-
weighted MR image shows heterogeneous enhancement in the corresponding areas of the left
petro-occipital fissure (arrow). C, Axial bone scan fused with CT shows radiotracer accumulation in
the left central skull base, including the sphenoid bone and left petrous apex. D, Following initiation
of empiric IV antibiotic treatment, the patient had improvement of symptoms on the left, but 4
months later, he developed severe headache, fever, and right-sided facial pain. Axial T1-weighted
image shows an infiltrative process (arrows) of the central skull base that now extends to the right.
E, Axial enhanced fat-saturated T1-weighted image demonstrates improved enhancement of the
left central skull base and the adjacent soft tissues but interval worsening of enhancement of the
right skull base (arrowhead) and soft tissues of the nasopharynx (arrow). F, Follow-up axial fused
bone scan SPECT image demonstrates radiologic worsening with marked radiotracer uptake in the
central skull base in the right petro-occipital region.
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guided biopsies. Radiologic findings can provide specific clues in
cases in which there have been repeat biopsies negative for malig-
nancy. Alternate biopsy targets can be suggested on the basis of
the imaging appearance to plan surgical approaches to the ptery-
gopalatine fossa or orbital apex for biopsy and tissue analysis.23

Often during the course of the disease, these cases will need a
multidisciplinary approach, with consultations among the refer-
ring clinician, surgeons, infectious disease specialists, and radiol-
ogists at different steps.23

Neoplasms that are intrinsic to the skull base such as chor-
doma or chondrosarcoma can be considered invasive or infiltra-
tive, but they tend to be slow-growing, focally expansile, and
relatively well-circumscribed. Tumor grows beyond the margins
of the bone into adjacent soft tissues, but there is not typically an
inflammatory response.

Rare differential considerations would include non-neopl-
astic diseases, including granulomatosis with polyangiitis and
other granulomatous diseases (eg, tuberculosis, sarcoidosis).3

Idiopathic skull base inflammation (inflammatory pseudotumor),
an idiopathic noninfectious inflammatory condition, may primar-
ily involve the skull base or extend from the orbit and can appear
identical to SBO.41 Immunoglobulin G4 (IgG4)-related disease can
affect almost any organ, most commonly the submandibular, lacri-
mal, or parotid glands, but it can also involve the skull base. IgG4-
related disease typically shows increased IgG-4-positive plasma cells
on tissue sampling, and elevated serum IgG4 concentrations are
also seen.42 An elevated IgG4/IgG ratio of .0.4 was detected in
40% of cases in a study of inflammatory pseudotumor and helped
to distinguish them from SBO in some instances because none of
the SBO cases had a ratio of.0.4.43 Ultimately, radiologic findings
alone are insufficient to differentiate these inflammatory entities
from SBO and malignancy. These entities often are suspected in the
absence of a mass or signs of infection, but endoscopic biopsy/tissue
sampling will be needed for diagnosis.23,43

Primary bone conditions of the skull base, including fibrous
dysplasia and Paget disease, can be in the differential for SBO on
MR imaging; however, CT would show their typical appearances
with bony expansion and no associated soft-tissue abnormality.
Ground glass opacification with variable lytic foci would be seen
in fibrous dysplasia and osseous expansion with a lytic lesion
(osteoporosis circumscripta) or mixed lytic-sclerotic foci having a
cotton wool appearance as seen in Paget disease.3

Management/Treatment. TSBO often has a classic presentation
and is not difficult to diagnose, whereas ASBO is often a diagnos-
tic dilemma due to the nonspecific initial presentation. For any
infiltrative/destructive process of the central skull base, neoplastic
processes including nasopharyngeal carcinoma, lymphoma, or
leukemia need to be ruled out first with other aforementioned
inflammatory or noninflammatory conditions also considered.
Skull base or nasopharyngeal biopsies need to be performed in a
timely manner to rule out these differential possibilities as well as
to obtain tissue samples due to the potential for rapid progression
of SBO.11,18 Tissue samples should undergo microbial analysis
with culture and flow cytometry for lymphoma in addition to
pathologic analysis, especially if the clinical suspicion is high and
no obvious soft-tissue lesions are seen.1,5 Pathogen-specific

antibiotic therapy including IV antibiotics followed by long-term
oral antibiotics would be the mainstay of treatment, currently
recommended for 6–20weeks,2,18,44 with wide variations in the
duration of treatment observed in a survey-based study of otolar-
yngologists in the United Kingdom.45 Initially however, broad-
spectrum antimicrobials, including coverage for P aeruginosa and
methicillin-resistant Staphylococcus aureus particularly for non-
otologic causes, are recommended to cover the possibility of poly-
microbial infection in ASBO before culture and sensitivity infor-
mation is available.18 Antipseudomonal antibiotics, such as
carbapenems and third-generation cephalosporins, with cipro-
floxacin in the long term, are considered an alternative to single
initial therapy with ciprofloxacin in view of growing ciprofloxacin
resistance in the intensive care setting, including in culture-nega-
tive cases, in which the antibiotic choice can be difficult.1,18,24

Surgical debridement of necrotic bone and soft tissue, especially
for fungal disease, may be required in advanced cases with drain-
age of involved air cells or sinuses and of abscesses to also help
improve antimicrobial penetration. However, an early and
aggressive surgical approach has also been found to be beneficial
and is recommended by some authors, especially in patients with
prolonged ear infections and at the first signs of cranial neuropa-
thy.18 Hyperbaric oxygen therapy has also been suggested as an
ancillary treatment but has not shown an impact on survival.1,2

Summary
Diagnosis of SBO, clinically and radiologically, requires a high
index of suspicion, and a delay in diagnosis is common. It
should be considered in the differential consideration for any
infiltrative skull base process, particularly if biopsies are nega-
tive for malignancy. Thin section, high-resolution bone CT of
the skull base would be necessary to identify early cortical ero-
sion followed by multiplanar pre- and postcontrast MR imag-
ing to identify marrow space involvement. Nuclear medicine
imaging studies can play an important role in difficult-to-diag-
nose cases and in follow-up. Long-term antibiotics with surgi-
cal debridement in advanced cases are the mainstay of
management.
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Anatomic and Embryologic Analysis of the Dural Branches of
the Ophthalmic Artery

S. Bonasia, S. Smajda, G. Ciccio, and T. Robert

ABSTRACT

SUMMARY: The ophthalmic artery has one of the most fascinating embryologic developments among the craniofacial arteries.
Most of the ophthalmic artery orbital branches develop from the formation and regression of the stapedial artery and share their
origin with dural branches of the ophthalmic artery. The concomitant embryologic development of the ophthalmic artery and mid-
dle meningeal artery explains adequately the important varieties of anastomosis between these 2 arteries. It also explains the pres-
ence of many dural branches from the ophthalmic artery. In this review, we focused on dural branches of the ophthalmic artery
with the description of rare variations possible, in particular the ophthalmic artery origin of the middle meningeal artery and the
ophthalmic artery origin of the marginal tentorial artery.

ABBREVIATIONS: dAVF ¼ dural arteriovenous fistula; ECA ¼ external carotid artery; MMA ¼ middle meningeal artery; MTA ¼ marginal tentorial artery; OA ¼
ophthalmic artery; PDOA ¼ primitive dorsal ophthalmic artery; PVOA ¼ primitive ventral ophthalmic artery; SA ¼ stapedial artery

The ophthalmic artery (OA) is a very fascinating artery for its
complex embryologic development and also for numerous vas-

cular anastomoses developed with branches of the external
carotid artery (ECA). The role of the OA in supplying the
dura is not well-known, but the understanding of the dural
function of the OA and also of its possible variations is a cor-
nerstone for surgical and endovascular treatment of dural
pathologies (dural arteriovenous fistulas (dAVFs), skull base
meningiomas, chronic subdural hematoma embolization). In
this review, we will focus on the dural branches of the OA
with rare variations, in particular the OA origin of the middle
meningeal artery (MMA) and the OA origin of the marginal
tentorial artery (MTA). All procedures performed in the
studies involving human participants were in accordance
with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki Declaration
and its later amendments or comparable ethical standards.

Informed consent was obtained from all individual partici-
pants included in the study.

History
Meyer,1 in 1887, considered a pioneer in the orbital vascular anat-
omy, was the first to precisely describe all branches of the oph-
thalmic artery, including its dural territory. A few years before,
Curnow,2 in 1873, had already described 3 cadaveric cases of var-
iations in the origin of the OA. One of these 3 cases was the first
description of an OA origin of the MMA. With the advent of the
DSA, Kuru,3 in 1967, gave a detailed description of the OA me-
ningeal branches, and after him, a few authors4-10 focused on the
variants of the OA and the MMA. Lasjaunias et al8,9,11 gave their
crucial contribution to the comprehension of the orbital and me-
ningeal vascular supply, combining their knowledge of the em-
bryology with an accurate angiographic analysis. The last author
to give a comprehensive description of dural vascularization
was Rhoton,12 in 2002, based on a large cadaveric dissection
experience.

Embryology. The OA starts its development when the embryo is
about 4mm and reaches its adult configuration at about 40mm.
Its development is strictly connected with the arterial embryology
of the primitive ICA, the stapedial artery (SA), and the pharyn-
geal artery system. In the past, 2 authors were interested in the
comprehension of the complex events of the OA formation:
Padget,13 who formulated her theory after the dissection of 22
embryos, and Lasjaunias et al,11 who added to Padget’s
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knowledge an accurate angiographic evaluation. These authors
agreed that the definitive features of the OA depend mostly on 2
embryonic arteries, the primitive dorsal ophthalmic artery
(PDOA) and the primitive ventral ophthalmic artery (PVOA).

According to Padget’s theory,13 the embryologic development
of the OA could be divided into 6 stages, which are summarized
in the Online Supplemental Data. The PDOA appears when the
embryo is about 4–5mm (stage 1), originating from the bifurca-
tion of the primitive internal carotid artery. In the following stage
2 (9-mm embryos), while the PDOA enlarges through the optic
cup as plexiform channels, the PVOA arises from the cranial divi-
sion of the primitive ICA. The PDOA and PVOA are then des-
tined to elongate following the ventral shifting of the optic cup
and the dorsal shifting of the cerebral hemispheres. In embryos of
14–17mm, one can note the appearance of 2 branches from the
PDOA artery: the primitive hyaloid artery and the common tem-
poral ciliary artery (future lateral posterior ciliary artery). The
PVOA gives off, at the same time, the common nasal ciliary ar-
tery (future medial posterior ciliary artery).

In the embryo of about 18mm (stage 3), the OA undergoes a
process that will cause migration of its origin on the supraclinoid
ICA. This phenomenon is explained by Padget by the cranial
elongation of the ICA during this stage with the consequent
movement of the PDOA. On the other hand, Lasjaunias et
al9,11,14 explained this migration by the presence of an intradural
anastomosis between the PVOA and the primitive carotid artery
in correspondence of the future origin, with consequent regres-
sion of the original stem. The 2 theories of OA origin migration
are illustrated in Fig 1.

From stage 1 to 4, another artery grows at the same time and
contributes to the adult configuration of the orbital arteries: the
SA. In the first stages, the optic cup is supplied on its ventral side
by the primitive maxillary artery. However, it starts to regress at
the end of stage 2, to be substituted by the SA in its orbital terri-
tory. This latter gives off 2 branches that follow the 3 divisions of
the trigeminal nerve: the maxillomandibular artery and the

supraorbital artery. The supraorbital ar-
tery enters the orbit through the supe-
rior orbital fissure and gives off 2
branches: the ethmoid nasal and the lac-
rimal artery.

The relationship among the PDOA,
the PVOA, and the SA is most impor-
tant in the last 2 stages (stage 5: embryo
of 20mm; stage 6: embryo of 40mm).
During stage 5, an anastomotic ring
appears around the optic nerve, formed
by the anastomosis among the PVOA,
the PDOA, and the supraorbital artery
(through the ethmoid nasal artery).
However, in stage 6, this ring is ventrally
interrupted to give the definitive config-
uration of the OA. The part of the anas-
tomotic ring that regresses is crucial to
determine which of the 2 primitive OAs
persists to form the adult OA.
According to Padget,13 it is the PDOA

that persists, with consequent PVOA proximal regression. On the
other hand, Lasjaunias et al9,11,14 wrote that the distal portion of
the PDOA regresses and its proximal part is destined to form the
future inferolateral trunk. Thus, their opinion is that the PVOA
mostly contributes to the formation of the definitive OA.

At the same time, the extraorbital part of the supraorbital ar-
tery regresses to let the lacrimal artery to be annexed by the OA.

Dural Branches of the OA
Different dural branches of the OA and their possible anastomo-
ses with other dural arteries are listed in Table 1; their respective
dural territories are illustrated in Fig 2.

Deep Recurrent Ophthalmic Artery. The deep recurrent oph-
thalmic artery arises from the first segment of the OA and has a
recurrent course through the medial part of the superior orbital
fissure. This artery supplies the dura of the lateral wall of the cav-
ernous sinus. It consistently anastomoses with the anteromedial
branch of the inferolateral trunk and often with the cavernous
branch of the middle meningeal artery and with the accessory
meningeal artery. It is considered as a remnant of the primitive
dorsal ophthalmic artery.9

Superficial Recurrent Ophthalmic Artery. The superficial recur-
rent ophthalmic artery is a meningeal branch that takes its origin
from the proximal part of the lacrimal artery or directly from the
second segment of the OA.9,11,15 This artery passes through the
lateral part of the superior orbital fissure to reach the dura over
the anterior clinoid process and the cavernous sinus roof.3,16 The
superficial recurrent ophthalmic artery also supplies the intra-
dural part of the third and fourth cranial nerves. This artery is the
orbital remnant of the supraorbital branch of the stapedial
artery.11

Posterior Ethmoidal Artery. The posterior ethmoidal artery is a
small meningeal branch that originates from the third segment of
the OA, which exits the orbit through the posterior ethmoidal

FIG 1. Theories of Padget and Lasjauinias et al about OA origin migration. When the embryo is
about 18mm, the OA reaches its definitive origin on the supraclinoid ICA. This phenomenon is
explained by Padget13 by the cranial elongation of the ICA during this stage with the consequent
movement of the PDOA origin (black arrows in A). On the other hand, Lasjaunias et al11 hypothe-
sized the presence of an intradural anastomosis between the PVOA and the primitive ICA (black
arrow in B) in correspondence with the future origin with successive regression of the original
stem. HA indicates hyaloid artery; M�M, maxillo-mandibulary artery; SOrbA, supraorbital artery.
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canal.15 Its average diameter is 0.4mm, and it is usually in bal-
ance with the diameter of the anterior ethmoidal artery.17 This ar-
tery supplies the dura of the planum sphenoidale, the posterior
cribriform plate, and the anterior clinoid process.11 Martins et
al,16 in 2005, showed that the posterior ethmoidal artery often
anastomoses with dural branches of the internal carotid artery,
middle meningeal artery, and anterior ethmoidal artery. When
absent (approximately 20%), its meningeal territory is taken over
by these 3 other arteries.16

Anterior Ethmoidal Artery. The anterior ethmoidal artery is a
more constant artery, which has been found in .90% of the
orbits if the OA crosses over the optic nerve, and in 80% of
cases when the OA crosses under the nerve. It originates
from the distal part of the OA and could give off from 1 to 5
little branches that pass through the anterior ethmoidal
canal. Other than the nasal septum and nasal fossa, its me-
ningeal territory is limited to the anterior part of the cribri-
form plate, the medial part of the orbital roof, and the
anterior third of the falx cerebri. The anterior ethmoidal ar-
tery gives off a branch, well-described angiographically by
Kuru,3 in 1967, along the falx cerebri, called the anterior fal-
cine artery or the artery of the falx cerebri. This anterior fal-
cine artery could be present bilaterally, but usually 1 side is
predominant. If the anterior ethmoidal artery is well-devel-
oped, it can give off some branches called “anterior menin-
geal arteries,” that differ from the anterior falcine artery
because of their paramedial course and can supply the dura
of the anterior convexity.

Table 1: Different dural branches of the OA with their respective supply and anastomoses

OA Branches
Origin from
the OA Foramen Dural Territory

Possible
Anastomosis

Clinical Consequences in Case
of Embolism

Deep recurrent
OA

First segment Superior orbital
fissure

Superior orbital
fissure (lateral
part), sphenoid
wing

Inferolateral trunk
(ICA)

Cerebrovascular accident

Superficial
recurrent OA

Second
segment

Superior orbital
fissure

Anterior clinoid
process

Lesser sphenoid
wing

Middle fossa
(anteromedial
portion)

Posterior ethmoidal
artery

MMA (anterior
division)
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FIG 2. Dural territories of OA branches. A, Territory of the deep
recurrent ophthalmic artery (green), which exits from the medial part
of the superior orbital fissure and supplies the dura of the lateral wall
of the cavernous sinus. B, Dural territory of the superficial recurrent
ophthalmic artery (pink), which passes through the lateral part of the
superior orbital fissure to reach the dura over the anterior clinoid
process and the cavernous sinus roof. C, The posterior ethmoidal ar-
tery (orange) passes through the posterior ethmoidal canal to reach
the dura of the planum sphenoidale, the posterior cribriform plate, and
the anterior clinoid process. D, The anterior ethmoidal artery (light
blue) passes through the anterior ethmoidal canal, and its meningeal
territory consists of the anterior part of the cribriform plate, the medial
part of the orbital roof, and the anterior third of the falx cerebri.
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Dural Supply of the OA
The 4 meningeal branches previously described supply the dura
of the cribriform plate: the planum, the anterior clinoid process,
the superior orbital region, the roof and the lateral part of the cav-
ernous sinus, the medial part of the orbital roof, and the anterior
part of the falx cerebri. This vascular territory is variable, and the
OA is in balance with other meningeal arteries of this region like
the middle meningeal artery (cavernous ramus), the accessory
meningeal artery, and the inferolateral trunk.

Variations of Dural Branches of the Ophthalmic Artery
Ophthalmic Artery Origin of the Middle Meningeal Artery. In
rare cases, the middle meningeal artery could originate from the
OA instead of the internal maxillary artery. The incidence of this
vascular variation was estimated to be 0.5% by Dilenge and
Ascherl,10 in 1980, based on a large angiographic series. A few
cases of the middle meningeal artery arising from the OA have

been described in the literature. The first case was presented by
Curnow,2 in 1873, and in the same period, Meyer,1 in 1887, also
cited 4 cadaveric cases originally described by Zuckerkandl in
1876 during a congress presentation.18 Two rare cases of this var-
iation are shown in Fig 3. This vascular anomaly is considered
the consequence of 2 different embryologic processes. The first
is the failure of the supraorbital branch (stapedial artery) regres-
sion. The second is the absence of anastomosis between the max-
illomandibular branch of the stapedial artery and the internal
maxillary artery. Consequently, the MMA originates from the
OA and passes through the lateral part of the superior orbital fis-
sure; thus, the foramen spinosum is usually absent. Maiuri et al,19

in 1998, proposed 3 different types of this vascular variation as
highlighted in Table 2. The first type is the complete MMA terri-
tory taken over by the OA through the superficial recurrent OA.
In the second type, only the anterior branch of the MMA origin
from the OA and the posterior branch of the MMA retain their

FIG 3. MMA origin from the OA. Anterior-posterior and lateral view angiograms (A and B) show a rare case of complete MMA origin from the
OA. The OA, through the superficial recurrent OA, gives rise to the MMA, which passes through the lateral part of the superior orbital fissure
and gives off its anterior (red arrow) and posterior divisions (blue arrow). In the angiograms C, D, and E, a rare case of partial origin of the MMA
from the OA is shown. The angiograms D and E show a left ICA injection in frontal and lateral views, where the posterior branch of the MMA
(blue arrow) originates from the OA and feeds a tentorial arteriovenous fistula. After the ECA injection (C), only the anterior branch of the
MMA is enhanced (red arrow). Reproduced from Bonasia et al.27
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origin from the internal maxillary artery. The third type is not
really an OA origin of the MMA but an anastomosis between the
OA and the accessory meningeal artery (through the deep recur-
rent OA). The consequence is that the anterior meningeal terri-
tory is supplied by both the MMA and the OA without any
communication. It is still a matter of debate whether the MMA
originates from the OA directly or from the proximal part of the
lacrimal artery.

Ophthalmic Artery Origin of the Marginal Tentorial Artery.

The marginal tentorial artery (or artery of the free margin of the
tentorium cerebelli) normally arises from the meningohypophy-
sary trunk, but its origin is variable, as illustrated in Fig 4. This ar-
tery supplies the medial third of the tentorium, partially the walls
of the cavernous sinus, and also the transdural segment of the
oculomotor and trochlear nerves.16 An OA origin of this artery
has been described by Lasjaunias et al,11 in 2001, distinguish-
ing 2 different types. The first is when the marginal tentorial
artery originates from the lacrimal artery. The second when
the marginal tentorial artery arises directly from the OA and
the lacrimal artery originates from the MMA (meningolacri-
mal type). A marginal tentorial artery arising from the MMA,

the accessory meningeal artery or the inferolateral trunk, has
also been described.

Clinical Implications
The knowledge of the dural branches arising from the OA and
their variations represents the cornerstone for interventional neu-
roradiologists and neurosurgeons who treat anterior and middle
cranial fossa pathologies. Two critical examples are cribriform
plate dAVFs and anterior and middle skull base meningiomas.

Cribriform Plate Dural Arteriovenous Fistulas. The cribriform
plate dAVFs are usually mostly supplied by the anterior ethmoidal
artery and the MMA. A bilateral supply of the dAVF, found in
approximately 10% of cases, is well-explained by the anastomoses
between the 2 anterior ethmoidal arteries within the dural or ethmoi-
dal sinuses. Endovascular treatment of such pathologies consists of
the embolization, usually through branches of the MMA. The neuro-
radiologist has to consider the presence of dural MMA-OA anasto-
moses during the injection of the liquid agent to avoid retrograde
flow into ocular branches of the OA. In case of direct embolization of
the dAVF through the ophthalmic artery, attention should be paid to
the possibility of retrograde flow of the embolic agent into ocular
branches. Because the central retinal artery usually arises from the
second segment of the OA, the injection should be performed as dis-
tal as possible to limit the eventual damage caused by the reflux.

The surgical exclusion of a cribriform plate dAVF also
necessitates a precise knowledge of dural branches of the
OA. The aim of the treatment is to exclude the cortical ve-
nous drainage of the dAVF, clipping or coagulating the
draining vein at its exit point from the dura. A case of a cri-
briform plate dAVF treated surgically is shown in Fig 5. The
knowledge of the arterioarterial anastomoses among the an-
terior ethmoidal, posterior ethmoidal, and middle meningeal

Table 2: Different types of OA origin of the MMA by Maiuri et
al19

Type Vascular Anatomy
Foramen
Spinosum

I Complete OA origin of the MMA Absent
II Partial OA origin of the MMA

Anterior division from the OA
Posterior division from the IMA

Reduced in size

III OA origin of the accessory meningeal
artery

Normal

Note:—IMA indicates internal maxillary artery.

FIG 4. Marginal tentorial artery origin and course. The marginal tentorial artery, also called artery of the free margin of the tentorium or artery
of Bernasconi and Cassinari, may have different origins, which are shown in the graphic representation. It can arise from the lacrimal artery (LA)
within the orbit, through the superficial recurrent ophthalmic artery (SRecOA), from the inferolateral trunk (ILT), and from the meningohypo-
physeal trunk (MHT). The artery courses posterolaterally along the free margin of the tentorium. Note a 3D-DSA reconstruction of a rare case
of MTA (highlighted in red) origin from the OA. The MTA exits the orbit through the superior orbital fissure (SOF) and is directed posteriorly to
feed an arteriovenous malformation. DRecOA indicatesdeep recurrent ophthalmic artery .
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arteries is necessary to understand the dAVF and the techni-
cal difficulties of the treatment. Another case of a dAVF fed
by dural branches of the OA is shown in Fig 6, also with a
contribution from the MTA.

The knowledge of the dural branches of the OA and MMA or-
igin from the OA also adequately explains the possible participa-
tion of OA branches in the supply of carotid-cavernous fistulas or
tentorial pathologies (Figs 3 and 4).

Anterior and Middle Cranial Fossa Meningiomas. The surgical
removal of cribriform plate or sphenoid wing meningiomas
requires a detailed knowledge of vascular normal anatomy and
tumor vascular supply. Meningeal tumors of the anterior and
middle skull base are usually supplied by dural branches of the
MMA, internal carotid artery, and the ophthalmic artery. It is of
paramount importance for interventional neuroradiologists who
plan an embolization, usually performed through the MMA, to
consider the possible variations in the supply of the skull base
dura to avoid involuntary OA reflux of embolic liquid agent.

In case of an operation in a
middle cranial fossa meningioma,
the devascularization of the tumor
as a first step could be helpful to
better understand the arterial sup-
ply of the lesion and limit drasti-
cally blood loss.

Intra-arterial Injection of Chemo-
therapy for Retinoblastoma. The
classic technique used to inject
chemotherapeutic agents into the
OA for the treatment of retino-
blastoma requires the superselec-
tive catheterization of the OA.20

However, the knowledge of OA
dural branches acquires a more
important role when the direct
catheterization of the OA is not
possible, as can happen in chil-
dren due to its reduced size. In
these cases, alternative ways to
reach the OA indirectly have been
described,21 especially through
catheterization of the MMA. Thus,
the pharmacologic agents can be
injected through the anterior divi-
sion of the MMA, cannulating its
meningolacrimal branch. The
reflux into the OA could be from
anastomoses between MMA or-
bital branches and the recurrent
branches of the OA, from the lac-
rimal artery, or sometimes from
the direct origin of the OA from
the MMA.

Surgical and Endovascular Treat-
ment of Refractory Epistaxis. Re-fractory epistaxis may be
caused by many clinical conditions and occurs in about 60% of
the adult population, with most cases considered idiopathic.
Among them, about 6% of the epistaxis is refractory to con-
servative management and requires surgical or interventional
treatment.22

The best way to understand the source of bleeding in case
of refractory epistaxis is to perform a diagnostic DSA includ-
ing the ICA and ECA. The DSA allows identifying the so
called “vascular blush,” an anastomotic plexus located in the
nasal septum, considered the source of 90% of epistaxis. The
sphenopalatine artery represents its main blood supply, and
it is most commonly responsible for refractory epistaxis, even
if, in rare cases, the ethmoidal arteries could also be
involved.23 If these latter are involved in the bleeding, they
can be ligated through a surgical approach. On the other
hand, if the sphenopalatine artery is responsible for bleeding,
it can be occluded through an endonasal approach or it can
be embolized.23

FIG 5. Clinical case of a ruptured cribriform plate dAVF. A 49-year-old man was admitted for sudden
onset of unusual headache with nausea and vomiting. The CT scan performed in the emergency
department (A) shows a left frontal basis intraparenchymal hematoma. The DSA highlighted a cribriform
plate dAVF with major feeders represented by the left anterior ethmoidal artery from the left OA (blue
arrow in B). The right ICA injection also showed a contribution from the contralateral OA through its eth-
moidal branches (red arrow in C). The venous drainage was represented by a single cortical vein directed
into the superior sagittal sinus (type III according to the Cognard-Lariboisière classification26). The patient
successfully underwent left supraorbital craniotomy and clipping of the dAVF (D), with no enhancement
of the dAVF on the postoperative DSA (blue arrow) and complete clinical recovery.
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The diagnostic DSA allows identifying possible dangerous
anastomoses between branches of the ECA and the OA,
which can result in postembolization visual or central defi-
cits. The occurrence of cerebrovascular accidents and
obstruction of the central retinal artery have been described
to occur in about 0%–2% of cases.24 The most important
anastomoses to consider during such procedures are between
the sphenopalatine and anterior ethmoidal arteries via the
turbinate and infraorbital arteries23 and between the lacrimal
artery and the middle meningeal artery through the recurrent
meningeal artery.24 The relevance of these anastomoses and
the periprocedural risk can be estimated by analyzing the
“choroidal blush.” This blush is commonly visualized after
contrast injection into the ICA. However, if the anastomoses
among the posterior ciliary arteries, the lacrimal artery, and
the MMA are very consistent or if the lacrimal artery and the
OA branch directly from the MMA, the choroidal blush can
be seen after the ECA injection.24

Embolization of Facial Tumors. Even if epistaxes are mostly idi-
opathic, some cases can be due to neoplastic erosion of

vascular structures or as result of tumor necrosis after treat-
ment. In these cases, the symptoms can also cause hemoptysis
due to the frequent nasopharyngeal localization of these
tumors. Endovascular treatment should be considered in
these cases to treat uncontrollable epistaxis or hemoptysis.
Also benign tumors, like paragangliomas and nasopharyngeal
angiofibromas, can benefit from endovascular embolization
as a preoperative procedure to reduce the intraoperative
blood loss. In these cases, the embolization of the sphenopa-
latine artery could be insufficient, and devascularization
requires the embolization of the facial artery and ascending
pharyngeal artery.23 In these cases, neuroradiologists should
pay attention to the known anastomoses between the facial
artery and the dorsal nasal artery (through the angular ar-
tery).25 For these pathologies, the neuroradiologists should
observe the same rules as previously described to avoid com-
plications due to ICA-ECA anastomoses.23

In conclusion, the knowledge of the embryology and anatomy
of the dural branches of the OA is mandatory for treating pathol-
ogy of the dura mater located in the anterior and middle cranial
fossae. These arteries show high variability and supply territories

FIG 6. Clinical case of a dAVF fed by multiple OA dural branches. An 89-year-old woman, previously having undergone an operation for a pi-
tuitary adenoma, was admitted for unusual headache associated with vomiting. The CT scan shows an intraventricular hemorrhage with
mild hydrocephalus. The diagnostic DSA shows a complex dAVF (Cognard-Lariboisière grade IIa1b26) supplied by the OA through the
anterior and posterior ethmoidal arteries (AEtA, PEtA), with both direct and indirect shunts with the superior sagittal sinus (SSS).
Another point of shunt with the SSS is reached by the MTA and the posterior meningeal artery (PMA) and the MMA. Also, other
branches from the ECA contribute to the shunt, like the occipital artery (OccA) and the superficial temporal artery (STA). Because of
the patient’s age, the complexity of the dAVF, the high risk associated with every option of treatment, and the absence of alteration of
consciousness, we managed the dAVF conservatively.
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in competition with the middle meningeal artery and internal ca-
rotid artery branches.
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ORIGINAL RESEARCH
ADULT BRAIN

Correlation between ASPECTS and Core Volume on CT
Perfusion: Impact of Time since Stroke Onset and Presence

of Large-Vessel Occlusion
S. Nannoni, F. Ricciardi, D. Strambo, G. Sirimarco, M. Wintermark, V. Dunet, and P. Michel

ABSTRACT

BACKGROUND AND PURPOSE: Both ASPECTS and core volume on CTP are used to estimate infarct volume in acute ischemic
stroke. To evaluate the potential role of ASPECTS for acute endovascular treatment decisions, we studied the correlation between
ASPECTS and CTP core, depending on the timing and the presence of large-vessel occlusion.

MATERIALS AND METHODS: We retrospectively reviewed all MCA acute ischemic strokes with standardized reconstructions of
CTP maps entered in the Acute STroke Registry and Analysis of Lausanne (ASTRAL) registry. Correlation between ASPECTS and CTP
core was determined for early (,6 hours) versus late (6–24 hours) times from stroke onset and in the presence versus absence of
large-vessel occlusion. We used correlation coefficients and adjusted multiple linear regression models.

RESULTS:We included 1046 patients with a median age of 71.4 years (interquartile range, IQR¼ 59.8–79.4 years), an NIHSS score of
12 (IQR, 6–18), an ASPECTS of 9 (IQR, 7–10), and a CTP core of 13.6mL (IQR, 0.6–52.8 mL). The overall correlation between ASPECTS
and CTP core was moderate (r ¼ –0.49, P, .01) but significantly stronger in the late-versus-early window (r ¼ –0.56 and r ¼ –

0.48, respectively; P¼ .05) and in the presence versus absence of large-vessel occlusion (r ¼ –0.40 and r ¼ –0.20, respectively;
P, .01). In the regression model, the independent association between ASPECTS and CTP core was confirmed and was twice as
strong in late-arriving patients with large-vessel occlusion (b ¼ –0.21 per 10mL; 95% CI, �0.27 to –0.15; P, .01) than in the overall
population (b ¼ –0.10; 95% CI, �0.14 to –0.07; P, .01).

CONCLUSIONS: In a large cohort of patients with acute ischemic stroke, we found a moderate correlation between ASPECTS and CTP
core. However, this was stronger in patients with large-vessel occlusion and longer delay from stroke onset. Our results could support
the use of ASPECTS as a surrogate marker of CTP core in late-arriving patients with acute ischemic stroke with large-vessel occlusion.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; ASTRAL ¼ Acute STroke Registry and Analysis of Lausanne; CBS ¼ clot burden score; CTP ¼ Computed tomo-
graphic perfusion; EVT ¼ endovascular treatment; LPGH ¼ last proof of good health; LVO ¼ large-vessel occlusion; MCA ¼ middle cerebral artery; NCCT ¼
non-contrast CT scan

Both the ASPECTS1,2 and automated core volume on CTP3,4

have been used to estimate infarct volume in the acute phase
of stroke. However, the level of agreement between the two
modalities remains uncertain.

ASPECTS is a useful and easily applicable tool for standar-

dized evaluation of the extent of early ischemic changes in ante-

rior circulation strokes on non-contrast CT scan (NCCT). In the

original report describing the ASPECTS1 and in a subsequent

observational study involving 1135 patients undergoing intrave-

nous thrombolysis (IVT), the ASPECTS grading was shown to be

an independent predictor of functional outcome.5 For mechanical

thrombectomy performed within 6hours after onset, a clear bene-

fit was found for patients with an NCCT ASPECTS of 6–10, while

for ASPECTS values of 0–5, the treatment effect was not clear.6

Recently, the efficacy of endovascular treatment (EVT)

beyond the 6-hour time window was demonstrated in 2 random-

ized trials using a tissue-based approach: An advanced neuro-

imaging protocol (with CTP or DWI) was used to identify
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patients with acute ischemic stroke (AIS) with a low infarct core

despite late presentation.7,8

The role of ASPECTS in selecting patients likely to benefit
from EVT and for predicting clinical outcome has not been
clearly established in the late time window.9,10 Its use in the set-
ting of late-presenting AIS could enlarge EVT eligibility in cen-
ters without the availability of advanced neuroimaging
techniques or in patients who have contraindications to such
imaging.

The main purposes of our study were the following: 1) to
investigate the correlation between ASPECTS and automated
core volume on CTP in a large cohort of patients with AIS with
involvement of the middle cerebral artery (MCA territory), 2) to
assess the influence of large-vessel occlusion (LVO) and time
from stroke onset on this correlation, and 3) to evaluate the asso-
ciation of ASPECTS with clinical outcome at 3 months, with a
special focus on late-arriving patients with AIS (ie, 6–24 hours af-
ter last proof of good health [LPGH]).

MATERIALS AND METHODS
Study Design and Patient Selection
We performed a retrospective analysis of all consecutive patients
entered in the Acute STroke Registry and Analysis of Lausanne
(ASTRAL) from January 2003 to December 2018. The ASTRAL
registry includes all patients with AIS admitted to the stroke unit
and/or intensive care unit of the Lausanne University Hospital
(Centre Hospitalier Universitaire Vaudois) within 24 hours after
LPGH. For each patient, .250 prespecified demographic, clini-
cal, and laboratory variables and multimodal neuroimaging items
were prospectively collected, as previously reported.11

For the current analysis, we selected patients according to the
following criteria: acute CT-based multimodal imaging per-
formed ,24hours after LPGH; stroke involving the MCA based
on clinical findings such as new hemispheric deficits (aphasia,
hemineglect, eye deviation toward the side of the hemiparesis);
the simultaneous absence of neuroimaging findings showing pos-
terior circulation stroke; and availability of good-quality CTP
maps (ie, with the arterial input function returning to baseline
before the end of the acquisition), reconstructed with a standar-
dized method.12

Demographic data, medical history, and vascular risk factors
were reviewed. We collected prestroke modified Rankin scale
(mRS) and current medications at the time of the index event.
We recorded neurologic symptoms and signs, stroke severity
(NIHSS) on admission, and biochemical parameters at baseline.
Acute recanalization treatments, including intravenous throm-
bolysis and/or EVT, were administered in accordance with
Swiss and European Stroke Organization guidelines13,14 and
were updated with recent positive randomized trial data.7,8

We calculated LPGH to arrival, to first imaging, and to treat-
ment times. Stroke mechanism was classified according to the
trial of ORG 10172 in acute stroke treatment classification,15

with dissection, embolic stroke of undetermined source, and
multiple causes added as categories.

Clinical outcome was measured at 3months using the mRS,
either at the outpatient stroke clinic or by standardized telephone

interview by Rankin-certified medical staff. Favorable outcome
was considered as a 3-month mRS of#2.

The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) method was applied, and the STROBE
checklist for observational studies is available in the Online
Supplemental Data. The local ethics commission of Canton
de Vaud approved the scientific use of anonymized data from the
ASTRAL registry.

Neuroimaging Protocol
During the study period, patients admitted to our institution with
suspected AIS were examined with a multimodal, mostly CT-
based neuroimaging protocol as a standard of care. In patients
without contraindications for iodinated contrast, this protocol
included NCCT, CTA, and CTP.

Cerebral CT was performed on a 16–detector row multidetec-
tor CT scanner (LightSpeed; GE Healthcare) up to November
2005 and on a 64–detector row multidetector CT scanner
(LightSpeed VCT; GE Healthcare) thereafter. NCCT was
acquired in the axial mode using the following parameters: 120-
kV(peak) tube voltage; 320-mA tube current; section thickness,
5mm; 32-cm scan FOV; and 512 � 512 matrix. Raw data were
reconstructed in the axial plane using filtered back-projection
until 2009 and adaptive statistical iterative reconstruction there-
after. Using NCCT, we searched for intracranial hemorrhage, the
hyperdense MCA sign, chronic stroke lesions, the presence of
leukoaraiosis, and the presence and extent of early ischemic
changes in the MCA territory to calculate the ASPECTS.2

The cervical and cerebral CTAs were acquired in helical scan
mode from the aortic arch to the top of the frontal sinuses,
according to the following parameters: 120-kVp tube voltage,
1500- to 260-mA tube current, 0.9:1 pitch, 0.625-mm section
thickness (1.25mm before November 2005), and 512 � 512 ma-
trix. Data acquisition was performed after intravenous injection
of 50mL of iodinated contrast material at a flow rate of 5mL per
second, with a delay according to the perfusion data. We defined
LVO as an internal carotid artery, M1, or proximal M2 occlusion.
We calculated clot burden score (CBS) for each patient as an indi-
cator of clot extension.16 We defined tandem occlusion as arterial
occlusion affecting both the extra- and intracranial circulation in
the same carotid axis. In patients with LVO, collaterals were
graded according to Tan et al.17 We considered collaterals as
“good” if .50% of the ischemic territory distal to the occluded
artery was filled.

CTP images were acquired for 50 seconds in a cine mode with
a delay of 5–7 seconds after beginning the injection of 50mL of
iodinated contrast at a flow rate of 5mL per second; four 10-mm
slices (40-mm coverage) were imaged before November 2005,
and 18 groups of sixteen 5-mm slices (80-mm coverage) there-
after. CTP data were transferred to a workstation and analyzed
using the Brilliance Workspace Portal (Philips Healthcare). This
team performed manual checks and adjustments and correction
of artifacts. The locations of early signs of ischemia and infarct
core on CTP were not checked for accordance. A deconvolution
approach, based on the central volume principle, was used to cre-
ate parametric maps of MTT. CBV was calculated from the area
under the time-enhancement curves, and CBF was derived from

AJNR Am J Neuroradiol 42:422–28 Mar 2021 www.ajnr.org 423



the formula CBF ¼ CBV/MTT. Infarct core and ischemic pe-
numbra volumes were calculated by applying appropriate MTT
and CBV thresholds, which are MTT .145% of the contralateral
side values and CBV .2.0mL/100 g for the penumbra volume,
and MTT .145% of the contralateral side values and CBV
,2.0mL/100 g for the core volume.12

NCCT images were reviewed for ASPECTS, retrospectively,
by an experienced vascular neurologist (P.M.), who compared his
value with the assessment established by the radiologist in the
acute phase and appearing in the official (clinical) radiology
report. In cases of disagreement between the 2 ASPECTS values,
the case was discussed at the weekly joint neuroradiology meet-
ings to reach a consensus. We had previously assessed interrater
variability between the vascular neurologist and senior neuroradi-
ologist using the Cohen k on 100 consecutive acute CT scans
with anterior circulation occlusive stroke for NCCT ASPECTS,
CBS, and collateral status (poor versus good). The ASPECTS was
scored by the Lausanne team, without considering results of the
CTP, the latter being performed by a completely independent team
in Stanford. Both ASPECTS and CTP were calculated in the acute
phase, without knowledge of the long-term clinical outcome.

Statistical Analysis
Categoric and binary variables were summarized as frequencies
and percentages, while continuous variables were summarized as
median and interquartile range.

Statistical correlation between the ASPECTS and core volume
on CTP was quantified using the Spearman r coefficient. To
report the strength and direction of the correlation, we referred
to a commonly used interpretation of the Spearman correlation
coefficient in medical research.18 We calculated the statistical sig-
nificance of this association both in the overall study population
and in several meaningful subpopulations defined by the follow-
ing settings: 1) presence and absence of LVO, 2) early- and late-
arriving patients, and 3) known and unknown stroke onset.
Furthermore, we compared the correlation coefficients between
groups defined by variable combinations of the above-mentioned
scenarios (eg, late-arriving patients with LVO). Comparisons
between the different groups of patients were based on z scores
obtained using the Fisher r-to-z transformation of the r ;
this allows determining the statistical significance of the differen-
ces by means of tests based on the Student t distributions. We
performed a complete case analysis, and no imputations of miss-
ing data were performed.

To check for independent factors associated with ASPECTS
(used as a dependent variable), we developed a multivariate linear
regression model. We included in the model variables likely to
influence the ASPECTS based on pathophysiologic considera-
tions (such as age, NIHSS, prestroke treatments, vascular risk fac-
tors, clot burden, leukoaraiosis, core, and penumbra volumes on
CTP) and variables that were supposed to influence the relation-
ship between ASPECTS and core volumes (such as the above var-
iables and time from LPGH and LVO and onset type). The
complete list of variables included in the model, along with the P
values obtained using univariate analysis, is shown in the Online
Supplemental Data. We used a stepwise backward elimination
method based on the Akaike Information Criterion to select

relevant covariates for inclusion in the final model. Then, we
checked the sensitivity of our findings by fitting the same model
(except for LVO) into the subpopulation of late-presenting
patients with LVO. Heteroscedasticity and normality of residuals
were checked using graphic methods (QQ and residuals versus
fitted plots).

To identify independent predictors of good clinical outcome
at 3months (mRS#2), we fitted a multivariate logistic regression
model with the stepwise backward elimination method. This
model included demographic, clinical, and radiologic variables at
stroke onset that are known to be related to the functional long-
term outcome (Online Supplemental Data).19,20 Then, as before,
we performed a separate logistic regression analysis on the sub-
group of late-arriving patients with LVO, applying the same
model (except for LVO).

Finally, to understand better the capability of NCCT and CTP
to predict clinical outcome, we performed receiver operating
characteristic (ROC) curve analyses for both imaging modalities
in patients showing a concordant or discordant NCCT CTP pro-
file. We defined favorable NCCT as ASPECTS$6, and favorable
CTP if the core volume was#70mL, as previously suggested.7,21

RESULTS
Study Population and Baseline Characteristics
Of 5049 patients with AIS entered in the ASTRAL registry during
the study period, 1046 were included in the current analysis. The
flow chart in the Online Supplemental Data describes the reasons
for exclusion from the analysis and the main differences between
the included and excluded patients.

The median age of the included patients was 71.4 years (inter-
quartile range, IQR ¼ 59.8–79.4 years), and the median NIHSS
score was 12 (IQR, 6–18), as described in the Online
Supplemental Data. The median time from LPGH to hospital ar-
rival was 2.6 hours (IQR, 1.3–6.9 hours), and the median time
from LPGH to imaging was 3.4 hours (IQR, 1.9–8.5 hours). Two
hundred ninety-two patients (27.9%) were admitted in the late
time window; their median LPGH to hospital arrival time was
10.2 hours (IQR, 7.9–13.4 hours), and their median LPGH to CT
time was 11.5 hours (IQR, 8.7–15.3 hours).

We previously assessed interrater agreement measures for the
following CT-based neuroimaging variables, finding almost per-
fect agreement for ASPECTS (k ¼ 0.82) and collaterals (k ¼
0.81) and good agreement for the clot burden score (k ¼ 0.77).

In the study population, the median ASPECTS was 9 (IQR, 7–
10), and median core volume on CTP was 13.6mL (IQR, 0.6–52.8
mL). On CTA, an LVO was detected in 612 (58.5%) patients and
in 151 (51.7%) late-arriving patients (Online Supplemental Data).
Additional treatment details, stroke etiology, and clinical outcome
measures are available in the Online Supplemental Data.

Correlation between ASPECTS and CTP Core, and
Influence of Time and LVO
The overall correlation between ASPECTS and CTP core was
moderate (r ¼ –0.49, P, .01). The distribution of CTP core vol-
umes across ASPECTS grades is depicted in Fig 1A, and it
showed a definitive trend of increasing median baseline CTP
cores as the ASPECTS decreased. The ASPECTS-CTP core
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correlation was significantly stronger in the subgroup of patients
admitted in the late rather than in the early time window (r ¼
–0.56 and r ¼ –0.48, respectively; P ¼ .05; Online Supplemental
Data). In addition, this correlation was significantly better in the
presence versus absence of an LVO (r ¼ –0.40 and r ¼ –0.20,
respectively; P, .01; Online Supplemental Data). We did not
find any significant difference in the ASPECTS-CTP core correla-
tion in the subgroup of patients with known-versus-unknown
stroke onset (r ¼ –0.55 and r ¼ –0.44, respectively; P¼ .12).

Testing the combined covariates LVO and time, we found
that the correlation increased up to a moderately strong degree
(r ¼ –0.57, P, .01) in the subgroup of late-arriving patients
with LVO (Fig 1B). On the other hand, it was poor in early
patients with and without LVO (r ¼ –0.36, P, .01; and r ¼
–0.23, P ¼ .01, respectively).

With the linear multiple regression model, we confirmed an in-
dependent association between ASPECTS and CTP core (b ¼
–0.10 per 10mL; 95% CI, �0.14 to –0.07; P, .01). Moreover, a

higher ASPECTS was independently associated
with older age, shorter delay to arrival time, pre-
stroke statin use, and lower admission glucose
levels. Regarding radiologic variables, we found
an independent association between a higher
ASPECTS and the absence of a hyperdense
MCA sign, absence of LVO, higher CBS, and
the presence of good collaterals (Table 1). In the
subpopulation of late-arriving patients with
LVO, the association of ASPECTS and CTP
core was twice as strong (b ¼ –0.21 per 10mL;
95% CI, 0.27 to –0.15; P, .01). Again, older
age, shorter delay to arrival time, and higher
CBS were independently associated with a
higher ASPECTS (Table 1).

To check whether ASPECTS could reliably
identify the CTP core volume thresholds,

which have been used in recent clinical trials of the late time win-
dow, we performed a ROC analysis using a CTP core of 70mL
(as used in the Endovascular Therapy Following Imaging
Evaluation for Ischemic Stroke [DEFUSE-3] trial)22 investigating
whether a higher ASPECTS was associated with a favorable CTP
profile. We found an area under the curve of 0.76 in the overall
population and an under the curve of 0.79 in the subpopulation
of late-arriving stroke with LVO (Online Supplemental Data). In
this latter group, a cutoff of ASPECTSof $7 (based on the
Youden index) identified patients with a CTP core of ,70mL,
with a sensitivity of 65.7% and a specificity of 76.7%.

Association of ASPECTS with Clinical Outcome
The overall percentage of good clinical outcome at 3 months was
51.9%. Fitting a logistic multiple regression model, ASPECTS
emerged as an independent predictor of good outcome in both
the overall population (OR ¼ 1.10; 95% CI, 1.00–1.20; P¼ .05)
and late-arriving patients with AIS (OR ¼ 1.23; 95% CI, 1.02–

FIG 1. Boxplot of ASPECTS (x-axis) and baseline CTP core volumes (y-axis) in the overall population (n¼ 1046, A) and in subgroup of late-arriving
patients with LVO (n¼ 151, B). We observe a moderate ASPECTS-CTP core correlation in our study cohort (r ¼ –0.49) and a stronger correlation
among late-arriving patients with LVO (r ¼ –0.57).

Table 1: Significant results from the multiple regression model with NCCT
ASPECTS as dependent variable in the overall population and in late-arriving
(>6 hours from LPGH) patients with AIS with LVOa

Variables Associated
with ASPECTS

Study Cohort
(n= 1046)

Late AIS with
LVO (n= 151)

Age (yr) 0.02 (0.01–0.03) 0.05 (0.02–0.07)
LPGH to arrival time (h) �0.11 (�0.15 to �0.08) �0.21 (�0.30 to �0.12)
Prestroke statin use 0.67 (0.13–1.21) NS
Acute glucose (g/L) �0.07 (�0.13 to �0.01) NS
Hyperdense MCA sign �0.56 (�0.98 to �0.14) NS
LVOb �0.73 (�1.26 to �0.20) �
CBS 0.14 (0.06–0.21) 0.17 (0.03–0.31)
Good collaterals 0.87 (0.51–1.23) NS
Core volume, per 10mL �0.10 (�0.14 to �0.07) �0.21 (�0.27 to �0.15)

Note:—NS indicates nonsignificant; �, variable was non included in the model.
a Results are expressed as b coefficient and relative 95% CI.
b Included in the predictive model for the entire study cohort only.
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1.51; P¼ .03; Table 2). Moreover, we found younger age, lower
NIHSS score on admission, and lower frequency of a decreased
level of consciousness as independently associated with a favor-
able outcome in our study cohort. Among radiologic variables, a
smaller clot (ie, higher CBS) and the absence of tandem occlusion
also predicted favorable outcome.

For a sensitivity analysis, we compared the predictive capabil-
ities of the models for good clinical outcome at 3months in
which ASPECTS is replaced with the CTP core (Online
Supplemental Data). These models showed very similar perform-
ances as indicated by the similar coefficients and the Akaike
Information Criteria, in both the overall cohort and in the subpo-
pulation of late-arriving patients with LVO; the Vuong tests for
the difference in the Akaike Information Criteria were not signifi-
cant (P¼ .39 for the overall cohort; P¼ .14 for the late-arriving
patients with LVO).

Looking at the relationship between imaging concordance
and clinical outcome, we identified the following subgroups of
patients: patients with favorable NCCT/CTP (n¼ 756/1046,
72%), patients with poor NCCT/CTP (n¼ 79, 8%), and patients
with discordant NCCT/CTP (n¼ 211, 20%). The percentages of
good outcome across the subgroups were the following: 61% in
patients with both images being favorable, 14% in patients with
both unfavorable images, and 32% in patients with discordant
images. The areas under the curve (AUC) for predicting good
outcome for each imaging technique in the 3 subgroups of
patients are reported in the Online Supplemental Data. We
observed a similar but poor prognostic performance of NCCT
and CTP in patients with favorable profiles on both modalities.
The performance was higher in patients showing both unfavora-
ble NCCT and CTP, without any statistical difference between
the ASPECTS and CTP. In patients with discordant NCCT and
CTP profiles, the performance of both modalities was again mod-
est, without a higher accuracy for CTP core compared with
ASPECTS.

DISCUSSION
In a large cohort of consecutive patients with AIS involving the
MCA territory, we showed a moderate correlation between the
ASPECTS and core volume on CTP in the acute phase of stroke.
This correlation was significantly better in the presence of an

LVO (ICA, M1, or proximal M2 occlusion) and
was time-dependent, being stronger in the sub-
group of patients potentially eligible for late
endovascular treatment (ie, LVO-positive and
arriving after 6 hours of last proof of good
health). In the latter, we confirmed an independ-
ent role of ASPECTS in determining good clini-
cal outcome at 3 months, which was similar to
the CTP core.

Compared with previous studies reporting a
weak23-to-moderate24 ASPECTS-CTP core cor-
relation, correlations in a larger study cohort
were tested, applying multiple adjustments. We
demonstrated that the ASPECTS-CTP core
association was stronger in patients with LVO
than without it. This finding was very robust,

given that the association was present even after correction for
several clinical and radiologic variables. We suppose that the
presence of a proximal intracranial occlusion leads to higher is-
chemic core volume and, therefore, to a higher likelihood of
detecting early ischemic changes on NCCT and, as a conse-
quence, to a higher accuracy of ASPECTS on estimating core vol-
ume.25 This was especially evident in patients assessed 6 hours
after symptom onset, which probably reflects the progressive de-
velopment of cytotoxic edema, the histologic equivalent of early
ischemic changes on NCCT.

We also found that multiple other clinical and radiologic vari-
ables, in addition to time and presence of an LVO, influenced the
ASPECTS. Patients with prestroke statin use presented with
higher ASPECTS, which is in line with previous studies reporting
that statin pretreatment enhances collateral perfusion and
reduces final infarct volume.26,27 We also demonstrated that
admission hyperglycemia was associated with poorer ASPECTS;
this finding is consistent with previous human and animal studies
showing that hyperglycemia is associated with early infarct
expansion in AIS.28,29 Regarding radiologic variables, we found
higher ASPECTS in patients without the hyperdense MCA sign
(which is a marker of proximal MCA occlusion) and with higher
CBS (which means smaller clots). Taken together, these results
suggest a favorable NCCT profile in patients with a distal or small
area of vascular occlusion. Moreover, we identified an independ-
ent association between higher ASPECTS and good collaterals,
further supporting the role of collateral circulation in the early
prevention of tissue loss.25

Our results confirm that in a mixed population of patients
with AIS, some treated with intravenous thrombolysis and/or
EVT, baseline ASPECTS is a major determinant of good clinical
outcome at 3 months, after adjusting for known confounders
(including age, prestroke disability, stroke severity, and admission
glycemia). This finding has already been shown in the early time
window for patients without revascularization treatment,30

treated with intravenous thrombolysis5 and with early EVT.6,31,32

In our subgroup of patients admitted late and who had LVO (a
minority of whom underwent EVT), we confirmed that a higher
ASPECTS also remained independently associated with good
clinical outcome, and we showed that the prognostic value of
ASPECTS was similar to that of core volume on CTP.

Table 2: Independent predictors of good clinical outcome at 3months (mRS£2)
in the overall population and in late-arriving (>6 hours from LPGH) patients
with AIS with LVOa

Variables Associated with Good
Outcome

Study Cohort
(n= 1046)

Late AIS with LVO
(n= 151)

Age (yr) 0.96 (0.94–0.97) NS
NIHSS on admission 0.87 (0.84–0.91) 0.86 (0.80–0.93)
Decreased LOC on admission 0.45 (0.24–0.83) NS
LPGH to arrival time (h) 0.95 (0.91–0.99) NS
NCCT ASPECTS 1.10 (1.00–1.20) 1.23 (1.02–1.51)
CBS 1.17 (1.08–1.28) NS
Tandem occlusion 0.54 (0.32–0.92) 0.23 (0.06–0.76)

AIC¼ 694.76 AIC¼ 146.02

Note:—LOC indicates level of consciousness; AIC, Akaike Information Criteria.
a Results are adjusted for prestroke mRS and expressed as odds ratio and relative 95% CI.
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Nevertheless, relying on imaging alone could lead to errone-
ous outcome prediction. Our results showed that a good and con-
cordant NCCT/CTP imaging profile on admission was not a
sufficient condition for sure translation to a positive clinical out-
come, and the performance of both imaging modalities did not
seem to contribute to prediction. We can probably explain this
outcome by the other numerous variables that may have an
impact on the outcome (as emerged from our multivariate model
of prediction of good clinical outcome at 3months). In addition,
the small number of patients with LVO who underwent EVT in
our cohort might have influenced this finding. We also showed
that 20% of patients presented with a discordant NCCT/CTP
profile, of whom 30% achieved a good outcome. These patients
include patients with good ASPECTS despite a large infarct vol-
ume, in whom it was demonstrated that a quick and successful
revascularization of the hypoperfused region was still associated
with a high probability of good outcome. In fact, up to 20% of
such patients might present with a final infarct volume lower
than that of the admission volume, due to an overestimation of
the latter by CTP in the early hours after stroke onset.33,34 In the
opposite situation of low ASPECTS associated with acceptable
core volumes on CTP, a revision of early ischemic NCCT changes
should be considered (eg, to exclude old infarctions or NCCT
artifacts), especially for patients imaged in the extended time win-
dow and with good collateral circulation.

The clinical implications of our findings are that ASPECTS
appears a quite reliable surrogate marker for the ischemic core in
patients with LVO in the later time window. Such a finding sup-
ports the possible role of ASPECTS as a selection tool for late me-
chanical thrombectomy. We previously demonstrated that the
strict application of trial criteria (DWI or CTP Assessment with
Clinical Mismatch in the Triage of Wake-Up and Late Presenting
Strokes Undergoing Neurointervention with Trevo [DAWN] and
DEFUSE-3) translated into a low proportion of patients eligible
for late EVT in the real-word scenario and that this treatment
could be offered to a larger population of patients if more liberal
criteria were adopted.22 In this setting, the use of ASPECTS could
help with the decision to proceed to thrombectomy in cases of
absent, failed, or contraindicated advanced imaging or in situa-
tions of CT and CTP discordant profiles.21 The success of late re-
vascularization therapies according to trial criteria could be
hopefully replicated by simpler selection criteria. This strategy is
currently being evaluated in ongoing randomized clinical trials
(Endovascular Treatment of Acute Stroke for Late arrivals, MR
CLEAN-LATE;35 Tenecteplase in Wake-up Ischaemia Trial
[TWIST]36).

Several limitations of our study need to be acknowledged.
First, its single-center retrospective design and the exclusion of
patients due to the absence of reconstructed CTP volumes could
lead to a selection bias; furthermore, an external validation of the
study results is lacking. Second, we did not assess the spatial
agreement between the ASPECTS and CTP core; therefore, we
could not assess whether unequal weighting of brain regions in
the ASPECTS rating could hamper its correlation with core vol-
umes. Third, the thresholds model used for core and penumbra
volume reconstructions was different from those adopted in
recent EVT trials;37 however, it is a well-established model, based

on a systematic evaluation of all PCT parameters and is the most
suitable for the software used in the analysis.12 Finally, given the
small number of patients treated with late EVT in our cohort, we
could not analyze the impact of ASPECTS on the response to re-
vascularization treatments.

A future potential development of this study includes the
comparison between visual ASPECTS and scoring with auto-
mated software applications able to detect and quantify early is-
chemic changes.38

CONCLUSIONS
In our series of 1046 patients with MCA stroke, ASPECTS
showed a moderate correlation with CTP-based infarct core,
which is stronger in late-arriving patients with large-vessel occlu-
sion. This could support the use of ASPECTS as a surrogate
marker for CTP core for selection of late endovascular treatment
and for estimation of prognosis. Further studies on the effect of
an ASPECTS-based selection for late revascularization therapies
are strongly welcomed.
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ORIGINAL RESEARCH
ADULT BRAIN

Analysis of Stroke Detection during the COVID-19 Pandemic
Using Natural Language Processing of Radiology Reports

M.D. Li, M. Lang, F. Deng, K. Chang, K. Buch, S. Rincon, W.A. Mehan, T.M. Leslie-Mazwi, and
J. Kalpathy-Cramer

ABSTRACT

BACKGROUND AND PURPOSE: The coronavirus disease 2019 (COVID-19) pandemic has led to decreases in neuroimaging volume.
Our aim was to quantify the change in acute or subacute ischemic strokes detected on CT or MR imaging during the pandemic
using natural language processing of radiology reports.

MATERIALS AND METHODS:We retrospectively analyzed 32,555 radiology reports from brain CTs and MRIs from a comprehensive
stroke center, performed from March 1 to April 30 each year from 2017 to 2020, involving 20,414 unique patients. To detect acute
or subacute ischemic stroke in free-text reports, we trained a random forest natural language processing classifier using 1987 ran-
domly sampled radiology reports with manual annotation. Natural language processing classifier generalizability was evaluated using
1974 imaging reports from an external dataset.

RESULTS: The natural language processing classifier achieved a 5-fold cross-validation classification accuracy of 0.97 and an F1 score
of 0.74, with a slight underestimation (�5%) of actual numbers of acute or subacute ischemic strokes in cross-validation.
Importantly, cross-validation performance stratified by year was similar. Applying the classifier to the complete study cohort, we
found an estimated 24% decrease in patients with acute or subacute ischemic strokes reported on CT or MR imaging from March
to April 2020 compared with the average from those months in 2017–2019. Among patients with stroke-related order indications,
the estimated proportion who underwent neuroimaging with acute or subacute ischemic stroke detection significantly increased
from 16% during 2017–2019 to 21% in 2020 (P¼ .01). The natural language processing classifier performed worse on external data.

CONCLUSIONS: Acute or subacute ischemic stroke cases detected by neuroimaging decreased during the COVID-19 pandemic,
though a higher proportion of studies ordered for stroke were positive for acute or subacute ischemic strokes. Natural language
processing approaches can help automatically track acute or subacute ischemic stroke numbers for epidemiologic studies, though
local classifier training is important due to radiologist reporting style differences.

ABBREVIATIONS: ASIS ¼ acute or subacute ischemic stroke; COVID-19 ¼ coronavirus disease 2019; NLP ¼ natural language processing

There is much concern regarding the impact of the coronavi-
rus disease 2019 (COVID-19) pandemic on the quality of

stroke care, including issues with hospital capacity, clinical

resource re-allocation, and the safety of patients and clinicians.1,2

Previous reports have shown that there have been substantial
decreases in stroke neuroimaging volume during the pan-
demic.3,4 In addition, acute ischemic infarcts have been found
on neuroimaging studies in many hospitalized patients with
COVID-19, though the causal relationship is unclear.5,6 Studies
like these and other epidemiologic analyses usually rely on the cre-
ation of manually curated databases, in which identification of
cases can be time-consuming and difficult to update in real-time.
One way to facilitate such research is to use natural language proc-
essing (NLP), which has shown utility for automated analysis of ra-
diology report data.7 NLP algorithms have been developed
previously for the classification of neuroradiology reports for the
presence of ischemic stroke findings and acute ischemic stroke
subtypes.8,9 Thus, NLP has the potential to facilitate COVID-19
research.
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In this study, we developed an NLP machine learning model
that classifies radiology reports for the presence or absence of
acute or subacute ischemic stroke (ASIS), as opposed to chronic
stroke. We used this model to quantify the change in ASIS
detected on all CT or MR imaging studies performed at a large
comprehensive stroke center during the COVID-19 pandemic in
the United States. We also evaluated NLP model generalizability
and different training strategies using a sample of radiology
reports from a second stroke center.

MATERIALS AND METHODS
This retrospective study was exempted with waiver of informed
consent by the institutional review board of Mass General
Brigham (Boston, Massachusetts), the integrated health system
that includes both Massachusetts General Hospital and Brigham
andWomen's Hospital.

Radiology Report Extraction
We used a custom hospital-based radiology report search tool to
extract head CT and brain MR imaging study reports performed
at Massachusetts General Hospital (hospital 1) and its affiliated
imaging centers (a comprehensive stroke center) from March 1
to April 30 in each year from 2017 to 2020. At this hospital, head
CT and brain MR imaging studies are routinely performed for
patients with stroke. Head CTs included noncontrast and con-
trast-enhanced head CT and CT angiography studies. Brain
MRIs included noncontrast and contrast-enhanced brain MRIs
and MR angiography studies. After we removed outside imaging
studies also stored in the data base, there were 15,627 head CT
and 17,151 brain MR imaging reports (a total of 32,778 studies).
Of these studies, 15,590 head CT and 16,965 brain MR imaging
reports had study “Impressions”, which restricted the analysis to
98.9% and 99.8% of the dataset, respectively. These studies
formed the aggregate study cohort, which included a total of
32,555 brain MR imaging and head CT reports on 20,414 unique
patients.

Of the original 32,778 study reports extracted, 1000 head CT
and 1000 brain MR imaging studies were randomly sampled for
manual annotation to serve as training and testing data for an NLP
machine learning model. Of these studies, 1987 contained study
Impressions (99.4%). The studies without study Impressions were
predominantly pediatric brain MR imaging studies that involved a
different structure for reporting.

Using a commercial radiology information system (Primordial/
Nuance Communications), we also extracted an additional dataset
of radiology reports from Brigham and Women’s Hospital (hospi-
tal 2) and its affiliated imaging centers (also a comprehensive
stroke center). We analyzed the overlap in radiologists and trainees
involved in the dictation of these reports between hospitals 1 and
2. The first 500 consecutive head CTs and the first 500 brain MRIs
performed in both April 2019 and April 2020 were obtained (a
total of 1000 head CTs and 1000 brain MR imaging study reports),
with the same inclusion criteria for noncontrast and contrast-
enhanced studies, as well as angiographic studies. All of these
reports had study Impressions. After removing duplicate study
entries in this dataset (26, 1.3%), 1974 head CT and brain MR
imaging reports remained for further analysis.

NLP Training Dataset Annotation
For NLP model training, the 1987 study reports sampled from
hospital 1 and the 1974 study reports available from hospital 2
were manually annotated, each by a diagnostic radiology resi-
dent (F.D. for CT and M.L. for MR imaging from hospital 1 and
M.D.L. for CT and MR imaging from hospital 2). The annota-
tors classified each report for the presence of ASIS using the
study “Impression.” This finding could be explicitly or implic-
itly stated in the report, and reports that stated or suggested
chronicity of an infarct were not considered to have this finding.
For example, “old” or “chronic” infarct suggests chronicity,
though more ambiguous terms like “age-indeterminate” or
“unclear timeframe” were sometimes found. Reports with am-
biguous terms were not considered to have ASIS, unless an
expression of newness was conveyed in the report (eg, “new
age-indeterminate infarct”).

NLP Machine Learning Model Training and Testing
We trained a random forest machine learning model that takes
the radiology report free-text Impression as input and classifies
the report for the presence or absence of an ASIS. To train a
machine learning model to automatically parse the radiology
report text, we used the re (Version 2.2.1), sklearn (Version
0.20.3), and nltk (Version 3.4) packages in Python (Version
3.7.1). Before model training, we used regular expressions to
extract sentences with words containing the stems “infarct” or
“ischem” from each study Impression. This step helped to focus
the algorithm on sentences containing content relevant to the
classification task. The words in the extracted sentences were
stemmed using the snowball.EnglishStemmer from the nltk pack-
age. The extracted and stemmed sentences were then represented
as vectors using bag-of-words vectorization with N-grams
(n¼ 2–3; minimum term frequency, 1%), an approach previously
used for radiology report natural language processing.10 Negation
was dealt with using the nltk mark_negation function, which
appends a “_NEG” suffix between words that appear between a
negation term and a punctuation mark. These vector representa-
tions of the radiology report Impression served as inputs to the
random forest NLP classifier.

The random forest NLP classifier was trained using default
hyperparameters in sklearn, Version 0.20.3, including 100 trees in
the forest using the Gini Impurity for measuring the quality of
the data split. Using the manually annotated datasets from hospi-
tals 1 and 2, we evaluated 2 training strategies. First, we trained a
classifier using the hospital 1 annotated dataset and tested per-
formance using 5-fold cross-validation, stratified on outcome
(ASIS), given the class imbalance. We also tested this classifier on
the external hospital 2 annotated dataset. Second, we trained a
classifier using the combined hospital 1 and 2 annotated datasets
and tested performance using 5-fold cross-validation, also strati-
fied on outcome, but only including hospital 1 reports in the
cross-validation to assess performance on hospital 1 data specifi-
cally. We repeated this testing using only hospital 2 reports in the
cross-validation to assess the performance on the hospital 2 data
specifically. When the combined hospital 1 and 2 datasets were
used for classifier training, the N-gram minimum term frequency
was halved to 0.5%; empirically, the number of N-gram terms
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was then similar between this classifier and the classifier trained
on hospital 1 data only. The Python code for training these ran-
dom forest classifiers is available at github.com/QTIM-Lab/asis_
nlp.

The metrics used to assess model performance included accu-
racy, precision, recall, and F1 score. Performance was evaluated
for CT and MR imaging reports combined, CT reports alone, and
MR imaging reports alone, with 5-fold cross-validation when
appropriate.

NLP-Based Epidemiologic Analysis
On the basis of the results of the NLP model testing, an NLP clas-
sifier was then applied to the complete cohort of 32,555 brain MR
imaging and head CT reports from hospital 1 to estimate the
number of patients with ASIS. Patients with at least 1 neuroimag-
ing study (CT or MR imaging) with an ASIS during the time pe-
riod in question were considered to have had an infarct.
Demographic information associated with these patients was
extracted along with the radiology report text.

Statistics
Statistical testing was performed using the scipy Version 1.1.0
package in Python. The Pearson x 2 test of independence and 1-
way ANOVA were used when appropriate. Statistical significance
was determined a priori to be P, .05. Performance metrics were
reported as the bootstrap median estimate with 95% confidence
intervals.11

RESULTS
Manually Annotated Radiology Report Dataset
Characteristics
Among the randomly sampled 1987 neuroimaging reports from
hospital 1 used for NLP model development, 67 head CT and 68
brain MR imaging reports were manually classified as positive for
ASIS (positive in 129 patients from 1904 total unique patients).
Among the 1974 neuroimaging reports from hospital 2, 84 head
CT and 91 brain MR imaging reports were manually classified as
positive for ASIS (positive in 101 patients from 1514 total unique
patients). The remainder of studies were negative for ASIS. In the
hospital 1 annotated report dataset, 126 unique radiologists and
trainees (residents and fellows) were involved in the dictation of
these reports. In the hospital 2 annotated report dataset, there
were 94 unique radiologists and trainees involved. There was an
overlap of 3 radiologists and trainees between these 2 datasets
due to radiologists/trainees moving between institutions. The
hospital 1 and hospital 2 reports were all free-text without a
standardized structure. The manual annotators who read the
report Impressions found that they differed stylistically between
the hospitals.

NLP Model Performance
Random forest NLP classifier testing performance is summarized
in the Online Supplemental Data. The stratified 5-fold cross-vali-
dation performance of the NLP classifier trained on the hospital 1
annotated dataset showed an average accuracy of 0.97 (95% CI,
0.96–0.97) and an F1 score of 0.74 (95% CI, 0.72–0.76). When
this NLP classifier was tested on the hospital 2 annotated dataset,

the performance was lower, with an accuracy of 0.95 (95% CI,
0.94–0.96) and an F1 score of 0.66 (95% CI, 0.59–0.72). In both
tests, when the performance results for CT and MR imaging were
separately analyzed, we found that the model performed better
for MR imaging reports compared with CT reports.

We also trained a random forest NLP classifier using the com-
bined annotated reports from hospitals 1 and 2. In the stratified
5-fold cross-validation performance with testing of only hospital
1 data in the validation folds, the average accuracy was 0.96 (95%
CI, 0.96-0.96) and the average F1 score was 0.74 (95% CI, 0.72–
0.76). This performance on hospital 1 data was similar compared
with the NLP classifier trained using only hospital 1 data. In the
stratified 5-fold cross-validation performance with testing of only
hospital 2 data in the validation folds, the average accuracy was
0.96 (95% CI, 0.96-0.97) and the average F1 score was 0.79 (95%
CI, 0.77–0.80). This performance on hospital 2 data was substan-
tially improved compared with the NLP classifier trained using
only hospital 1 data. Because the performance on hospital 1 data
was similar between the NLP classifier trained on hospital 1
reports and the NLP classifier trained on hospitals 1 and 2
reports, we used the former classifier for further analysis of the
complete hospital 1 dataset.

For the NLP classifier trained on hospital 1 reports, in the 5
cross-validation folds for the combined CT and MR imaging
analysis, there was an average of 19.4 (95% CI, 18.6–20.2) true-
positive, 6.2 (95% CI, 5.6–6.8) false-positive, 7.6 (95% CI, 6.8–
8.4) false-negative, and 364.2 (95% CI, 18.6–20.2) true-negative
classifications. In misclassified cases, the reports typically con-
tained uncertainty regarding the chronicity of the infarct (eg,
age-indeterminate or not otherwise specified in the study
Impression). For each of the 5 cross-validation folds, there was an
average of 25.6 positive results predicted (95% CI, 24.6–26.8),
compared with 27.0 actual positive results in each validation fold,
due to the stratification on outcome. The NLP predicted that the
number of cases slightly underestimated the actual number of
studies positive for ASIS in the validation folds (average differ-
ence, �1.4; 95% CI, 0.2–2.4; expressed as percentages, �5.1%;
95% CI, 0–8.8%).

To ensure that variations in reporting styles within the hospi-
tal 1 reports did not systematically differ by year (because our epi-
demiologic analysis would compare reports from different years),
we performed leave-one-year-out cross-validation on the hospital
1 dataset, in which NLP classifiers were trained on data from all
years except the year of the excluded validation set (eg, trained on
reports from 2018, 2019, and 2020, and then tested on reports
from 2020). We found that there was no substantial difference in
model performance in each of those validation folds (with over-
lap of 95% CI), which shows that the model performed similarly
across time periods at hospital 1 (Online Supplemental Data).
The F1 score was 0.72 in 2020 versus between 0.68 and 0.73 from
2017 to 2019.

While the NLP model systematically slightly underestimated
ASIS case numbers, because the model performed similarly from
year-to-year, we used this random forest classifier to estimate
changes in the numbers of ASISs detected in the complete hospi-
tal 1 study cohort of 32,555 head CT and brain MR imaging
reports.
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ASIS during the COVID-19 Pandemic
Using this random forest NLP classifier, we estimated the num-
ber of neuroimaging studies performed and the number of
patients with detected ASIS (Table 1). Patients with at least 1 neu-
roimaging study (CT or MR imaging) with an ASIS during the
time period in question were considered to have had ASIS. There
was an estimated 24% decrease in patients with ASIS reported on
CT or MR imaging fromMarch to April 2020 compared with the
average of the same months from 2017 to 2019, after previous
year-on-year growth from 2017 to 2019 (Figure). There was a
concomitant decrease in the total number of neuroimaging stud-
ies performed and patients undergoing neuroimaging in March

and April 2020 compared with 2019 (�39% and �41%,
respectively).

In the complete cohort of 32,555 study reports, 32,358 of the
reports (99.4%) included structured and/or unstructured text in
the study indication field, entered at the time of order entry. Of
those cases, we filtered for indications including “stroke,” “neuro
deficit,” and “TIA,” which resulted in 5204 study reports (Table
2). In these patients, we found an estimated 21% decrease in ASIS
reported from March to April 2020 compared with March to
April 2019 (Figure). In the subset of patients who underwent
imaging with stroke-related indications, the estimated proportion
of patients with ASIS detected increased from 16% during 2017–
2019 to 21% in 2020 (P¼ .01) (Table 2). The estimated propor-
tion of neuroimaging studies with ASIS detected increased from
20% during 2017–2019 and 24% in 2020 (P¼ .01).

The average age of patients with ASIS detected was 66 [SD,
17] years, and there was no significant difference in age among
any of the years (P¼ .9). There was also no significant difference
in the sex ratio of March to April 2020 compared with the March
to April 2017–2019 time periods (P¼ .8). In aggregate, 56% of
patients with ASIS were men. See Online Supplemental Data for
data by year.

Neuroimaging Studies Performed per Patient
If the number of neuroimaging studies performed per patient dif-
fered between the prepandemic and pandemic time periods, the
number of opportunities to detect ASIS in a patient could vary.
However, this variance did not appear to be a confounding factor
in our analysis because we found no significant difference in the
number of neuroimaging studies performed per patient between
the March and April 2020 time period and each of the March to
April 2017, 2018, or 2019 time periods (P. .2).

DISCUSSION
In this study, we developed a random forest NLP algorithm for
automated classification of ASIS in radiology report Impressions
and applied this algorithm to reports during and before the
COVID-19 pandemic. We found a substantial decrease in the
number of patients with ASIS detected on all CT and MR imag-
ing studies performed at a comprehensive stroke center during
the pandemic in the United States. This decrease could be related
to avoidance of the hospital due to fear of contracting COVID-
19, as previously speculated.12,13 Previous studies have shown a
39% decrease in neuroimaging studies performed primarily for
stroke thrombectomy evaluation using commercial software in

Table 1: Natural language processing-based analysis of all radiology reports from hospital 1

Time Period

Total No. of
Neuroimaging

Studies Performed
(CT/MRI)

Estimated No. of
Neuroimaging

Studies with ASIS
Detected (% of

Total)

Total No. of Patients
Undergoing
Neuroimaging

Estimated No. of
Patients with ASIS
Detected (% of

Total)

No. of
Neuroimaging
Studies per
Patient

March-April 2020
(COVID-19 pandemic)

5709 428 (7.4%) 3977 231 (5.8%) 1.4

March-April 2017–2019a 8949 541 (6.0%) 6312 304 (4.8%) 1.4
2019 9403 586 (6.2%) 6770 313 (4.6%) 1.4
2018 9086 523 (5.8%) 6417 302 (4.7%) 1.4
2017 8357 515 (6.2%) 5750 297 (5.1%) 1.5

a Three-year average.

FIGURE. Estimated numbers of patients with acute or subacute is-
chemic strokes detected on CT or MR imaging in March and April
from 2017 to 2020 at hospital 1.
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the United States and a 59.7% decrease in stroke code CT-specific
cases in New York.3,4 Our study differs because we sought to
quantify the decrease in actual ASISs detected on such studies
and the rate of detection. Among patients with stroke-related
image -order indication, we found a significant increase in the
proportion of neuroimaging studies positive for ASIS. This find-
ing could suggest that during the COVID-19 pandemic, imaged
patients had, on average, more severe or clear-cut stroke syn-
dromes (with a higher pretest probability of stroke), implying
that patients with mild or equivocal symptoms presented to the
hospital less often than in previous years.

The NLP machine learning approach that we used in this
study can also be applied to additional data relatively easily,
which will allow us to continue to monitor the detection of ASIS
on neuroimaging at our institution in the future. NLP algorithms
have been used to analyze neuroradiology reports for stroke find-
ings, specifically for the presence of any ischemic stroke findings
or ischemic stroke subtypes.8,9 The task in our model, however, is
relatively challenging in that we sought to identify acute or suba-
cute strokes specifically and deliberately excluded chronic
infarcts. There is often uncertainty or ambiguity in radiology
reports related to the timeframe for strokes, which can make this
task challenging for the NLP algorithm. Thus, it is not surprising
that our NLP model performed better on MR imaging reports
compared with CT reports, given the superiority of MR imaging
for characterizing the age of an infarct.

The NLP classifier trained on only hospital 1 reports showed
lower performance when tested on radiology reports from an
external site, which was likely due to systematic differences in lin-
guistic reporting styles between the radiology departments in
hospitals 1 and 2. While combining training data from hospitals
1 and 2 helped to create a more generalizable classifier with
improved performance on hospital 2 data, the test performance
of this classifier on data from hospital 1 was not substantially dif-
ferent from the classifier trained on only hospital 1 data. These
findings highlight the importance of localized testing of NLP
algorithms before clinical deployment. Nevertheless, a locally
trained and deployed model can still be useful, as long as its spe-
cific use case and limitations are understood.14

Instead of using the radiology report NLP approach presented
in our study, we could have used the International Classification
of Diseases codes from hospital administrative and billing data.
However, the International Classification of Diseases coding is
known to have variable sensitivity and specificity for acute stroke

in the literature15 and may be particularly problematic for reliably
differentiating stroke chronicity. Comparison of NLP analyses of
radiology reports versus administrative data base International
Classification of Diseases coding could be an avenue of future
research.

There are important limitations to this study. First, we used
an automated NLP approach for analysis, which systematically
slightly underestimates the number of ASISs but may be scaled to
analyze large numbers of reports. In the future, newer NLP tech-
nologies including deep learning–based algorithms may help
improve the ability to perform studies like this one.16 Second, the
radiology report is an imperfect reference standard for assess-
ment of ASIS, particularly for CT in which early infarcts may not
be seen. In our epidemiologic analysis, patients with at least 1
neuroimaging study with ASIS during the time period of interest
were counted as having ASIS. Thus, patients with early infarcts
not reported on CT would still be counted as having ASIS if
reported on the subsequent MR imaging, reducing the impact of
false-negative CTs. However, false-positive head CTs would
falsely elevate the count of ASIS. Third, identification of studies
with stroke-related indications likely underestimates the total
number of studies performed for suspicion of stroke because
nonspecific indications like “altered mental status” were not
included. This bias should be consistent across each year though;
thus, it should not impact our comparison of the positive case
rate between the time periods in question.

CONCLUSIONS
We developed an NLP machine learning model to characterize
trends in stroke imaging at a comprehensive stroke center before
and during the COVID-19 pandemic. The sequelae of decreased
detection of strokes remains to be seen, but this algorithm and
the shared code can help facilitate future research of these trends.
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Table 2: NLP-based analysis of radiology reports from hospital 1 containing “stroke,” “neuro deficit,” or “TIA” in the order
indication

Time Period

Total No. of
Neuroimaging Studies
Performed (CT/MRI)

Estimated No. of
Neuroimaging Studies
with ASIS Detected

(% of Total)

Total No.
of Patients Undergoing

Neuroimaging

Estimated No. of
Patients with ASIS

Detected (% of Total)
March-April 2020
(COVID-19 pandemic)

1046 254 (24.3%) 660 140 (21.2%)

March-April 2017–2019a 1386 274 (19.8%) 970 157 (16.2%)
2019 1720 314 (18.3%) 1283 178 (13.9%)
2018 1234 253 (20.5%) 820 149 (18.2%)
2017 1204 256 (21.3%) 808 144 (17.8%)

a Three-year average.
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ORIGINAL RESEARCH
ADULT BRAIN

CTA Protocols in a Telestroke Network Improve Efficiency
for Both Spoke and Hub Hospitals

A.T. Yu, R.W. Regenhardt, C. Whitney, L.H. Schwamm, A.B. Patel, C.J. Stapleton, A. Viswanathan, J.A. Hirsch,
M. Lev, and T.M. Leslie-Mazwi

ABSTRACT

BACKGROUND AND PURPOSE: Telestroke networks support screening for patients with emergent large-vessel occlusions who are eligi-
ble for endovascular thrombectomy. Ideal triage processes within telestroke networks remain uncertain. We characterize the impact of
implementing a routine spoke hospital CTA protocol in our integrated telestroke network on transfer and thrombectomy patterns.

MATERIALS AND METHODS: A protocol-driven CTA process was introduced at 22 spoke hospitals in November 2017. We retrospectively
identified prospectively collected patients who presented to a spoke hospital with National Institutes of Health Stroke Scale scores $6
between March 1, 2016 and March 1, 2017 (pre-CTA), and March 1, 2018 and March 1, 2019 (post-CTA). We describe the demographics, CTA
utilization, spoke hospital retention rates, emergent large-vessel occlusion identification, and rates of endovascular thrombectomy.

RESULTS: There were 167 patients pre-CTA and 207 post-CTA. The rate of CTA at spoke hospitals increased from 15% to 70%
(P, .001). Despite increased endovascular thrombectomy screening in the extended window, the overall rates of transfer out of
spoke hospitals remained similar (56% versus 54%; P¼ .83). There was a nonsignificant increase in transfers to our hub hospital for
endovascular thrombectomy (26% versus 35%; P¼ .12), but patients transferred .4.5 hours from last known well increased nearly 5-
fold (7% versus 34%; P, .001). The rate of endovascular thrombectomy performed on patients transferred for possible endovascu-
lar thrombectomy more than doubled (22% versus 47%; P¼ .011).

CONCLUSIONS: Implementation of CTA at spoke hospitals in our telestroke network was feasible and improved the efficiency of
stroke triage. Rates of patients retained at spoke hospitals remained stable despite higher numbers of patients screened. Emergent
large-vessel occlusion confirmation at the spoke hospital lead to a more than 2-fold increase in thrombectomy rates among trans-
ferred patients at the hub.

ABBREVIATIONS: EVT ¼ endovascular thrombectomy; LKW ¼ last known well; SH ¼ spoke hospital; ELVO ¼ emergent large-vessel occlusion; LVO ¼
large-vessel occlusion; NIHSS ¼ National Institutes of Heath Stroke Scale

Telestroke supports thrombolytic use and screening for
patients with emergent large-vessel occlusion (ELVO)

across stroke systems of care.1-3 ELVOs represent a minority of
acute stroke presentations but produce most morbidity and

mortality in ischemic stroke and are therefore a critical area of
focus within stroke care systems.4-6 For patients with ELVO, the
current target of acute stroke therapy is penumbral salvage,
which relies on numerous factors, the most important of which
is timely reperfusion.7-9 The powerful therapeutic effect of early
reperfusion (,6 hours from last known well [LKW]) through
endovascular thrombectomy (EVT) for patients with ELVO is
now well established.10-12 The time window for treatment
expanded with the demonstration of benefit of reperfusion in
patients between 6 and 24 hours from LKW, a demographic for
which previously no therapeutic intervention was available.13-14

Selection for thrombectomy in both early and late treatment
windows required identification of ELVO by noninvasive imag-
ing in all recent trials.

The expansion of treatment with EVT up to 24hours from
LKW has dramatically increased the pool of patients to screen.
Current telestroke care system approaches require the emergent
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transfer of patients from spoke hospitals (SHs), which lack the
ability to perform thrombectomy, to hub hospitals, which are
thrombectomy capable. Ideal triage processes within telestroke net-
works remain uncertain and may vary based on geographic region.
Here we describe the effects of the implementation of a routine SH
CTA protocol within our integrated telestroke network on SH
retention rates and hub hospital thrombectomy rates.

MATERIALS AND METHODS
We introduced a protocol-driven CTA process at 22 SHs within
our telestroke network in the northeastern United States in
November 2017. The CTA protocol specified CTA indications,
acquisition parameters, and methods for image reconstruction
(Supplemental Online Data) to provide a standardized imaging
approach across the telestroke network. Before this CTA proto-
col, in the pre-CTA era, transfer for EVT consideration occurred
mainly driven by stroke severity (NIHSS score $6 points), time
from LKW (#6 hours), ASPECTS score $6 on noncontrast CT,
and mRS score 0–2, based primarily on the American Heart
Association guidelines at that time.15 After implementation of the
protocol, the post-CTA era, all patients presenting to an SH with
NIHSS score$6 points and,24hours from LKW were required
to undergo CTA imaging in addition to and immediately after
their noncontrast head CT. Head and neck CTA with reconstruc-
tion of thick, overlapping axial MIPs was a requirement in the
protocol. Additional imaging suggested by the protocol but at the
discretion of the site included CTA delays of the head and neck
and sagittal and/or coronal MIPs. After acquisition, this imaging
was shared through a cloud-based platform between the SH and
the hub. Additional criteria for transfer for EVT consideration in
the post-CTA era were based on updated guidelines and included
ASPECTS score$6 and mRS score 0–2.16

We retrospectively identified patients who presented to an
SH with NIHSS scores $6 points between March 1, 2016 and
March 1, 2017 (pre-CTA), and between March 1, 2018 and
March 1, 2019 (post-CTA). A 1-year gap between our pre-CTA
and post-CTA cohorts was used to allow enough time for uni-
form adoption of the CTA protocol across all SHs. Patients
were identified through our telestroke consult log, which
records consecutive telestroke consults placed within our net-
work. Within each cohort, we analyzed baseline demographics,
risk factors, CTA utilization, ELVO identification, and transfer
to a hub hospital. We defined off-hour telestroke utilization as a
consult start time between 7 PM and 7 AM regardless of the day
of the week. We obtained patient demographic and risk factor
data from our telestroke log and our hub hospital electronic
medical record. CTA utilization was determined by telestroke
consult log documentation because most SHs used a separate
electronic medical record, which we did not have access to; for
this reason, we were unable to include reliable door-in and
door-out times. Patients with CTA recommended but not docu-
mented were defined as not undergoing CTA imaging. An
ELVO was confirmed if vessel imaging performed at the SH
showed an occlusion in the intracranial ICA, MCAM1 segment,
proximal M2 segment, or basilar artery with NIHSS score $6
points and LKW ,24 hours. Tandem lesions involving cervical
ICA stenosis or occlusion with an intracranial occlusion were

included.17 We defined late-window patients as .4.5 hours
from LKW to consult start time at the SH; this equated to
roughly .6 hours at the time of arrival to an EVT capable cen-
ter, allowing 1.5 hours for time for the evaluation and transport
of the patient. For patients transferred to our hub, we analyzed
rates of additional imaging after arrival, EVT, and utilization of
a direct-to-EVT protocol, which allowed transferred patients
with confirmed ELVO to bypass both the emergency depart-
ment and further imaging to proceed directly to the endovascu-
lar suite for thrombectomy. The overall rate of large-vessel
occlusion (LVO) transferred was defined as the total number of
LVOs identified at the SH in addition to LVOs identified at the
hub that were not previously identified at the SH among
patients transferred to the hub hospital.

This study was approved by the local institutional review
board. Median and interquartile range were reported for continu-
ous variables. Percent and count were reported for categoric vari-
ables. Differences were assessed by using nonparametric
Wilcoxon rank-sum for continuous variables and Fisher exact
tests for categoric variables. Two-tailed P values,.05 were inter-
preted as statistically significant. Analyses were performed with
SPSS version 23.0 (IBM). The data that support the findings of
this study are available from the corresponding author upon
request.

RESULTS
There were 167 patients pre-CTA and 207 patients post-CTA
from 22 SHs. These cohorts were broadly similar (Table 1). The
median ages in the pre-CTA and post-CTA groups were 76 years
and 71 years, respectively (P¼ .066). Most patients were white
(88%). There were no differences in risk factors between the 2
groups, with the exception of coronary artery disease (25% pre-
CTA versus 14% post-CTA; P¼ .005). The proportion of off-
hour consults was similar at approximately 30%. The median
NIHSS score was 12 points for both groups, and no significant
differences in rates of tPA administration were present (Table 2).
There were fewer than 5 posterior circulation LVOs in each
cohort.

The rate of CTA utilization at SHs increased significantly
from 25/167 (15%) to 144/207 (70%) (P, .001) (Table 2). Three

Table 1: Patient demographics pre- and post-CTA protocol
implementationa

Pre-CTA,
n= 167 (%)

Post-CTA,
n= 207 (%)

P
Value

Characteristics
Age, median (IQR) 76 (63, 85) 71 (57, 82) .066
Female sex 88 (53) 113 (55) .755
White race 151 (90) 88 (84) .127

Risk factors
Atrial fibrillation 54 (32) 50 (24) .083
Coronary artery disease 42 (25) 28 (14) .005
Diabetes mellitus 26 (16) 46 (22) .115
Dyslipidemia 43 (26) 53 (26) 1.000
Heart failure 12 (7) 15 (7) 1.000
Hypertension 85 (51) 100 (48) .677
Previous stroke or TIA 41 (25) 59 (29) .413
Smoking 8 (5) 18 (9) .101

a Count and percent are reported. For age, median and IQR are reported.
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patients in the pre-CTA group had MRA rather than CTA.
Reasons for not obtaining a CTA in the post-CTA cohort
included known allergy to iodinated contrast (5 patients), renal
dysfunction (4 patients), technical difficulties (3 patients; 1
unclear reasons, 1 lack of radiology technicians overnight, and 1
inability to obtain intravenous access), high suspicion for an al-
ternative diagnosis (13 patients, including seizure, toxic-meta-
bolic encephalopathy, or functional neurologic disorder), and
determination of EVT ineligibility based on other factors (1
patient). Technical difficulties preventing CTA acquisition repre-
sented only 1.4% of cases after protocol implementation. The
rates of late-window (.4.5 hours from LKW) consults also
increased significantly from 14/167 (8%) to 42/207 (20%)
(P¼ .001). Despite increased screening of patients in this late
window, the rates of patient transfer out of SHs remained stable
(93/167, 56% versus 112/207, 54%; P¼ .83). This rate of transfer
encompasses patients with ELVO who were transferred to
another thrombectomy-capable center, as well as patients trans-
ferred to our center for other reasons, including seeking a higher
level of care, such as a neurologic intensive care unit, seeking care
for a nonstroke diagnosis, or to complete a stroke work-up. The
rate of transfer to our hub hospital specifically for EVT showed a
nonsignificant increase (46/167, 26% versus 73/207, 35%;
P¼ .119), but the proportion of patients transferred in the late
window increased nearly 5-fold (3/46, 7% versus 25/73, 34%;
P, .001). Of those transferred to our hub hospital as ELVO, the
overall LVO identification rate, whether imaged at the SH or
hub, increased (67% to 93%; P¼ .001) (Table 3). Furthermore,

there was a decrease in the need for repeat imaging at our hub
hospital (43/46, 94% versus 48/73, 66%; P, .001). For the 48
patients in the post-CTA cohort who required repeat imaging,
34/48 (71%) required imaging to confirm mismatch before pro-
ceeding with late-window thrombectomy. A total of 24/34 (71%)
were already considered late window by our criteria before trans-
fer, and 10/34 (29%) were considered early window. Repeat imag-
ing was required in 3/48 (6%) cases for worsening NIHSS score.
The most common technique for repeat imaging was MR imag-
ing with or without MRA in 42/48 (88%). In the pre-CTA cohort,
14/46 patients (30%) without a CTA at the SH were transferred
to our center for EVT evaluation but were not found have an
LVO on their hub hospital CTA or MRA imaging. The overall
rate of EVT performed on patients transferred to our hub for
possible EVT more than doubled (10/46, 22% to 34/73, 47%;
P¼ .011). In the post-CTA cohort, 20/73 (27%) of transferred
patients were processed via our direct-to-EVT protocol (this pro-
tocol was introduced in December 2017 and therefore did not
exist in the pre-CTA era).

Our post-CTA cohort spanned a timeframe after which the
late-window thrombectomy trials were published and the poten-
tial pool of EVT candidates was increased. Given these differen-
ces, to better compare our 2 cohorts, we performed sensitivity
analyses based on the early-window patients. The transfer rate
was nonsignificantly decreased after implementation of the CTA
protocol (88/153, 57% to 84/164, 51%; P¼ .26). The decrease in
repeat imaging after transfer was notably even greater for patients
transferred in the early window (39/43, 91% versus 24/48, 50%;
P, .001). The rate of EVT performed at our center for patients
in the early window increased significantly (9/43, 21% to 25/48,
52%; P¼ .004).

DISCUSSION
These findings demonstrate the successful implementation of a
systematic CTA protocol performed at SHs within our telestroke
network and its impact on SH retention rates and hub hospital
EVT rates. Implementation of a CTA protocol proved feasible.
Provision to SHs of a standardized imaging protocol and the use
of cloud-based image sharing proved useful in maintaining image
quality across the network. The rate of CTA utilization at SHs
increased from 15% to 70% during the study period, with multi-
ple gains in system efficiency.

Most patients with acute ischemic strokes, including ELVOs,
present to nonthrombectomy-capable hospitals.11 Telestroke net-
works therefore have a crucial role in not only delivering care,

including thrombolytics, but also quickly and
cost-effectively triaging patients who may need
EVT.1 The ideal triage system is uncertain, and
debate remains regarding different triage strat-
egies, which likely depend on geographic
region.18 A persistent challenge is the low rates
of ELVO among general stroke presentations.19

Currently, randomized trials are evaluating the
triage option of bypassing the SH for patients
whom emergency first responders in the field
suspect harbor an ELVO.20-22 The possibility of
SH bypass, though promising, has raised

Table 2: Clinical, imaging, and transfer variables pre- and post-
CTA protocol implementationa

Pre-CTA,
n= 167 (%)

Post-CTA,
n= 207 (%)

P
Value

NIHSS score at SH (IQR) 12 (8–19) 12 (8–18) .678
Late window 14 (8) 42 (20) .001
Off hours (7 PM–7 AM) 53 (32) 61 (30) .653
CTA performed at SH 25 (15)b 144 (70) , .001
LVO identified at SH 13 (8) 81 (39) , .001
tPA administered at SH 93 (60) 96 (68) .185
Transferred to hub
hospital

46 (26) 73 (35) .119

Retained at SH 74 (44) 95 (46) .834
Retained at SH, of those
in early window

65 (43) 81 (49) .260

a Count and percent are reported.
b Includes 3 patients who underwent MRA. Late window was defined as
.4.5 hours from LKW at telestroke consult start time.

Table 3: Processing of transferred patients at the hub hospitala

Pre-CTA,
n= 46 (%)

Post-CTA,
n= 73 (%) P Value

Late window 3 (7) 25 (34) , .001
Overall LVO transferred to hub 31 (67) 68 (93) .001
Repeat imaging, overall 43 (94) 48 (66) , .001
Repeat imaging, early window 39 (91) 24 (50) , .001
Direct-to-EVT protocol utilization 0 20 (27) , .001
Received EVT, overall 10 (22) 34 (47) .011
Received EVT, early window 9 (21) 25 (52) .004

a Repeat hub imaging, direct-to-EVT protocol utilization, and EVT for patients transferred to our insti-
tution from an SH with NIHSS scores $6 points for consideration of EVT.
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concerns regarding care quality at both SHs (decreased patient
volumes and local expertise) and hub hospitals (excessive patient
volumes straining resources).18,23 The expansion of the treatment
window for thrombectomy to 24hours raises further unique con-
cerns with triage, given the expanded pool of patients to be eval-
uated for a progressively smaller number of treatment
candidates.24

One potential system solution is to refine triage at the level of
the SH by improved identification of patients with ELVO. This
refinement and reinforcement of existing care models seeks to
improve overall system efficiency. A primary reason patients
transferred to a hub hospital for EVT do not ultimately undergo
thrombectomy is that no ELVO is present despite a suggestive
clinical presentation.25-27 This was confirmed in our pre-CTA
cohort in which one-third of patients transferred to our hub did
not have an LVO. Identifying which patients do not require EVT
while still at the SH represents, therefore, a potential intervention
in the evolution of stroke care systems. Although several available
imaging modalities exist, ELVO identification is most accurately
accomplished by using CTA because of both rapid image acquisi-
tion and high sensitivity and specificity.28 Triage with CTA at the
level of the SH allows stroke care to remain local for patients
without ELVO while transporting confirmed patients with ELVO
to appropriately enabled care environments. The impact of CTA
for all patients with stroke is being increasingly defined at throm-
bectomy capable centers. A health system in Detroit expanded
CTA imaging to all patients with stroke after previously reserving
it for patients with NIHSS scores $6 points.29 CTA scanning for
all suspected patients with stroke led to increased rates of ELVO
detection, increased mechanical thrombectomy treatment, and a
possible trend toward improved outcomes in that system (a single
comprehensive stroke center hub and 8 associated hospitals). By
comparison, this present study is novel in describing the effects
of CTA triage in SHs within an entire, widely distributed tele-
stroke network where CTA imaging had not been routinely per-
formed previously.

The long-term effects of late-window EVT trials on telestroke
networks remain unknown. Our findings indicate an expansion
of the pool of candidates evaluated, driven predominantly by the
large increase in late-window candidates. However, despite the
additional patients screened in the post-CTA cohort, the overall
rate of transfers from SHs was similar (56% versus 54%). This is
noteworthy given the anticipated higher transfer numbers based
on clinical grounds alone that are expected with the expansion of
the thrombectomy window to 24hours. In the pre-CTA era,
patients .6 hours from onset would have been deemed non-
thrombectomy candidates. With the expanded window, these
patients would be expected to transfer for evaluation for throm-
bectomy if clinical criteria alone were used. The use of CTA at
SHs allowed screening at the source to select appropriate candi-
dates from this larger pool. CTA application demonstrated a
trend toward decreasing transfers in the early window after the
protocol was implemented (57% versus 51%), but concurrently,
rates of patients transferred to our center .4.5 hours from LKW
increased nearly 5-fold as extended-window evaluation was
increasingly implemented across the SH network. The decrease
in futile transfers therefore helped balance the expected rise in

transfers to keep the retention rate stable in the pre- and post-
CTA periods. We anticipate the proportion of late-window trans-
fers to continue to increase with increasing awareness regarding
late-window therapy for patients with ELVO and with revisions
to existing SH emergency protocols.

Patients with ELVO require specialized attention, which in
addition to EVT may include support in a neurologic critical care
unit or open surgical interventions (hemicraniectomy or subocci-
pital craniectomy). Comprehensive stroke centers, such as hub
hospitals in telestroke networks, are best equipped to manage
these patients.30,31 The rates of EVT performed on transferred
patients more than doubled from 22% pre-CTA to 47% in the
post-CTA cohort. This finding was also observed when analyzing
early-window patients alone (21% versus 52%), supporting the
fact that this was not driven by the increase in late-window
patients. Reduction in false activation of the EVT treatment team
represents appreciable resource conservation for the hub hospital.
In addition, the need for repeat imaging was decreased as ELVO
status was established before hub hospital arrival, allowing the
use of direct-to-EVT protocols that have been proved to save
time in other practice settings.32,33 This was true for 27% of our
transferred population undergoing thrombectomy. For patients
in the early window, CTA at the SH represents a task shifted
from the hub hospital, often obviating the need for imaging at the
hub if transfer occurs expeditiously. Accelerating transfer
between SH and hub ensures that imaging performed at the SH is
temporally relevant to hub hospital treatment decisions. For late-
window patients, although CTA screens for the presence of
ELVO, it does not provide the additional information necessary
for guideline-based treatment decisions (core volume, perfusion
deficit, mismatch volume, and so on).16,34 These patients there-
fore require additional imaging on arrival at the hub.

The ability to shift imaging tasks from the hub to the SH
has additional implications for future efforts in ELVO triage
and EVT selection. Automation of stroke imaging, already
established for CT perfusion, shows nascent promise for ELVO
detection and other components of stroke imaging.35-37 The role
of this software in the SH environment may expand with
time and remains to be explored as the software becomes
more available, affordable, and refined. The implications for
automation and coordination of triage in a stroke system of
care may be large, with telestroke networks well poised to
pioneer these approaches.

There are several limitations to our study, mostly related to its
retrospective design. The late-window thrombectomy trials,
which resulted in more patients being eligible for EVT and in an
increasing awareness of ELVOs, were published before our post-
CTA cohort. However, our sensitivity analyses included only
patients in the early window, thereby making the cohorts more
comparable, and did not change interpretation of the results. We
relied on data that were available in clinical documentation.
Furthermore, we selected an NIHSS score threshold of 6 points at
the SH based on our clinical practice and guideline recommenda-
tions but recognize some patients with ELVOs may have had
NIHSS scores,6 points and may not be captured in these data.29

A limited number of patients with high NIHSS scores or ELVOs
were transferred to other thrombectomy centers, and we do not

438 Yu Mar 2021 www.ajnr.org



have details about what proportion of these patients later had
confirmed ELVOs or underwent EVT. We focus on system
processes and therefore do not detail patient outcomes
because of limitations in data available in both the pre-CTA
cohort and for patients with confirmed ELVOs transferred to
other centers.

Finally, although we successfully implemented a CTA pro-
tocol at SHs, we are unable to compare time metrics at SHs,
such as door-in-door-out and transport times, because SHs
used a separate electronic medical record, and documentation
of these metrics was not a requisite in our telestroke log or
consistent in available documentation. Acquisition of the CTA
immediately after the head CT without returning the patient to
the emergency department is an important part of the CTA
imaging protocol to ensure time savings, but implications for
tPA delivery times remain to be explored. However, we present
a practical and real-world experience that details the response
to SH imaging triage in a telestroke network.

CONCLUSIONS
CTA application in a standardized fashion to the imaging proto-
cols of SHs in a large telestroke network was feasible. Adoption
was high within 1 year of protocol implementation and added
important additional screening information for potential patients
with ELVO at SHs. A standardized CTA protocol at SHs was
associated with increased telestroke network efficiency by
increasing the proportion of transferred patients who
undergo EVT, thereby decreasing futile transfers. The reten-
tion rate for SHs remained relatively stable despite higher
numbers of patients screened (partly caused by a 5-fold
expansion of late-window candidates). For 27% of transferred
patients undergoing thrombectomy, this shift in imaging confir-
mation to the SH enabled a direct-to-EVT protocol, eschewing
emergency department evaluation and further imaging at the hub
hospital. Future evaluation for such system evolutions will include
analysis of transfer times and an economic analysis of the eco-
nomic consequences. Continued research to identify optimized tri-
age in stroke care systems is needed.

Disclosures: Robert Regenhardt—RELATED: Grant: NIH NINDS, Comments: R25
NS065743*. Lee Schwamm—RELATED: Grant: NINDS; UNRELATED: Consultancy:
Genentech, LifeImage, Mass DPH, Penumbra, Diffusion Pharma, Comments: sci-
entific consultant regarding trial design and conduct to Genentech (late-window
thrombolysis) and member of steering committee (TIMELESS NCT03785678),
consultant on user interface design and usability to LifeImage, stroke systems of
care consultant to the Massachusetts Department of Public Health, and member
of a Data Safety Monitoring Boards (DSMB) for Penumbra (MIND NCT03342664)
and for Diffusion Pharma PHAST-TSC NCT03763929); Grants/Grants Pending:
NINDS, Genentech, Medtronic, Comments: National Co-PI, late-window throm-
bolysis trial, NINDS (P50NS051343, MR WITNESS NCT01282242, and alteplase pro-
vided free of charge to Massachusetts General Hospital as well as supplemental
per-patient payments to participating sites by Genentech), Site PI, StrokeNet
Network NINDS (New England Regional Coordinating Center U24NS107243),
National PI for Medtronic (Stroke AF NCT02700945)*. Aman Patel—UNRELATED:
Consultancy: Penumbra, Microvention, Medtronic; Grants/Grants Pending: Siemens.
Anand Viswanathan—UNRELATED: Consultancy: Alynylam Pharmaceuticals, Biogen
Pharmaceuticals, Roche; Grants/Grants Pending: NIH*. Joshua Hirsch—UNRELATED:
Consultancy: Medtronic, Relevant Medsystems; Grants/Gants Pending: Neiman
Health Policy Institute. Michael Lev—UNRELATED: Consultancy: Takeda, GE
Healthcare; Grants/Grants Pending: GE, NIH-institutional. *Money paid to
institution.

REFERENCES
1. Akbik F, Hirsch JA, Chandra RV, et al. Telestroke—the promise and

the challenge. Part one: growth and current practice. J Neurointerv
Surg 2017;9:357–60 CrossRef Medline

2. Akbik F, Hirsch JA, Chandra RV, et al. Telestroke—the promise and
the challenge. Part two—expansion and horizons. J Neurointerv
Surg 2017;9:361–65 CrossRef Medline

3. Leslie-Mazwi T, Chandra RV, Baxter BW, et al. ELVO: an opera-
tional definition. J Neurointerv Surg 2018;10:507–09 CrossRef
Medline

4. Malhotra K, Gornbein J, Saver JL. Ischemic strokes due to large-ves-
sel occlusions contribute disproportionately to stroke-related de-
pendence and death: a review. Front Neurol 2017;8:651 CrossRef
Medline

5. Regenhardt RW, Takase H, Lo EH, et al. Translating concepts of
neural repair after stroke: structural and functional targets for re-
covery. Restor Neurol Neurosci 2020;38:67–92 CrossRef Medline

6. Regenhardt RW, Biseko MR, Shayo AF, et al. Opportunities for
intervention: stroke treatments, disability and mortality in urban
Tanzania. Int J Qual Health Care 2019;31:385–92 CrossRef Medline

7. Sheth SA, Jahan R, Gralla J, et al. Time to endovascular reperfusion
and degree of disability in acute stroke. Ann Neurol 2015;78:584–93
CrossRef Medline

8. Jahan R, Saver JL, Schwamm LH, et al. Association between time to
treatment with endovascular reperfusion therapy and outcomes in
patients with acute ischemic stroke treated in clinical practice.
JAMA 2019;322:252–63 CrossRef Medline

9. Regenhardt RW, Das AS, Stapleton CJ, et al. Blood pressure and
penumbral sustenance in stroke from large vessel occlusion. Front
Neurol 2017;8:317 CrossRef Medline

10. Seners P, Turc G, Naggara O, et al. Post-thrombolysis recanalization
in stroke referrals for thrombectomy: incidence, predictors, and
prediction scores. Stroke 2018;49:2975–82 CrossRef Medline

11. Katz BS, Adeoye O, Sucharew H, et al. Estimated impact of emer-
gency medical service triage of stroke patients on comprehen-
sive stroke centers: an urban population-based study. Stroke
2017;48:2164–70 CrossRef Medline

12. Goyal M, Menon BK, van ZwamWH, et al. Endovascular thrombec-
tomy after large-vessel ischaemic stroke: a meta-analysis of individ-
ual patient data from five randomised trials. Lancet 2016;387:1723–
31 CrossRef Medline

13. Albers GW, Marks MP, Kemp S, et al. Thrombectomy for stroke at
6 to 16 hours with selection by perfusion imaging. N Engl J Med
2018;378:708–18 CrossRef Medline

14. Nogueira RG, Jadhav AP, Haussen DC, et al. Thrombectomy 6 to 24
hours after stroke with a mismatch between deficit and infarct. N
Engl J Med 2018;378:11–21 CrossRef Medline

15. Jauch EC, Saver JL, Adams HP Jr, et al. Guidelines for the early
management of patients with acute ischemic stroke: a guideline
for healthcare professionals from the American Heart Association/
American Stroke Association. Stroke 2013;44:870–947 CrossRef
Medline

16. Powers WJ, Rabinstein AA, Ackerson T, et al. Guidelines for the
Early Management of Patients With Acute Ischemic Stroke: 2019
Update to the 2018 Guidelines for the Early Management of Acute
Ischemic Stroke: A Guideline for Healthcare Professionals From
the American Heart Association/American Stroke Association.
Stroke 2019;50:e344–418 CrossRef Medline

17. Nolan NM, Regenhardt RW, Koch MJ, et al. Treatment Approaches
and Outcomes for Acute Anterior Circulation Stroke Patients with
Tendem Lesions. J Stroke Cerebrovasc Dis 2021;30:105478 CrossRef
Medline

18. Southerland AM, Johnston KC, Molina CA, et al. Suspected large
vessel occlusion: should emergency medical services transport to
the nearest primary stroke center or bypass to a comprehensive
stroke center with endovascular capabilities? Stroke 2016;47:1965–
67 CrossRef Medline

AJNR Am J Neuroradiol 42:435–40 Mar 2021 www.ajnr.org 439

http://dx.doi.org/10.1136/neurintsurg-2016-012291
https://www.ncbi.nlm.nih.gov/pubmed/26984868
http://dx.doi.org/10.1136/neurintsurg-2016-012340
https://www.ncbi.nlm.nih.gov/pubmed/26984867
http://dx.doi.org/10.1136/neurintsurg-2018-013792
https://www.ncbi.nlm.nih.gov/pubmed/29439127
http://dx.doi.org/10.3389/fneur.2017.00651
https://www.ncbi.nlm.nih.gov/pubmed/29250029
http://dx.doi.org/10.3233/RNN-190978
https://www.ncbi.nlm.nih.gov/pubmed/31929129
http://dx.doi.org/10.1093/intqhc/mzy188
https://www.ncbi.nlm.nih.gov/pubmed/30165650
http://dx.doi.org/10.1002/ana.24474
https://www.ncbi.nlm.nih.gov/pubmed/27673305
http://dx.doi.org/10.1001/jama.2019.8286
https://www.ncbi.nlm.nih.gov/pubmed/31310296
http://dx.doi.org/10.3389/fneur.2017.00317
https://www.ncbi.nlm.nih.gov/pubmed/28717354
http://dx.doi.org/10.1161/STROKEAHA.118.022335
https://www.ncbi.nlm.nih.gov/pubmed/30730694
http://dx.doi.org/10.1161/STROKEAHA.116.015971
https://www.ncbi.nlm.nih.gov/pubmed/28701576
http://dx.doi.org/10.1016/S0140-6736(16)00163-X
https://www.ncbi.nlm.nih.gov/pubmed/26898852
http://dx.doi.org/10.1056/NEJMoa1713973
https://www.ncbi.nlm.nih.gov/pubmed/29364767
http://dx.doi.org/10.1056/NEJMoa1706442
https://www.ncbi.nlm.nih.gov/pubmed/29129157
http://dx.doi.org/10.1161/STR.0b013e318284056a
https://www.ncbi.nlm.nih.gov/pubmed/23370205
http://dx.doi.org/10.1161/STR.0000000000000211
https://www.ncbi.nlm.nih.gov/pubmed/31662037
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2020.105478
https://www.ncbi.nlm.nih.gov/pubmed/33248344
http://dx.doi.org/10.1161/STROKEAHA.115.011149
https://www.ncbi.nlm.nih.gov/pubmed/26896433


19. Raychev RI, Stradling D, Patel N, et al. Evolution of a US county sys-
tem for acute comprehensive stroke care. Stroke 2018;49:1217–22
CrossRef Medline

20. Froehler MT, Saver JL, Zaidat OO, et al. Interhospital transfer
before thrombectomy is associated with delayed treatment and
worse outcome in the STRATIS Registry (Systematic Evaluation of
Patients Treated With Neurothrombectomy Devices for Acute
Ischemic Stroke). Circulation 2017;136:2311–21 CrossRef Medline

21. Abilleira S, Perez de la Ossa N, Jimenez X, et al. Transfer to the Local
Stroke Center versus Direct Transfer to Endovascular Center of
Acute Stroke Patients with Suspected Large Vessel Occlusion in
the Catalan Territory (RACECAT): study protocol of a cluster
randomized within a cohort trial. Int J Stroke 2019;14:734–44
CrossRef Medline

22. Behrndtz A, Johnsen SP, Valentin JB, et al. TRIAGE-STROKE:
Treatment strategy In Acute larGE vessel occlusion: prioritize IV
or endovascular treatment—a randomized trial. Int J Stroke
2020;15:103–08 CrossRef Medline

23. Reznek MA, Murray E, Youngren MN, et al. Door-to-imaging time
for acute stroke patients is adversely affected by emergency depart-
ment crowding. Stroke 2017;48:49–54 CrossRef Medline

24. Adeoye O, Nystrom KV, Yavagal DR, et al. Recommendations for
the establishment of stroke systems of care: a 2019 update. Stroke
2019;50:e187–210 CrossRef Medline

25. Leslie-Mazwi TM, Hirsch JA, Falcone GJ, et al. Endovascular stroke
treatment outcomes after patient selection based on magnetic res-
onance imaging and clinical criteria. JAMA Neurol 2016;73:43–49
CrossRef Medline

26. Yi J, Zielinski D, Ouyang B, et al. Predictors of false-positive stroke
thrombectomy transfers. J NeuroIntervent Surg 2017;9:834–36
CrossRef Medline

27. Regenhardt RW, Mecca AP, Flavin SA, et al. Delays in the air or
ground transfer of patients for endovascular thrombectomy.
Stroke 2018;49:1419–25 CrossRef Medline

28. Verro P, Tanenbaum LN, Borden NM, et al. CT angiography in
acute ischemic stroke: preliminary results. Stroke 2002;33:276–78
CrossRef Medline

29. Mayer SA, Viarasilpa T, Panyavachiraporn N, et al. CTA-for-all:
impact of emergency computed tomographic angiography for all
patients with stroke presenting within 24 hours of onset. Stroke
2020;51:331–34 CrossRef Medline

30. Ali SF, Singhal AB, Viswanathan A, et al. Characteristics and out-
comes among patients transferred to a regional comprehensive
stroke center for tertiary care. Stroke 2013;44:3148–53 CrossRef
Medline

31. Meretoja A, Roine RO, Kaste M, et al. Effectiveness of primary and
comprehensive stroke centers: PERFECT stroke: a nationwide
observational study from Finland. Stroke 2010;41:1102–07
CrossRef Medline

32. Jadhav AP, Kenmuir CL, Aghaebrahim A, et al. Interfacility transfer
directly to the neuroangiography suite in acute ischemic stroke
patients undergoing thrombectomy. Stroke 2017;48:1884–89
CrossRef Medline

33. Mendez B, Requena M, Aires A, et al. Direct transfer to angio-suite
to reduce workflow times and increase favorable clinical outcome.
Stroke 2018;49:2723–27 CrossRef Medline

34. Saposnik G, Menon BK, Kashani N, et al. Factors associated with the
decision-making on endovascular thrombectomy for the manage-
ment of acute ischemic stroke. Stroke 2019;50:2441–47 CrossRef
Medline

35. Vagal A, Wintermark M, Nael K, et al. Automated CT perfusion
imaging for acute ischemic stroke: pearls and pitfalls for real-
world use.Neurology 2019;93:888–98 CrossRef Medline

36. Amukotuwa SA, Straka M, Dehkharghani S, et al. Fast automatic
detection of large vessel occlusions on CT angiography. Stroke
2019;50:3431–38 CrossRef Medline

37. Feng R, Badgeley M, Mocco J, et al. Deep learning guided stroke
management: a review of clinical applications. J Neurointerv Surg
2018;10:358–62 CrossRef Medline

440 Yu Mar 2021 www.ajnr.org

http://dx.doi.org/10.1161/STROKEAHA.118.020620
https://www.ncbi.nlm.nih.gov/pubmed/29626136
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.028920
https://www.ncbi.nlm.nih.gov/pubmed/28943516
http://dx.doi.org/10.1177/1747493019852176
https://www.ncbi.nlm.nih.gov/pubmed/31142219
http://dx.doi.org/10.1177/1747493019869830
https://www.ncbi.nlm.nih.gov/pubmed/31446847
http://dx.doi.org/10.1161/STROKEAHA.116.015131
https://www.ncbi.nlm.nih.gov/pubmed/27856953
http://dx.doi.org/10.1161/STR.0000000000000173
https://www.ncbi.nlm.nih.gov/pubmed/31104615
http://dx.doi.org/10.1001/jamaneurol.2015.3000
https://www.ncbi.nlm.nih.gov/pubmed/26524074
http://dx.doi.org/10.1136/neurintsurg-2017-013043
https://www.ncbi.nlm.nih.gov/pubmed/28360354
http://dx.doi.org/10.1161/STROKEAHA.118.020618
https://www.ncbi.nlm.nih.gov/pubmed/29712881
http://dx.doi.org/10.1161/hs0102.101223
https://www.ncbi.nlm.nih.gov/pubmed/11779922
http://dx.doi.org/10.1161/STROKEAHA.119.027356
https://www.ncbi.nlm.nih.gov/pubmed/31684848
http://dx.doi.org/10.1161/STROKEAHA.113.002493
https://www.ncbi.nlm.nih.gov/pubmed/24021682
http://dx.doi.org/10.1161/STROKEAHA.109.577718
https://www.ncbi.nlm.nih.gov/pubmed/20395609
http://dx.doi.org/10.1161/STROKEAHA.117.016946
https://www.ncbi.nlm.nih.gov/pubmed/28536177
http://dx.doi.org/10.1161/STROKEAHA.118.021989
https://www.ncbi.nlm.nih.gov/pubmed/30355182
http://dx.doi.org/10.1161/STROKEAHA.119.025631
https://www.ncbi.nlm.nih.gov/pubmed/31327314
http://dx.doi.org/10.1212/WNL.0000000000008481
https://www.ncbi.nlm.nih.gov/pubmed/31636160
http://dx.doi.org/10.1161/STROKEAHA.119.027076
https://www.ncbi.nlm.nih.gov/pubmed/31679501
http://dx.doi.org/10.1136/neurintsurg-2017-013355
https://www.ncbi.nlm.nih.gov/pubmed/28954825


ORIGINAL RESEARCH
ADULT BRAIN

Regional and Volumetric Parameters for Diffusion-Weighted
WHO Grade II and III Glioma Genotyping: A Method

Comparison
S.C. Thust, J.A. Maynard, M. Benenati, S.J. Wastling, L. Mancini, Z. Jaunmuktane, S. Brandner, and H.R. Jäger

ABSTRACT

BACKGROUND AND PURPOSE: Studies consistently report lower ADC values in isocitrate dehydrogenase (IDH) wild-type gliomas
than in IDH mutant tumors, but their methods and thresholds vary. This research aimed to compare volumetric and regional ADC
measurement techniques for glioma genotyping, with a focus on IDH status prediction.

MATERIALS AND METHODS: Treatment-naïve World Health Organization grade II and III gliomas were analyzed by 3 neuroradiolo-
gist readers blinded to tissue results. ADC minimum and mean ROIs were defined in tumor and in normal-appearing white matter
to calculate normalized values. T2-weighted tumor VOIs were registered to ADC maps with histogram parameters (mean, 2nd and
5th percentiles) extracted. Nonparametric testing (eta2 and ANOVA) was performed to identify associations between ADC metrics
and glioma genotypes. Logistic regression was used to probe the ability of VOI and ROI metrics to predict IDH status.

RESULTS: The study included 283 patients with 79 IDH wild-type and 204 IDH mutant gliomas. Across the study population, IDH
status was most accurately predicted by ROI mean normalized ADC and VOI mean normalized ADC, with areas under the curve of
0.83 and 0.82, respectively. The results for ROI-based genotyping of nonenhancing and solid-patchy enhancing gliomas were com-
parable with volumetric parameters (area under the curve ¼ 0.81–0.84). In rim-enhancing, centrally necrotic tumors (n ¼ 23), only
volumetric measurements were predictive (0.90).

CONCLUSIONS: Regional normalized mean ADC measurements are noninferior to volumetric segmentation for defining solid gli-
oma IDH status. Partially necrotic, rim-enhancing tumors are unsuitable for ROI assessment and may benefit from volumetric ADC
quantification.

ABBREVIATIONS: AUC ¼ area under the curve; NAWM ¼ normal-appearing white matter; min ¼ minimum; 1p19qcodel ¼ codeletion of the short arm of
chromosome 1 and the long arm of chromosome 19; rADC ¼ normalized ADC; WHO ¼ World Health Organization

D iffuse gliomas of World Health Organization (WHO) grades
II and III comprise a diverse group of tumors characterized

by distinct genetic profiles and varied median survival.1 Three
major types of diffuse gliomas are found in adults: isocitrate

dehydrogenase (IDH) wild-type gliomas with a molecular profile
of IDH wild-type glioblastoma, IDH mutant astrocytoma (with
p53 and ATRX chromatin remodeler [ATRX] mutations), and the
IDH mutant oligodendroglioma with a codeletion of the short
arm of chromosome 1p and the long arm of chromosome 19q
(IDH mutant/1p19qcodel).2 In addition to these major intrinsic
neoplasms, multiple other tumor types exist, for example, with
alterations in the map kinase pathway (B-Raf proto-oncogene, ser-
ine/threonine kinase [BRAF] mutations), histone mutations, and
the distinct group of ependymal tumors.

IDH wild-type astrocytomas share glioblastoma-specific
genetic mutations such as combined chromosome 7 gain and
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chromosome 10 loss, epidermal growth factor receptor (EGFR)
amplification, and/or telomerase reverse transcriptase (TERT)
promoter mutations3 and have a short life expectancy.3,4

Henceforth, with the term “IDH wild-type diffuse glioma,” we
will refer to molecular glioblastoma, IDH wild-type.

Rapid glioma genotyping is of prognostic importance and
influences therapeutic planning; for example, IDH mutant/
1p19qcodel gliomas are responsive to chemotherapy,5 whereas in
1p19q intact (IDH mutant/1p19q intact) tumors, maximum safe
resection appears critical to improve outcomes.6 It remains
uncertain to what extent the strategy of maximal glioblastoma
resection7,8 could prolong survival for diffusely infiltrative IDH
wild-type gliomas in the WHO grade II and III stages.

A number of imaging techniques have shown the potential for
glioma genotype predictions. Of these, conventional MR imaging
has the advantage of universal availability, but mostly provides vis-
ual-anatomic features, some of which have limited reproducibil-
ity.9,10 Advanced MR imaging techniques such as perfusion and
spectroscopy provide physiologic, quantifiable tumor data but can
have threshold overlap and lack of technical standardization.11

DWI is widely integrated into clinical glioma MR imaging
protocols with tissue properties measurable at the time of report-
ing. DWI exploits the inverse relationship between free water
motion in tissues and cellularity.12 Differences in diffusion-
weighted image signals have been shown for gliomaWHO grades
and, more recently, between genetic subtypes.13,14 The finding of
lower ADC values in IDH wild-type diffuse glioma compared
with IDH mutant tumors is consistently reported; however, the
methods and accuracy vary among studies, whereby published
techniques include mean and minimum ROI measurements and,
in some cases, volumetric ADC quantification.13-16 Hypothetically,
“entire lesion” analysis might provide the most representative in-
formation on any individual tumor, whereas ROI placements have
the advantage of being minimally time-consuming in clinical
workflow.

There are few data comparing regional and volumetric diffu-
sivity measurements for glioma genotyping, currently limited to
nonenhancing glioma evaluation. The purpose of this study was
to compare the performance of whole-tumor ADC measure-
ments with different ROI parameters for glioma molecular typ-
ing, with a focus on IDH status prediction.

MATERIALS AND METHODS
Patients
Ethics review board approval (University College London
Hospitals and Health Research Authority, United Kingdom) was
obtained with informed consent waived for this retrospective
imaging data study. Consecutive patients diagnosed at our
national brain tumor referral institution from July 2008 to
January 2018 were eligible for the research.

Inclusion criteria consisted of histologic confirmation of
WHO grade II and III glioma, documented IDH and 1p19q
genetic test results, and available pretreatment MR imaging.
Exclusion criteria were previous glioma treatment; a diagnosis other
than WHO grade II and III gliomas; incomplete, inconclusive, or
ambiguous molecular results (eg, IDH wild-type/1p19qcodel); a

prolonged ($ year) interval from MR imaging to surgery; incom-
plete images; and failed volumetric image registration.

All tissue samples were analyzed at our neuropathology
department, using the latest methodology according to the WHO
2016 Classification of CNS Tumors, as described previously.17,18

Multiple gene Sanger sequencing was completed for IDH R132H-
negative tumors to identify rarer IDH mutations, and the 1p/19q
status was established through quantitative polymerase chain
reaction–based copy number assay.

MR Imaging Acquisition and Postprocessing
All MR imaging examinations included T2-weighted, T2-FLAIR,
and T1-weighted sequences; pre- and postadministration of a
gadolinium-based contrast agent; and DWI sequences (n ¼ 211
at 1.5T, n ¼ 79 at 3T). Because our institution is a quaternary
center, the imaging originated from 23 different MR imaging
machines with no individual scanner contributing .14% of any
glioma subtype. In the generation of an ADC map, the image
acquired without diffusion gradients is divided by the image
acquired with diffusion gradients, removing dependence on T1,
T2, and TR.19 Sufficient comparability of ADC among scanners
has been demonstrated previously.20 The range of MR imaging
parameters used has been described in a prior component of the
study.21 ADC maps were calculated from 3-directional DWI
acquired with 2 gradient values (b ¼ 0 and b ¼ 1000 s/mm2)
using proprietary software (Olea Sphere, Version 2.3; Olea
Medical).

ROI Measurements
The ADC regional measurements were performed by 3 inde-
pendent observers as detailed in Maynard et al,21 blinded to tissue
diagnosis. First, each observer sited small (30–40mm2) ROIs 3�
into the visually perceived lowest ADC portions of each glioma
(within$1 axial image slice), while remaining in the solid tumor
component and avoiding apparent necrotic, hemorrhagic, or
cystic areas or blood vessels, as identified on the relevant accom-
panying contrast-enhanced and other sequences. From these 3
ROIs, the mean value of the numerically lowest ADC measure-
ment was designated minimum ADC (ADCmin) as described in
Xing et al.14

Thereafter, 1 large ROI (ADCmean) was placed to cover most
of the largest axial tumor cross-section, excluding tumor margins,
necrosis, macroscopic hemorrhage, and calcifications, as
described in Thust et al.22 Finally, a comparative ROI was posi-
tioned in the contralateral normal-appearing centrum semiovale
white matter (ADCNAWM), amounting to 5 ROI measurements
per patient. Multifocal tumors were measured as 1 glioma.

Observer 1 analyzed all (n¼ 290) gliomas, observer 2 re-ana-
lyzed a subset of 75 gliomas, and observer 3 re-analyzed the
remaining subset of 215 gliomas, totaling 2900 ADC measure-
ments (ie, 5 ROIs by 2 observers per glioma, ie, 10� 290 meas-
urements). From these, the normalized minimum ADC
(rADCmin, defined as ADCmin/ADCNAWM ratio) and the mean
normalized ADC (rADCmean) (defined as ADCmean/ADCNAWM

ratio) were calculated, resulting in 4 regional ADC parameters
(ROI ADCmin, ROI rADCmin, ROI ADCmean, and ROI
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rADCmean) per glioma. An example of the ROI placements is
shown in Fig 1A–D.

Volumetric ADC Histogram Analysis
Whole-tumor VOIs were segmented by a general radiologist
(M.B., 5 years’ experience) using the ITK-Snap Toolbox, Version 3.6
(www.itksnap.org23) following training and under supervision of a
neuroradiologist specialized in brain tumor imaging (S.C.T, 9 years’
experience). Segmentations incorporated the entire T2-weighted sig-
nal abnormality. For multicentric gliomas, the total volume of signal
abnormality was treated as 1 lesion. To assess interobserver reprodu-
cibility, a proportion (10%) of gliomas was randomly chosen to
undergo a repeat unsupervised segmentation by a second neuroradi-
ologist (J.A.M., 4 years’ experience, including brain tumor research).

ADC maps were then co-registered to T2-weighted sequences
using the FMRIB Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT),24,25 according to an affine
12-parameter model with the correlation ratio as a cost function,
except in 15 cases in which manual review favored optimization

of the registration by substitution of Normalized Mutual
Information as the cost function. Subsequently, ADC histogram
data were obtained for each tumor ROI, using an in-house script
written in Python 2.7. For each tumor, the second and fifth ADC
histogram percentiles, ADC mean, and the T2-weighted total
lesion volume were extracted. Normalized histogram parameters
were calculated using the same ROI ADCNAWM value for the re-
gional measurements to maximize direct comparability. An
example of the volumetric segmentation is provided in Fig 1E, -F.

Enhancement Pattern Subgroup Analysis
Information on tumor enhancement, recorded as part of a pre-
ceding study,21 was used for a subgroup analysis. Thus, the
ability of ROI and VOI parameters to predict the IDH geno-
type was assessed separately for 3 morphologic groups: 1)
nonenhancing, 2) solid-patchy enhancing, and 3) rim-
enhancing, centrally necrotic gliomas. An example of the
enhancement pattern distinction is provided in the Online
Supplemental Data.

FIG 1. An example of regional and volumetric ADC measurements in a patient with IDH mutant 1p19q intact glioma. T2-weighted image (A) and
ADC maps (B–D) show ADCmin (3 � 30–40mm2 (black, B and C), ADCmean (white, C), and ADCNAWM (white, D) ROI measurements. T2-weighted
image (E) and ADC map (F) in the same patient demonstrate the volumetric segmentation and image registration, respectively.
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Statistical Analysis
All statistical testing was performed in SPSS 25 (IBM). The inter-
observer agreement for the ROI-derived ADC measurements and
for the volumetric segmentations was assessed by intraclass corre-
lation coefficient analysis, using a 2-way random effects model.
For each ADC ROI, the mean of the observers’ measurements
was adopted as the final value. For the proportion of tumors that
were segmented by 2 observers, the average of the volumetric
ADC results was designated as the final value.

To compare the mean ranks of the groups of ADC values and
glioma subtypes, we used the nonparametric Kruskal-Wallis
ANOVA test, including the Dunn pair-wise comparisons with
Bonferroni correction. The strength of the association between
glioma subtype and ADC metrics was tested using eta2 (h2),
which quantifies the percentage of variance in the dependent
variable (ADC value) that is explained by .1 independent vari-
able (glioma genotype).

Univariable logistic regression was applied to test which ROI or
VOI ADC parameter best predicted glioma IDH status (with
P, .05 considered significant). The Youden index was used to
identify diagnostic thresholds for the most predictive parameter, as
determined by the area under the curve (AUC). Nonparametric
(Wilcoxon signed rank) testing was performed to assess differences
between the region-derived and volumetric ADC values.

RESULTS
Patient Demographics
Of 515 patients identified as potentially eligible for the study, 42
were duplicates, and 190 met the exclusion criteria as follows: pre-
vious glioma treatment (n ¼ 60), tumor other than WHO grade II
or III glioma (n¼ 43 and n¼ 1 spinal cord tumor), ambiguous or
incomplete molecular results (n¼ 29), no preoperative DWI (n¼
24 and n ¼ 15 ADC maps not computable), unavailable histopa-
thology report (n ¼ 2), prolonged ($ 1 year) interval from MR
imaging to surgery (n ¼ 3), MRI artefact (n ¼ 5), incomplete
images (n ¼ 1), and failed volumetric image registration (n ¼ 7).
Finally, 283 patients (median, 40 years of age; interquartile range,
33–53 years; 164 men) were included in the analysis. The demo-
graphic details for the study population are listed in the Table.

Observer Comparison
The reproducibility of the ROI ADC parameters and contrast-
enhancement patterns among 3 independent raters has been
established in preceding research (intraclass correlation coeffi-
cient ¼ 0.83–0.96 and Cohen k ¼ 0.69–0.72, respectively).21 In
the current study, the concordance between the 2 observers for

the twice-segmented tumor volumes (n¼ 28) was near-complete
(intraclass correlation coefficient ¼ 0.97–0.98). This information
is further detailed in the Online Supplemental Data.

Association between ADC Values and IDH Genotype
Box and whisker plots showing a comparison between IDH mu-
tant and IDH wild-type gliomas for ADCmean, rADCmean,
ADCmin, and rADCmin are shown in the Online Supplemental
Data (VOI and ROI methods). Detailed results from the statistical
analysis with Kruskal-Wallis and h2 tests are provided in the
Online Supplemental Data. For all regional parameters (ROI
ADCmin, ROI rADCmin, ROI ADCmean, and ROI rADCmean), the
ADC values significantly differed among the IDH wild-type, IDH
mutant, 1p19q intact, and IDH mutant 1p19qcodel glioma groups
(P, .001). VOI ADCmean and VOI rADCmean also differed
among the glioma molecular groups (P, .001).

VOI ADCmin and VOI rADCmin differed between IDH wild-
type and IDH mutant 1p19qcodel genotypes (P¼ .003 and
P, .001, respectively). However, no significant difference in VOI
ADCmin or VOI rADCmin was shown between IDH mutant
1p19q intact and IDHmutant 1p19qcodel gliomas.

Wilcoxon signed rank testing confirmed statistically signifi-
cant differences between the VOI and ROI results of the absolute
and normalized ADC values (P, .001). The association between
glioma genotype and diffusivity was strongest for ROI ADCmean

and ROI rADCmean values (h
2 ¼ 0.38) across the study popula-

tion, while also being substantial for ROI ADCmin and ROI
rADCmin (h

2 ¼ 0.28–0.29).
The subgroup analysis according to the contrast-enhancement

pattern revealed associations between ROI ADCmean and ROI
rADCmean values and genotype for nonenhancing gliomas (n ¼
170, h2 ¼ 0.39–0.41) and solid-patchy enhancing gliomas (n ¼
85, h 2 ¼ 0.24–0.28). No association was evident between ROI
ADC parameters and the rim-enhancing, centrally necrotic gli-
oma IDH genotype (n ¼ 23, h 2 ¼ 0.0–0.05). The strongest asso-
ciation for the rim-enhancing gliomas was with VOI rADCmean

values (h2 ¼ 0.36).
No correlation among IDH status, VOI ADCmin, and VOI

rADCmin was identified for nonenhancing gliomas (h2 ¼ 0.02–
0.03). Across all regional and volumetric parameters, smaller h 2

effect sizes were observed for minimum ADC values compared
with mean ADC values. The VOI ADCmin was tested as deter-
mined by either the 2nd or 5th percentile by histogram analysis,
with consistently larger h2 values observed between ADCmin and
genotype when the 5th percentile was used. Thereafter, VOI
ADCmin referred to the 5th percentile only.

Patient demographics, IDH, and 1p19q genotypes of the study population
All Glioma
Subtypes

IDH
Wild-Type

IDH Mutant/
1p19q Intact

IDH Mutant/
1p19qcodel

No. of patients ¼ 283 (male/female ¼ 164:119) 283 79 104 100
Median age (interquartile range) (yr) 40 (33–53) 59 (43–67) 35 (29–41) 40 (35–48)
Enhancement categorya

Nonenhancing 171 33 75 63
Solid-patchy enhancing 87 28 27 32
Rim-enhancing 23 18 0 5

Note:—1p19qcodel indicates codeletion of the short arm of chromosome 1 and the long arm of chromosome 19.
a In 2/283 patients, T1-weighted contrast-enhanced MR images were unavailable.
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Univariable Analysis for Prediction of IDH Status
The univariable analysis of regional and volumetric ADC metrics,
when compared across all (n ¼ 283) gliomas, showed that the
most accurate prediction of IDH status was achieved using ROI
rADCmean or VOI rADCmean (AUC = 0.83 and 0.82, respec-
tively). The least accurate predictions were observed for VOI
ADCmin (AUC ¼ 0.68) and VOI rADCmin (AUC ¼ 0.72). The
ROC curve analysis is presented in Fig 2, with additional results
listed in the Online Supplemental Data.

When assessing nonenhancing gliomas alone, the ROI
ADCmean (AUC ¼ 0.82) and ROI rADCmean (AUC ¼ 0.84)
results were almost equal to the VOI ADCmean (AUC ¼ 0.81)
and VOI rADCmean (AUC ¼ 0.84). For solid-patchy tumors, the
ROI ADCmean (AUC ¼ 0.79) and ROI rADCmean (AUC ¼ 0.81)
were almost equal to the VOI ADCmean (AUC ¼ 0.78) and VOI
rADCmean (AUC¼ 0.80), respectively.

Conversely, in rim-enhancing centrally necrotic lesions, only
volumetric ADC results demonstrated a significant ability to pre-
dict IDH status (VOI ADCmean [AUC ¼ 0.84], VOI rADCmean

[AUC ¼ 0.90]), but not the ROI ADCmean and ROI rADCmean

values (AUC ¼ 0.49–0.61). Given the lack of an association
between the volumetric ADCmin parameters and IDH status,
these were not further subjected to a subgroup analysis according
to enhancement patterns.

DISCUSSION
This study investigated the comparability of region-derived and
volumetric ADC values for WHO grade II and III glioma geno-
typing, specifically their performance for predicting IDH status.
Our results indicate that the accuracy of regional measurements

for solid glioma IDH typing is unimproved by performing whole-
tumor segmentations (maximum AUC ¼ 0.84 for VOI and ROI
rADCmean). However, for IDH status prediction in the small pro-
portion of rim-enhancing, centrally necrotic tumors (n ¼ 23),
entire lesion ADC mean parameters were superior to solid-tumor
ROI measurements. Throughout the study, mean ADC measure-
ments appeared more accurate than ADCmin metrics, particularly
if performing a volumetric analysis.

Before the discovery of glioma molecular subgroups, research
was focused on testing the ability of ADC to predict glioma histo-
logic grades, showing an inverse correlation between cellularity
and diffusion.26-28 More recently, Leu et al13 demonstrated a
stronger association between glioma ADC values and genotype
thanWHO grade. Specifically for IDH wild-type glioblastoma, no
difference in diffusivity may exist between grades II and IV.29

Villaneuva-Meyer et al30 previously assessed ROI-derived mini-
mum, mean, and maximum in WHO grade II gliomas: A mini-
mum ADC threshold of 0.9 � 10�3 seconds/mm2 provided the
greatest sensitivity (91%) and specificity (76%) for IDH typing,
with an AUC of 0.901.19 ROI-based minimum ADC analysis was
also performed by Wasserman et al15 with a proposed cutoff
point of 0.95� 10�3 seconds/mm2 (sensitivity of 76.9%, specificity
of 65.2%, and AUC ¼ 0.711)13 and by Xing et al14 with a sug-
gested minimum ADC threshold of 1.01� 10�3 seconds/mm2 (sen-
sitivity of 76.9%, specificity of 82.6%, AUC¼ 0.87).15

By means of ROI measurements, ADCmin and rADCmin

appeared valuable for IDH typing in our study, with optimal
thresholds in the region of 1.07 � 10�3 seconds/mm2 (sensitivity of
82.3%, specificity of 61.3%, AUC ¼ 0.79) and 1.40 (sensitivity of
85.5%, specificity of 62.3%, AUC ¼ 0.81), respectively. For an
ROI ADCmean threshold of 1.34 � 10�3 seconds/mm2, a similar

FIG 2. ROC curves for the prediction of IDH genotype in the study population (n¼ 283).
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sensitivity of 84.8%, specificity of 60.3%, and AUC of 0.81 were
observed. For an rADCmean threshold of 1.75, the results were
marginally better (sensitivity of 86.8%, specificity of 62.3, AUC ¼
0.83).

Across the whole study population, the largest ROI AUC
(0.83) was observed for rADCmean values in our research. Liu et
al16 previously assessed glioma mean and minimum ADC, but
only the results for mean ADC reached statistical significance
(P¼ .028). Recently, in a study of normalized mean measure-
ments for IDH typing of non-gadolinium-enhancing WHO
grades II and III gliomas, an rADCmean threshold in the region of
1.8 was proposed.22

Several studies reported lower ADC values in IDH mutant
1p19qcodel oligodendrogliomas compared with IDH mutant
1p19q intact astrocytomas, with 2 studies indicating an ADCmean

threshold in the region of 1.4–1.6 � 10�3 seconds/mm2 for 1p19q
genotyping.31,32 However, similar to the reduced specificity of
elevated perfusion (blood volume), which may be observed in
low-grade oligodendrogliomas, erroneously low ADC values can
occur in this tumor type despite its relatively good prognosis. A
potential influence from extracellular matrix components is prob-
able.33 It is also noteworthy that measurements in calcified tumor
components may underestimate ADC values and should be
avoided.

From our results, it appears that ROI ADCmean and
rADCmean are slightly superior to minimum ROI ADC measure-
ments for IDH genotyping of WHO grade II and III gliomas.
Similarly, Han et al34 investigated the variability of ADC values
according to the ROI technique for glioma grading, with the
mean ADC value of single-round ROI showing the highest effect
size (0.72) and the greatest AUC (0.872), being superior to mini-
mum measurements for the identification of high-grade gliomas.
Within the aforementioned study, minimum ADC values also
differed significantly between whole-volume and single-round
ROI placements (P¼ .003),34 indicating that these are not
interchangeable.

It has been shown that volumetric tumor diffusivity analysis is
not necessarily superior to ROI placements, for example, for
WHO grading.35 In 2 recent studies using ADC for H3 K27M
histone-mutant glioma characterization, only the study using
ROI measurements was predictive of genotype.36,37

It could be hypothesized that the previously reported lower
accuracy of ADC for WHO grade IV glioblastoma IDH typing38

could be related to the foci of necrosis. However, in our current
study, the best prediction of IDH status for such masses was
achieved using VOI rADCmean values derived from segmentation
inclusive of necrosis, as opposed to ROI measurement in solid
lesion components. Indeed, our data suggest that partially ne-
crotic tumors may benefit from a volumetric diffusivity (VOI
rADCmean) assessment, but the small patient number (n¼ 23) in
this subgroup is a limitation of our research. Furthermore, it is
possible that in some cases of necrotic tumors, limited tissue sam-
pling resulted in a WHO grade II and III diagnosis instead of
glioblastoma.

Imperfections in the volumetric image registration at glioma
margins due to ADC map distortion from susceptibility gradients
and eddy current effects, which are not visible in the T2-weighted

image data, could have contributed to volumetric minimum
ADCmeasurements performing less well in our research.

While the binary discrimination of IDH wild-type from IDH
mutant gliomas is imperfect, noninvasive identification of early
glioblastoma stages could help prioritize tissue sampling in such
circumstances in which observational management is initially
favored or when waiting times to surgery could result in a diag-
nostic delay.

CONCLUSIONS
Regional diffusivity measurements are noninferior and are possi-
bly preferable to volumetric histogram analysis for IDH status
prediction of macroscopically solid WHO grade II and III glio-
mas. ROI rADCmean calculation is rapid and scanner-independ-
ent, thus easily introduced into clinical reporting. Partially
necrotic, rim-enhancing lesions are unsuitable for ROI assess-
ment and may benefit from volumetric ADC quantification for
genotyping.
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ORIGINAL RESEARCH
ADULT BRAIN

MRI Features May Predict Molecular Features of
Glioblastoma in Isocitrate DehydrogenaseWild-Type Lower-

Grade Gliomas
C.J. Park, K. Han, H. Kim, S.S. Ahn, D. Choi, Y.W. Park, J.H. Chang, S.H. Kim, S. Cha, and S.-K. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Isocitrate dehydrogenase (IDH) wild-type lower-grade gliomas (histologic grades II and III) with epi-
dermal growth factor receptor (EGFR) amplification or telomerase reverse transcriptase (TERT) promoter mutation are reported to
behave similar to glioblastoma. We aimed to evaluate whether MR imaging features could identify a subset of IDH wild-type
lower-grade gliomas that carry molecular features of glioblastoma.

MATERIALS ANDMETHODS: In this multi-institutional retrospective study, pathologically confirmed IDH wild-type lower-grade glio-
mas from 2 tertiary institutions and The Cancer Genome Atlas constituted the training set (institution 1 and The Cancer Genome
Atlas, 64 patients) and the independent test set (institution 2, 57 patients). Preoperative MRIs were analyzed using the Visually
AcceSAble Rembrandt Images and radiomics. The molecular glioblastoma status was determined on the basis of the presence of
EGFR amplification and TERT promoter mutation. Molecular glioblastoma was present in 73.4% and 56.1% in the training and test
sets, respectively. Models using clinical, Visually AcceSAble Rembrandt Images, and radiomic features were built to predict the mo-
lecular glioblastoma status in the training set; then they were validated in the test set.

RESULTS: In the test set, a model using both Visually AcceSAble Rembrandt Images and radiomic features showed superior predic-
tive performance (area under the curve ¼ 0.854) than that with only clinical features or Visually AcceSAble Rembrandt Images
(areas under the curve ¼ 0.514 and 0.648, respectively; P, . 001, both). When both Visually AcceSAble Rembrandt Images and radio-
mics were added to clinical features, the predictive performance significantly increased (areas under the curve ¼ 0.514 versus 0.863,
P, .001).

CONCLUSIONS: MR imaging features integrated with machine learning classifiers may predict a subset of IDH wild-type lower-
grade gliomas that carry molecular features of glioblastoma.

ABBREVIATIONS: AUC ¼ area under the receiver operating characteristic curve; cIMPACT-NOW ¼ Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy; GBM ¼ glioblastoma; LASSO ¼ least absolute shrinkage and selection operator; RFE ¼ recursive feature elimination;
SVM ¼ support vector machine; TCGA ¼ The Cancer Genome Atlas; VASARI ¼ Visually AcceSAble Rembrandt Images; WHO ¼ World Health Organization

Amutation in the isocitrate dehydrogenase (IDH) gene is a
major classifier that leads to the stratification of gliomas

with significantly different survival rates among the lower-grade
gliomas (World Health Organization [WHO] grades II and III)
as well as glioblastomas (GBMs).1-4 IDH wild-type tumors, which

account for ,30% of the histologic grade II and III gliomas,
show worse prognoses than those with the IDHmutation.1,5,6

Previous studies have reported heterogeneous clinical out-
comes among the IDH wild-type lower-grade gliomas according
to a variable combination of genetic profiles.7-9 Recently, the
Consortium to Inform Molecular and Practical Approaches to
CNS Tumor Taxonomy (cIMPACT-NOW) provided a new des-
ignation for gliomas, namely, “diffuse astrocytic glioma, IDH-
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wildtype, with molecular features of GBM, WHO grade IV,”
which corresponds to histologic grades II and III IDH wild-type
gliomas showing high-level epidermal growth factor receptor
(EGFR) amplification, the combination of a whole chromosome
7 gain and a whole chromosome 10 loss (17/�10), or telomerase
reverse transcriptase (TERT) promotor mutations.10 These speci-
fications emphasize that the IDH wild-type lower-grade gliomas
that fulfill these molecular criteria will follow an aggressive clini-
cal course closely resembling that of an IDH wild-type GBM.
Therefore, it is highly desirable that MR imaging predict the
tumors with specific molecular features that would have a worse
prognosis than the others. Especially, this characteristic will be
clinically relevant in cases in which detailed genetic profiling can-
not be performed.

The Visually AcceSAble Rembrandt Images (VASARI; https://
wiki.nci.nih.gov/display/CIP/VASARI) are a standardized feature
set that was developed to describe MR imaging features of gliomas
using a standardized vocabulary. It provides 26 distinct imaging
lexicons that allow accurate, reproducible, and comprehensive
assessment of the gliomas. Previous studies have reported that the
VASARI assessment was highly reproducible, clinically meaning-
ful, and biologically relevant in glioblastomas.11-13

Radiomics extracts high-dimensional quantitative imaging fea-
tures, such as intensity distributions, spatial relationships, textural
heterogeneity, and shape descriptors;14 hidden information can be
revealed using radiomics.15 In particular, a strength of radiomics is
that it reflects intratumoral heterogeneity by a variety of mathe-
matic methods used to quantify the gray-level spatial variations
within an image to derive textural features.16 Several previous stud-
ies have applied radiomics to predict specific genetic mutations in
patients with lower-grade gliomas, including EGFR expression.17-19

The predictive role of radiomics for EGFR amplification or TERT
promotor mutation in patients with IDH wild-type lower-grade
gliomas is clinically relevant in the light of cIMPACT-NOW rec-
ommendations; however, it has not been studied to date.

Our study aimed to evaluate whether comprehensive analysis
of MR imaging features using the VASARI set and radiomics can
identify a subset of IDH wild-type lower-grade gliomas with mo-
lecular features that may also follow a clinical course similar to
that of GBM.

MATERIALS AND METHODS
This retrospective study was approved by the institutional review
boards of the 2 academic institutions, Yonsei University Health
System (Seoul, Korea) (institution 1) and University of California,
San Francisco Medical Center (California, United States) (institu-
tion 2). The requirement for obtaining informed patient consent
was waived. For another dataset, the publicly available National
Institutes of Health/National Cancer Institute–approved Cancer
Genome Atlas (TCGA) and The Cancer Imaging Archive data
bases in which all data are anonymized were used.20 Thus, individ-
ual institutional approval was not required for using the TCGA
dataset.

Patients
Patients with pathologically confirmed lower-grade gliomas were
identified in each institution and in the TCGA dataset. The

inclusion criteria were as follows: 1) IDH wild-type; 2) with pre-
operative MR imaging; 3) with known specific molecular features
of GBM. According to cIMPACT-NOW, EGFR amplification,
chromosome 17/–10, and TERT promotor mutation determine
whether IDH wild-type lower-grade gliomas have the molecular
features of GBM. However, because the chromosome17/–10 sta-
tus was not available in the test set, this feature was excluded
from our analysis.

The patients were divided into 2 subsets according to their
EGFR amplification and TERT promotor mutation status: If ei-
ther the EGFR amplification or the TERT promotor mutation sta-
tus was positive, the tumor was considered an IDH wild-type
lower-grade glioma with the molecular features of GBM. If both
the EGFR amplification and TERT promotor mutation status
were negative, the tumor was considered an IDH wild-type
lower-grade glioma without the molecular features of GBM. The
primary outcome was the status of molecular features of GBM.
The patients’ ages and WHO grades were retrieved from the elec-
tronic medical records.

Training Set: Institution 11 TCGA
Institution 1 and TCGA data constituted the training set. We
identified 166 patients with pathologically confirmed lower-grade
gliomas from January 2012 to December 2018 at the University
of California, San Francisco. The exclusion criteria were as fol-
lows: 1) IDH-mutant tumors (n ¼ 47); 2) unknown IDH muta-
tion status (n ¼ 3); 3) history of brain surgery (n ¼ 59); 4)
younger than 18 years of age (n¼ 7); 5) without preoperative MR
imaging (n ¼ 3); and 6) unknown status of molecular features of
GBM (n ¼ 15). Thirty-two patients with IDH wild-type lower-
grade gliomas were enrolled (Fig 1). Among the 32 patients, 21
patients (65.6%) had IDH wild-type lower-grade gliomas with
molecular features of GBM.

The TCGA (http://cancergenome.nih.gov) provided the clini-
cal and MR imaging data of 199 lower-grade gliomas in patients
older than 18 years of age. The exclusion criteria were as follows:
1) IDH-mutant tumors (n ¼ 151); 2) unknown IDH mutation
status (n ¼ 2); and 3) unknown status of molecular features of
GBM (n ¼ 14). Thirty-two patients with IDH wild-type lower-
grade gliomas were enrolled (Fig 1). Among 32 patients, 26
patients (81.3%) had IDH wild-type lower-grade gliomas with
molecular features of GBM.

In the training set, 25 and 39 patients had WHO grade II and
III gliomas, respectively. Among 47 patients with molecular fea-
tures of GBM, 32 patients had WHO grade III gliomas (32/47,
68.1%) and 15 patients had WHO grade II gliomas (15/47,
31.9%).

Test Set: Institution 2
From January 2007 to October 2018, four hundred eighty-six
patients with pathologically confirmed lower-grade gliomas were
identified. The exclusion criteria were as follows: 1) IDH-mutant
tumors (n ¼ 210); 2) unknown IDH mutation status (n ¼ 85); 3)
history of brain surgery (n ¼ 10); 4) younger than 18 years of age
(n ¼ 13); 5) without preoperative MR imaging (n ¼ 11); and 6)
unknown status of molecular features of GBM (n ¼ 100). Finally,
57 patients constituted an independent test set (Fig 1). Among
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the 57 patients, 32 patients (56.1%) had IDH wild-type lower-
grade gliomas with molecular features of GBM.

In the test set, 23 and 34 patients had WHO grade II and III
gliomas, respectively. Among 32 patients with molecular features
of GBM, 15 patients had WHO grade III gliomas (15/32, 46.9%)
and 17 patients hadWHO grade II gliomas (17/32, 53.1%).

MR Image Acquisition
Patients from institutions 1 and 2 both underwent brain MRI
with a 3T system (institution 1, Discovery, GE Healthcare; insti-
tution 2, Achieva or Ingenia, Philips Healthcare). The detailed pa-
rameters of MR imaging sequences from each institution are
illustrated in the Online Supplement Data.

Image Analysis
Two board-certified neuroradiologists (12 and 3 years’ experi-
ence, respectively) independently reviewed the MR images of all
patients according to the VASARI feature set, blinded to
patients’ clinical information. Discrepancies between them were
settled by consensus. The VASARI lexicon provides 26 imaging
descriptors based on T1, T2, FLAIR, and DWI. Diffusion fea-
tures were not evaluated because many patients lacked preoper-
ative DWI in TCGA cohorts. We analyzed the following MR

imaging features: location (lobar/nonlobar), side of lesion center
(midline or not), eloquent brain involvement, presence of
enhancement, proportion of enhancing tumor, nonenhancing
tumor, edema and necrosis, presence of cysts, multifocality,
expansile or infiltrative growth, margin of nonenhancing tumor
(well-defined or poorly-defined), hemorrhage, pial invasion, ep-
endymal extension, cortical involvement, deep white matter
involvement, midline cross, and satellites. Detailed descriptions
of all features are available at the National Cancer Institute’s
Cancer Imaging Archive (https://wiki.cancerimagingarchive.
net/display/Public/VASARI+Research+Project).21

Image Preprocessing and Radiomic Feature Extraction
First, T2WI and postcontrast T1 images were resampled to an
identical spatial resolution of 1� 1�1mm using Nilearn (https://
nilearn.github.io). These images were subjected to N4 bias cor-
rection to remove low-frequency intensity and nonuniform-
ity.22,23 After resampling and N4 bias correction, postcontrast T1
images were registered to identical spatial coordinates using
T2WI as a template with SimpleITK (http://www.simpleitk.org).
Signal intensity was normalized using the WhiteStripe R pack-
age,24 which is implemented in R software (Version 3.5.1; www.
R-project.org). The ROI was drawn by a neuroradiologist and

FIG 1. Flow chart showing the distribution of the patient population in the training (A) and the test (B) sets. IDHwt indicates isocitrate dehydro-
genase wild-type.
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confirmed by another neuroradiologist (3 and 12 years’ experi-
ence, respectively) to segment the infiltrative tumor and edema—
defined with high signal intensity on T2WI—using a semiauto-
matic method of signal intensity threshold with the Medical
Image Processing, Analysis, and Visualization software, Version
7.0 (National Institutes of Health; mipav.cit.nih.gov). The radio-
mic features were extracted from the ROIs on T2WI and post-
contrast T1 images using PY RADIOMICS 1.2.0 (http://www.
radiomics.io/pyradiomics.html).25

Twelve shapes, 18 first-orders, 23 gray-level co-occurrence
matrices, gray-level run length matrices, 16 gray-level size zone
matrices, and 5 neighborhood gray tone difference matrices were
extracted from the ROIs on T2WI and postcontrast T1 images,
constituting a total of 180 radiomic features.

Pathologic Evaluation and Molecular Subtyping
In the 2 academic institutions (institution 1 and 2), all surgical
specimens were histopathologically diagnosed according to the
2016 WHO classification. Both peptide nucleic acid–mediated
clamping polymerase chain reaction and immunohistochemical
analysis were performed to detect the IDH1-R132H mutation.1

Monoclonal antibody H09 was used for immunohistochemical
analysis. The degree of IDH1-R132H staining was considered
positive if stained cells were observed, while specimens without
stained cells were deemed negative.26,27 In IDH1-negative cases,
the IDH1/2 status was confirmed by the peptide nucleic acid–
mediated clamping polymerase chain reaction. Targeted next-
generation sequencing was performed using the TruSight
Tumor 170 panel (Illumina; https://www.illumina.com/products/
by-type/clinical-research-products/trusight-tumor-170.html).28,29

For copy number analysis, EGFR genes with greater than a 2-fold
change relative to the average level were considered to have
undergone amplification. The TERT promotor mutation was
determined using a pyrosequencing assay, and the C228T and
C250T mutations were analyzed, as described previously.29

In the TCGA dataset, the detailed information of molecular
subtyping is provided in the Genomic Data Commons Data Portal
of The Cancer Genome Atlas Low Grade Glioma (TCGA-LGG)
data collection (https://www.cancer.gov/about-nci/organization/
ccg/research/structural-genomics/tcga/studied-cancers/glioma).20

Feature Selection and Classification Methods
Feature selection and classification methods were performed
using R software (Version 3.5.1). To avoid collinearity and

minimize the potential risk of overfitting while handling high-
dimensional radiomic features,30,31 we used the least absolute
shrinkage and selection operator (LASSO) and recursive feature
elimination (RFE) to select the important features using the caret R
package.32 Feature selection was performed before model construc-
tion using either LASSO, RFE, or RFE 1 LASSO, when LASSO
was performed after RFE to further minimize the redundant fea-
tures. Three subsets of selected features were combined with 4 dif-
ferent machine learning classifiers: XGboost (https://xgboost.ai),
support vector machine (SVM), linear discriminant analysis, and
adaptive boosting. The performance of the feature-selection meth-
ods 1 classifiers was tested using 5-fold cross-validation with 3
repetitions to enhance the generalizability of our results.

Statistical Analysis
Statistical analysis was performed using R software (Version
3.5.1).

Interobserver agreement for assessing VASARI features was
expressed with the weighted k coefficients as follows: , 0.20,
poor; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, good; 0.81–
1.00, excellent.33

In the training set, there were 4 different models: model 1,
clinical features, only age and WHO grade; model 2, VASARI
features only; model 3, VASARI1 radiomic features; and model
4, clinical1 VASARI1 radiomic features. Multivariable logistic
regression was used to develop models 1 and 2: model 1 with 2
clinical features, patient age and WHO grade; model 2 with
VASARI features. In models 3 and 4, twelve combinations of
the aforementioned feature-selection methods and machine
learning classifiers were used. These 4 models were validated in
the test set. Receiver operating characteristic curves were
obtained, and the area under the curve (AUC) was calculated to
measure the predictive performance. The AUCs from different
models were compared by mean of the Delong method, and
multiple comparisons were corrected using the Benjamini-
Hochberg procedure.34

RESULTS
The characteristics of enrolled patients from all 3 datasets are
summarized in Table 1. The proportions of IDH wild-type lower-
grade gliomas with molecular features of GBM were 73.4% (47/
64) and 56.1% (32/57) in the training and test sets, respectively.

Table 1: Patient clinical characteristicsa

Clinical Characteristics
Training Set

Test Set, Institution 2 P ValuebInstitution 1 TCGA
No. of patients 32 32 57
Age (yr) 49.0 [SD, 19.1] 51.1 [SD, 14.7] 53.4 [SD, 16.2] .291
Sex (male/female) 19:13 17:15 27:30 .901
WHO grade .800
Grade II 16 (50.0%) 9 (28.1%) 23 (40.4%)
Grade III 16 (50.0%) 23 (71.9%) 34 (59.6%)
Molecular GBM status .053
With molecular features of GBM 21 (65.6%) 26 (81.3%) 32 (56.1%)
Without molecular features of GBM 11 (34.4%) 6 (18.7%) 25 (43.9%)

a Data are expressed as a mean [SD] or as a number with percentage in parentheses.
b Comparisons between the training and the test sets using the Student t test for continuous variables and the x 2 test for categoric variables.
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Interobserver agreement for VASARI features was good-to-
excellent (range, 0.774–1.000) (Online Supplemental Data). The
imaging features with the highest interobserver agreement were
tumor location, side of lesion center, presence of enhancement,
and multifocality (k ¼ 1); the lowest interobserver agreement
was found in the proportion of necrosis (k ¼ 0.774).

The differences of VASARI features between the IDH wild-
type lower-grade gliomas with and without molecular features of
GBM in the training and the test sets are provided in the Online
Supplemental Data. In both the training and test sets, cortical
involvement was the only feature that was significantly different
between the 2 groups.

In the training set, a total of 5, 174, and 9 features were selected
through LASSO, RFE, and RFE1 LASSO, respectively. Five con-
sistently selected features among all 3 methods were 2 texture fea-
tures, 1 first-order feature, and 2 VASARI features: short run
emphasis (T2), gray-level nonuniformity normalized (postcontrast
T1), minimum (T2), infiltrative tumor growth, and cortical
involvement.

Representative figures of IDH
wild-type diffuse gliomas with and
without molecular features of GBM
are presented in Fig 2.

Model 1 (Clinical Features Only)
The predictive performances of model
1 were 0.863 (95% confidence interval,
0.753–0.972) and 0.514 (95% CI,
0.356–0.672) in the training and the
test sets, respectively.

Model 2 (VASARI Features Only)
The predictive performances of model
2 with only VASARI features were
0.988 (95% CI, 0.969–1) and 0.648
(95% CI, 0.511–0.784) in the training
and the test sets, respectively.

Model 3 (VASARI1 Radiomic
Features)
In the training set, model 3 accurately
predicted the status of molecular fea-
tures of GBM in IDH wild-type lower-
grade gliomas with high AUCs, rang-
ing from 0.872 to 1. In the test set,
all the AUCs of models 3 with differ-
ent combinations of feature-selection
methods and classifiers are presented
in Fig 3. Model 3 predicted the status
of molecular GBM with AUCs ranging
from 0.567 to 0.854. The combination
of SVM and RFE showed the highest
predictive performance with an AUC
of 0.854 (95% CI, 0.766–0.941), with a
sensitivity and specificity of 71.9% and
88.0%, respectively.

Model 4 (Clinical1 VASARI1 Radiomic Features)
In the training set, model 4 accurately predicted the status of mo-
lecular features of GBM in IDH wild-type lower-grade gliomas
with high AUCs, ranging from 0.943 to 1. In the test set, model 4
predicted the status of molecular GBMs with AUCs ranging from
0.524 to 0.863. The combination of SVM and RFE provided the
highest predictive performance with an AUC of 0.863 (95% CI,
0.778–0.947), with a sensitivity and specificity of 81.3% and
88.0%, respectively.

Model Comparisons
The best-performing models in the test set from models 3 and 4
were compared with each other and with models 1 and 2 (Table 2
and Fig 4). Model 3 (AUC ¼ 0.854) and model 4 (AUC ¼ 0.863)
yielded significantly superior performances for molecular GBM-
status prediction compared with model 1 (AUC ¼ 0.514; P ,

.001, both) and model 2 (AUC¼ 0.648; P ¼ .023 and .02, respec-
tively). There was no significant difference between models 3 and
4 (P¼ .476).

FIG 2. Representative cases of IDH wild-type lower-grade gliomas with (A) and without (B)
molecular features of GBM. A, Initial MR imaging of a 49-year-old man with IDH wild-type lower-
grade glioma with molecular features of GBM, WHO grade III. MRIs reveal infiltrative T2-hyperin-
tense tumor in the right frontal and parietal lobes extending into the corpus callosum with
cortical involvement (left). Focal contrast enhancement is noted in the right frontal lobe (right). B,
Initial MRIs of a 26-year-old woman without molecular features of GBM, WHO grade III. MRIs
reveal a relatively well-defined enhancing mass with peritumoral edema in the right temporo-
occipital lobe without cortical involvement.
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DISCUSSION
In this study, we integrated MR imaging features with machine
learning techniques to establish accurate models to identify the
specific subset of IDH wild-type lower-grade gliomas that had
molecular features of GBM. Our models were subsequently tested
using an independent test set, which proved their generalizability
and robustness (AUC= 0.854).

Several studies have reported that EGFR amplification and
TERT promotor mutations are significantly associated with
aggressive tumor behavior and worse prognosis in patients
with lower-grade gliomas35-38 and GBMs.39-41 Particularly,
because the alterations in the EGFR gene are the potential
therapeutic targets, several previous studies attempted to cap-
ture the imaging signature of EGFR mutations and to detect
them noninvasively in an in vivo setting using complex multi-
parametric MR imaging or perfusion MR imaging in patients
with GBM.42,43 Also in IDH wild-type lower-grade gliomas,
tumors having EGFR amplification or TERT promotor muta-
tions can be classified into “molecularly” high-grade tumors
with a significantly shorter survival rate than gliomas with
no mutations.7 Subsequently, the recent cIMPACT-NOW
defined IDH wild-type lower-grade gliomas with 1 of 3
characteristics (EGFR amplification, 17/–10 loss, or TERT
promotor mutations) as “diffuse astrocytic glioma, IDH-wild-
type, with molecular features of GBM, WHO grade IV.”10

Therefore, in our study, we investigated whether the subset of
IDH wild-type lower-grade gliomas with molecular features of
GBM could be predicted noninvasively using comprehensive MR
imaging analysis. Rather than considering individual EGFR
amplification or TERT promotor mutation, we focused on pre-
dicting the molecular features of GBM. This focus was because
the molecular features of GBM incorporate both of these genetic
mutations, which enable the identification of more patients with
unfavorable prognoses who might need more aggressive treat-
ment. In addition, we included only the IDH wild-type subgroup
of lower-grade gliomas in our study because predicting the mo-
lecular GBM status in this subgroup might be more clinically rel-
evant according to the cIMPACT-NOW recommendations.

The patients’ age and WHO grades served as our clinical pa-
rameters, according to previous studies that reported that IDH
wild-type grade II and III gliomas with genetic alterations charac-
teristic of GBM were diagnosed at a significantly older age.35,38

WHO grade III, together with high-risk genetic alterations, was
also a significant prognostic factor in patients with IDH wild-type
lower-grade gliomas.7,38 However, our model with only clinical
features showed a poor predictive performance (AUC= 0.514).
Furthermore, comprehensive MR imaging analysis using
VASARI allowed slightly better prediction for the molecular
GBM status than the clinical features; however, it still showed
unsatisfactory performance (AUC= 0.648). A recent study

revealed that radiomics allowed the
prediction of EGFR expression in
patients with diffuse lower-grade glio-
mas.17 Our study results proved that
radiomics functions equally well in the
IDH wild-type subgroup of lower-
grade gliomas because it can accu-
rately stratify patients according to the
molecular GBM status when added to
the VASARI features (AUC= 0.854).
It is important to identify the molecu-
lar features of GBM beyond IDH
mutation status noninvasively because
they convey prognostic information
that could help clinicians decide dif-
ferent treatment schemes for their
patients.

Among 5 consistently selected fea-
tures, 2 features were texture-based.
Texture analysis refers to a variety of

FIG 3. Heat maps illustrating the predictive performance (AUCs) of the different combinations
of feature selection methods (rows) and classifiers (columns) from models 3 and 4 in the test set.
LDA indicates linear discriminant analysis; AdaBoost, adaptive boosting.

Table 2: Highest predictive performances of different models in identifying the molecular features of glioblastomas in IDH wild-
type lower-grade gliomas in the test set

Model
Feature Selection +

Classifier AUC P Values for Model Comparisons
Model 1 (clinical features) NA 0.514 (0.356–0.672)
Model 2 (VASARI features) NA 0.648 (0.511–0.784)
Model 3 (VASARI 1 radiomics features) RFE 1 SVM 0.854 (0.766–0.941) ,.001a .023b

Model 4 (clinical 1 VASARI 1 radiomics features) RFE 1 SVM 0.863 (0.778–0.947) ,.001a .02b .476c

Note:—NA indicates not applicable.
a Compared with model 1.
b Compared with model 2.
c Compared with model 3.
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mathematic methods used to quantify the gray-level spatial varia-
tions within an image to derive textural features, which reflect
intratumoral heterogeneity.16 These textural features reflecting
intratumoral heterogeneity have shown potential in predicting
specific genetic mutations17-19 and survival rates44 in patients
with lower-grade gliomas. Specifically, one of the gray-level run
length matrix features called short run emphasis derived from
T2WI was significantly associated with EGFR expression in
patients with lower-grade gliomas in a recent study,17 which was
also selected as a potential predictor in our study. Another
selected gray-level run length matrix feature called gray-level
nonuniformity normalized derived from postcontrast T1 has also
been reported to have a significant association with TERT pro-
motor mutation status in lower-grade gliomas.45 Because the
gray-level run length matrix is a measurement of regional hetero-
geneity,16 tumors with higher values of those features are more
likely to carry molecular features of GBM.

The proportions of tumors with molecular features of GBM
were different across the 3 datasets. In the TCGA dataset, tumors
with molecular features of GBM were approximately 80%, which
was the highest. In the test set, approximately half of the tumors
had molecular features of GBM. We believe that these differences
reflect the differences in patient characteristics at each institution.
The innate heterogeneity within the TCGA dataset might have
also contributed to the differences. However, MR imaging fea-
tures showed superior predictive performances when tested in
the new external validation set, regardless of the difference in
proportions of the tumors with features of molecular GBM,
which proved their robustness.

There are several limitations of this study. First, this was a ret-
rospective study with a small number of patients available from
each dataset. Information on EGFR amplification or TERT

promotor mutation was not available in many cases, and only a
small number of tumors with known genetic alterations were
studied. It would be highly desirable if we could compare the per-
formances of different combinations of feature-selection methods
and classifiers on a separate validation set and then test the final
model on a test set, to obtain more reliable results. However,
because the number of enrolled patients was low, we were not
able to have another separate validation set. Instead, we per-
formed 5-fold cross-validation with 3 repetitions in the training
set. Future studies with larger numbers of patients are required to
validate our study results.

Second, the combination of whole chromosome 7 gain and 10
loss is also one of the key genetic alterations that determine the
status of molecular GBM; however, this could not be evaluated
because the relevant information was not available in the test set.
Further studies using a larger number of patients with available
17/–10 information are required to validate our study results.
Third, although there have been some issues of interobserver var-
iability in the grading of gliomas,46-48 we could not calculate the
interrater reliability of the WHO grade in this study because 1
senior neuropathologist reviewed the pathologic reports of en-
rolled subjects. In addition, the molecular subtyping of gliomas
was performed by senior pathologists in each academic institu-
tion according to 2016 WHO classification; however, whether
there were any discrepancies between the pathologists was not
evaluated. Fourth, we did not perform the skull-stripping before
the signal intensity normalization in the preprocessing for the
radiomics feature extraction. However, because all patients’ MR
images were processed without skull-stripping uniformly, the
final results of our study might not have been affected pro-
foundly. Furthermore, we believe that it is noteworthy to investi-
gate the predictive potential of radiomics in future studies with
various research topics: whether radiomics could accurately clas-
sify IDH wild-type lower-grade gliomas with molecular features
of GBM and grade IV GBM or could predict the WHO grade in
gliomas with specific genetic mutations such as EGFR amplifica-
tion or TERT promotor mutation.

CONCLUSIONS
MR imaging features combined with machine learning classifiers
can noninvasively predict the molecular features of GBM in IDH
wild-type lower-grade gliomas with high accuracy.
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ORIGINAL RESEARCH
ADULT BRAIN

Utility of Contrast-Enhanced T2 FLAIR for Imaging Brain
Metastases Using a Half-dose High-Relaxivity Contrast Agent

T. Jin, M. Ge, R. Huang, Y. Yang, T. Liu, Q. Zhan, Z. Yao, and H. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Efficient detection of metastases is important for patient’ treatment. This prospective study was to
explore the clinical value of contrast-enhanced T2 FLAIR in imaging brain metastases using half-dose gadobenate dimeglumine.

MATERIALS AND METHODS: In vitro signal intensity of various gadolinium concentrations was explored by spin-echo T1-weighted
imaging and T2 FLAIR. Then, 46 patients with lung cancer underwent nonenhanced T2 FLAIR before administration of half-dose
gadobenate dimeglumine and 3 consecutive contrast-enhanced T2 FLAIR sequences followed by 1 spin-echo T1WI after administra-
tion of half-dose gadobenate dimeglumine. After an additional dose of 0.05mmol/kg, 3D brain volume imaging was performed. All
brain metastases were classified as follows: solid-enhancing, $ 5 mm (group A); ring-enhancing, $ 5 mm (group B); and lesion diam-
eter of ,5 mm (group C). The contrast ratio of the lesions on 3 consecutive phases of contrast-enhanced T2 FLAIR was measured,
and the percentage increase of contrast-enhanced T2 FLAIR among the 3 groups was compared.

RESULTS: In vitro, the maximal signal intensity was achieved in T2 FLAIR at one-eighth to one-half of the contrast concentration
needed for maximal signal intensity in T1WI. In vivo, the mean contrast ratio values of metastases on contrast-enhanced T2 FLAIR
for the 3 consecutive phases ranged from 63.64% to 83.05%. The percentage increase (PI) values of contrast-enhanced T2 FLAIR
were as follows: PIA , PIB (P¼ .001) and PIA , PIC (P, .001). The degree of enhancement of brain metastases on contrast-enhanced
T2 FLAIR was lower than on 3D brain volume imaging (P, .001) in group A, and higher than on 3D brain volume imaging (P, .001)
in group C.

CONCLUSIONS: Small or ring-enhancing metastases can be better visualized on delayed contrast-enhanced T2 FLAIR using a half-
dose high-relaxivity contrast agent.

ABBREVIATIONS: BRAVO ¼ brain volume imaging; CE ¼ contrast-enhanced; CR ¼ contrast ratio; GBCA ¼ gadolinium-based contrast agents; PI ¼ percent-
age increase

Brain metastases occur in approximately 25% of patients with
cancer and account for 40% of adult brain tumors.1 The inci-

dence of brain metastases in patients with lung cancer is highest
(19.9%),2 resulting in high morbidity and mortality.3 Small metas-
tases, not combined with vasogenic edema or mass effects, are of-
ten missed.1 Improvement of the early detection of small brain

metastases will contribute to developing treatment protocols and
will affect the outcomes4 because small lesions effectively respond
to therapies and can be controlled at a substantially higher rate
compared with larger lesions.5,6 For patients with metastases, con-
trast-enhanced T1WI (CE-T1WI) should be repeatedly performed
to assess the progress of brain metastases7,8 or the efficacy of treat-
ment.9,10 The conspicuity and detection rate of brain metastases
can be improved with a higher dose of gadolinium-based contrast
agents (GBCA).11 However, multiple enhanced examinations or
use of higher contrast doses may increase the potential adverse
effects, such as nephrogenic systemic fibrosis,12,13 and may lead to
higher gadolinium deposition in the brain14 or other tissues.15,16

Therefore, reducing the gadolinium-based contrast agent dose
may decrease the adverse effects produced by gadolinium accu-
mulation, which is crucial to the patient’s health. T2 FLAIR is an
inversion recovery pulse sequence that is sensitive to low concen-
trations of GBCA in the tissue.17 It is reported that only one-
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quarter of the routine dose of GBCA is needed for CE-T2 FLAIR
to achieve a signal enhancement comparable with that of CE-
T1WI; moreover, CE-T2 FLAIR may offer additional morpho-
logic information compared with CE-T1WI alone.17,18 Due to the
suppression of intravascular and CSF signal,19 CE-T2 FLAIR
imaging has been used in the detection of various intra- and
extra-axial brain lesions, eg, the delineation of meningeal lesions
including meningoencephalitis and leptomeningeal metas-
tases.20-22

Previous studies mostly focused on the use of CE-T2 FLAIR
after use of the normal GBCA dose; no studies were performed to
assess the utility of low-dose CE-T2 FLAIR in the detection of
brain metastases. Additionally, an increased delay of CE-T2
FLAIR scanning can improve the diagnosis of leptomeningeal in-
fectious or tumoral diseases,23 which means CE-T2 FLAIR has a
relationship with scanning time. The purpose of the present study
was to investigate the value of delayed low-dose CE-T2 FLAIR
compared with routine-dose CE brain volume imaging (BRAVO;
GE Healthcare) for contrast enhancement in brain metastases.

MATERIALS AND METHODS
Phantom Study
Eleven 2-mL tubes filled with gadobenate dimeglumine (Gd-
BOPTA, MultiHance; Bracco) at different concentration (0.015,
0.03, 0.06, 0,12, 0.24, 0.48, 0.96, 1.92, 3.84, 7.68, and 15.36mmol/
L) were tested by T2 FLAIR and T1WI, with the following pa-
rameters—T2 FLAIR: TR¼ 8000ms, TE¼ 150ms, TI¼ 2250ms;
T1WI: TR¼1800ms, TE¼24ms. ROI measurements of the sig-
nal intensity were made in axial slices of the test tube in the ho-
mogeneous-appearing area.

Clinical Study
Patients. Our study was conducted under the supervision of the
institutional review board of Huashan Hospital, Fudan Uni-
versity, and informed consent was obtained from each patient
before the examination. From February 2018 to July 2019, ninety
patients were consecutively enrolled into our study; 7 patients
had MR imaging contraindications, and 37 patients were
excluded because they had undergone radiation therapy, chemo-
therapy, or gamma knife radiosurgery within the preceding
2months. The predefined criteria for brain metastasis were as fol-
lows:8 1) a new enhancing lesion or size change of a pre-existing
lesion detected on 2-month follow-up MR imaging; and 2) the
lesion must be located in the brain parenchyma and show
enhancement either on CE-BRAVO or CE-T2 FLAIR.

Clinical MR Imaging Protocol. MR imaging of the patients was
performed on a 3T MR imaging system (Signa HDxt; GE
Healthcare) with an 8-channel phased array coil. Data and infor-
mation on the patients for this study are presented in the flow
chart (Fig 1). All patients underwent precontrast conventional MR
imaging, including an axial T1WI (TR/TE¼ 2050/24ms), axial
T2WI (TR/TE¼ 3340/120ms), and axial T2 FLAIR sequences
(TR/TE/TI¼ 8000/150/2250ms); all sequences had excitations¼
1, thickness¼ 2mm, and interstitial gap¼ 1mm.

After intravenous bolus injection of half-dose (0.05mmol/kg)
Gd-BOPTA, CE-T2 FLAIR was acquired 3 consecutive times

(Phase 1 to Phase 3: immediate scanning, 2minutes 49 seconds,
and 5minutes 38 seconds after contrast application) to observe
the optimal delay time; then, half-dose CE-T1WI was performed.
Following application of the remaining dose of 0.05mmol/kg, a
3D contrast-enhanced CE-BRAVO sequence (TR¼ 7.7ms, TE¼
12ms, flip angle¼ 15°, section thickness¼ 2mm, section gap¼
0mm) was acquired. The scan time points for each sequence after
enhancement were as follows—precontrast T1WI, T2WI, T2
FLAIR, 0.05mmol/kg of Gd-BOPTA; CE-T2 FLAIR (Phase1: im-
mediate scanning); CE-T2 FLAIR (Phase two: 2minutes 49 sec-
onds); CE-T2 FLAIR (Phase three: 5minutes 38 seconds); CE-
T1WI (7minutes 14 seconds), 0.05mmol/kg of Gd-BOPTA; and
CE-BRAVO (9minutes 7 seconds).

MR Imaging Analysis
The MR imaging data were evaluated and analyzed on an AW4.6
workstation (GE Healthcare).

Lesion Grouping. The enhancement pattern of brain metastases
was assessed and classified into solid- and ring-enhancing lesions.
The longest diameter of the lesion was measured on both axial
CE-BRAVO and axial CE-T2 FLAIR. The lesions were grouped
according to their size (max diameter , or $ 5 mm), and the
enhancement pattern (solid or rim enhancement) was divided
into the following groups:

Group A: solid-enhancing lesions with$5-mm diameter
Group B: ring-enhancing lesions with$5-mm diameter
Group C: lesions with,5-mm diameter.

Subjective Scoring of Enhancement Degree. The degree of
enhancement on CE-T2 FLAIR, CE-T1WI, and CE-BRAVO was
qualitatively assessed using a 3-point scale by 2 experienced radi-
ologists (each with .6 years of experience in neuroradiology). If
the scoring was different, both radiologists would reach an agree-
ment after discussion. The scoring criteria were as follows—1

FIG 1. Flow chart of the study population.
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point: poor enhancement (the signal intensity of the lesions was
almost equal to that of the adjacent white matter and hardly iden-
tifiable; missed lesions were also included in this group); 2 points:
moderate enhancement (the signal intensity was moderately
higher than that of the adjacent white matter, but reliably identifi-
able); and 3 points: good enhancement (the signal intensity was
significantly higher than that of the adjacent white matter and
easily identifiable).

Quantitative Index Measurement. Contrast ratio (CR) was cal-
culated for the 3 consecutive CE-T2 FLAIR sequences as follows:

CR¼ [(SICE-T2FLAIR� SINWM)/SINWM]� 100%.
SICE-T2FLAIR represents the signal intensity of the lesion after

enhancement, and SINWM represents the signal intensity of ROI-
based normal-appearing white matter (NWM) adjacent to the
tumor.

Percentage increase (PI) was used to observe the real enhance-
ment degree between the nonenhanced T2 FLAIR and CE-T2
FLAIR1 to avoid an inherent high signal on nonenhanced T2
FLAIR.

PI¼ [(SICE-T2 FLAIR – SInonenhanced T2 FLAIR)/SInonenhanced T2 FLAIR]
�100%.

SICE-T2 FLAIR represents the signal intensity after enhance-
ment, and SInonenhanced T2 FLAIR represents the signal intensity
before enhancement.

ROI. Two radiologists independently drew the ROIs guided by an
experienced neuroradiologist. Each radiologist drew 3 ROIs, and
the mean value was recorded as the final value measured by each
radiologist. The mean value of the measurements by 2 radiolog-
ists was used as the final value of the patient. “Function tool”
(AW 4.6 workstation, GE Healthcare) was used to fuse all
sequences (including nonenhanced CE-T2 FLAIR and 3

consecutive CE-T2 FLAIR, CE-T1WI, and CE-BRAVO sequen-
ces; then, ROIs were drawn on CE-T2 FLAIR images and propa-
gated to all other sequences to make certain that all ROIs were in
the same position. If the ROIs were not in the same position in
different sequences after propagation, ROIs were independently
drawn to keep them in the same position as much as possible. An
ROI was drawn to cover the entire lesion and was placed within a
homogeneously enhanced area if all lesions had enhancement. If
the lesion was ring-enhancing, the ROI was placed on a homoge-
neous-appearing part of the ring. Hemorrhagic, necrotic, and
vascular areas were carefully spared.

Statistical Analysis
Statistical analysis was performed using the SPSS 21.0 software
package (IBM). The measured data were presented as mean [SD].

CR and PI values of 3 consecutive CE-T2 FLAIR sequences
from all brain metastases were compared among groups A, B,
and C using a paired t test for CR values and a Kruskal–Wallis
test for PI values. A x 2 test was used to compare the qualitative
enhancement degree of the 3 sequences. P, .05 was statistically
significant. In pair-wise comparisons, the corrected significance
level was set at .017.

RESULTS
Phantom Study
In vitro experiments demonstrated that the concentration of Gd-
BOPTA required to generate reliable signal intensities on CE-T2
FLAIR images was approximately 0.12–0.48mmol/L, correspond-
ing to one-eighth to one-half lower than the concentration needed
to achieve comparable signal intensity on CE-T1WI (Fig 2).

Clinical Study
Forty-six patients (22 men and 24 women; age range, 35–73 years;
mean age, 61.7 years) with a total of 89 brain metastatic lesions
were included. Twenty-seven lesions were assigned to group A;
23, to group B; and 39, to group C.

The CR measured on consecutive CE-T2 FLAIR sequences
was CRPhase1 ¼ 63.64% [SD, 32.19%], CRPhase2 ¼ 77.34% [SD,
40.19%], and CRPhase3 ¼ 83.05% [SD, 46.65%]. CRphase1 was sig-
nificantly lower than CRphase2 (P, .001); and CRphase2 was lower
than CRphase3 (P ¼ .01); thus, an increasing delay between con-
trast administration and image acquisition led to a significant CR
increase in brain metastases (Fig 3). The mean values of PI on the
third phase on CE-T2 FLAIR of groups A, B, and C were PIA ¼
31.42% [SD, 11.65%], PIB ¼ 58.60% [SD, 27.79%], and
PIC ¼ 61.05% [SD, 29.55%], respectively. PIA was significantly
lower than PIB (P¼ .001) and PIC (P , .001). There was no sig-
nificant difference between PIB and PIC (P¼ .759).

Group A. The enhancement degree on half-dose CE-T2 FLAIR
was lower than that with half-dose CE-T1WI (P¼ .001) and rou-
tine-dose CE-BRAVO (P, .001). No significant difference was
found between half-dose CE-T1WI and routine-dose CE-
BRAVO (P¼ .046) (Fig 4).

Group B. The enhancement degree on half-dose CE-T2 FLAIR
was higher than that of half-dose CE-T1WI (P¼ .003) (Fig 5). No

FIG 2. Images of phantom tubes containing increasing concentra-
tions of gadobenate dimeglumine (0.015–15.36mmol/L) acquired by
T2 FLAIR and CE-T1WI. Gd indicates gadolinium.
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significant difference was found between half-dose CE-T2 FLAIR
and routine-dose CE-BRAVO (P¼ .122), or between half-dose
CE-T1WI and routine-dose CE-BRAVO (P¼ .113).

Group C. The enhancement degree on half-dose CE-T2 FLAIR
was significantly higher than that of half-dose CE-T1WI
(P, .001) and routine-dose CE-BRAVO (P, .001) (Fig 6). The
enhancement degree on routine-dose CE-BRAVO was higher
than that on half-dose CE-T1WI (P, .001).

Of these brain metastases, 1 of 27 was missed in group A with
half-dose CE-T2 FLAIR, while 1 of 23 was missed in group B
with half-dose CE-T1WI as shown in Tables 1 and 2. Especially
for small lesions in group C, 16 of 39 lesions were missed with
half-dose CE-T1WI and 9 of 39 with routine-dose CE-BRAVO as
shown in Table 3.

DISCUSSION
Accurate diagnosis of brain metastases before treatment is impor-
tant because therapeutic planning is dependent on the presence
and number of metastatic lesions;24 however, different imaging
methods have different detection efficiencies. In this study, we
compared the enhancement degree among half-dose CE-T2
FLAIR, half-dose CE-T1WI, and routine-dose CE-BRAVO in
brain metastases and concluded that large and solid-enhancing
brain metastases are better visualized on CE-T1WI or CE-
BRAVO, while small and ring-enhancing brain metastases are

better shown on CE-T2 FLAIR using a
half dose of the high-relaxivity contrast
agent gadobenate dimeglumine.

A previous study found that when the
GBCA concentration was set between 0.1
and 0.3mmol/L, the difference in signal
intensity between T2 FLAIR and T1WI
was obvious;25 this concentration was
almost the same as that in our in vitro
study (0.12–0.48mmol/L). According to
our results from the in vitro measure-
ments, CE-T2 FLAIR was more sensitive
to lower GBCA concentrations than
CE-T1WI and low-dose CE-T2 FLAIR
could provide satisfactory signal intensity.
Considering that gadolinium cannot pen-
etrate completely from plasma into the
lesion, we speculated that half-dose gado-
linium might overlap with the optimum
concentration range required for CE-T2
FLAIR. We performed 2 different con-
trast-enhanced T1-weighted sequences,
including spin-echo T1WI and 3D-
BRAVO as reference standards to assess
the enhancement degree of CE-T2
FLAIR. 3D-BRAVO is a gradient-echo
sequence that uses thin-layer and no
interlayer spacing scans, combined with
variable flip angle spin-echo acquisition
technology, which can observe lesions

frommultiple orientations and angles. Previous studies also dem-
onstrated the higher detectability of small metastases using 3D-
BRAVO sequences compared with conventional spin-echo
sequences.26 Therefore, in our study, low-dose CE-T2 FLAIR was
used to evaluate the conspicuity of cerebral brain metastases with
different sizes in comparison with CE-BRAVO after administra-
tion of a normal dose (0.1mmol/kg) of GBCA.

Scanning time is an important factor that affects the signal in-
tensity of lesions, because the infiltration of gadolinium from
blood vessels into the extracellular space is a dynamic process. A
delay in imaging time may be effective in increasing the signal in-
tensity because it prolongs the perfusion of contrast agent by the
leaky neovasculature within the metastases.27 Keremer et al23

studied the role of delayed CE-T2 FLAIR in meningeal diseases.
They pointed out that delayed CE-T2 FLAIR could achieve more
accurate information compared with delayed CE-T1WI or early
CE-T2 FLAIR, but optimal imaging time for CE-T2 FLAIR was
not studied in their work. In our study, we performed 3 consecu-
tive phases of CE-T2 FLAIR to observe the effect of scanning
time on T2 FLAIR, and we found that the later time points
(2minutes 49 seconds to 5 minutes 38 seconds) of CE-T2 FLAIR
acquisitions showed a higher enhancement degree compared
with the first acquisition. Thus, a delay of at least 3–5minutes is
suggested for the postcontrast CE-T2 FLAIR imaging. As for
spin-echo T1WI, Akeson et al28 suggested that the scan should
not be started within 5minutes after injection; the tumor showed
better enhancement when delayed for 5–25minutes. Thus, we

FIG 3. A 64-year-old man with brain metastases in the right parietal cortex (arrow). A,
Nonenhanced T2 FLAIR. B, Phase 1: half-dose CE-T2 FLAIR shows a ring-enhancing lesion. C, Phase
2: half-dose CE-T2 FLAIR at 2minutes 49 seconds. D, Phase 3: half-dose CE-T2 FLAIR at 5minutes
38 seconds. E, The CR value of the ring wall on T2 FLAIR shows a tendency toward an increase
with delayed scanning time.
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performed CE-T1WI after 3 phases of CE-T2 FLAIR to ensure
that all sequences were at their optimum scanning time.

Up to 50% of patients with brain metastasis have 1 lesion.1,29

For these patients, the detection of metastases is extremely impor-
tant for treatment. Small metastases are not combined with vaso-
genic edema, and they usually show slight enhancement.1

Therefore, they are often missed using nonenhanced T2 FLAIR
or enhanced T1-weighted sequences. As for the small metastases
(,5 mm) in our study, we found that half-dose CE-T2 FLAIR
showed a better enhancement degree and higher a detection rate
than CE-T1WI or CE-BRAVO. Our in vitro experiments sug-
gested that T2 FLAIR may show better enhancement at a lower
concentration of gadolinium-based contrast agent. This phenom-
enon is explained by the unique T1-weighting of the T2 FLAIR
sequence. Because of the mild T1-weighting induced by the long
TI and T1-shortening caused by gadolinium, the T2 FLAIR
sequence is more sensitive to low concentrations than a conven-
tional contrast-enhanced T1 sequence.17,19,25

When the diameter of the lesion is,5mm, the damage of the
blood-brain barrier is mild and the vascular permeability is rela-
tively low,30 leading to a low contrast agent concentration in the
extracellular space in tumor tissue. The concentration satisfies
the enhancement level of CE-T2 FLAIR but does not satisfy that
of CE-BRAVO; hence the enhancement degree on CE-T2 FLAIR
was higher than that on CE-BRAVO. The capillary permeability
varies with the size of metastases,31,32 and large solid metastases
usually have immature vessels with high permeability.33,34 When

the metastases become larger, the concentration largely accumu-
lates in the extracellular space due to the severe damage to the
blood-brain barrier and progression of angiogenesis,4 dramatically
shortening the T2 effect and obscuring the signal-enhanced T1
effect on CE-T2 FLAIR.35

Thus, the high concentration of gadolinium “inverts” the T2
FLAIR signal intensity and makes the lesions invisible, but it ful-
fills the requirement for CE-BRAVO, consistent with our in vitro
findings of signal reduction in higher contrast concentrations. In
our in vivo experiments, we also found that low-dose CE-T2
FLAIR could clearly show meningeal metastases because the gad-
olinium concentration is diluted when it leaks into the adjacent
CSF through mildly damaged vessels, corresponding to the low-
concentration setting used in an in vitro study.36

In a previous study, it was demonstrated that the peripheral
margin of an invasive tumor has a lower vascular permeability,30

leading to a higher sensitivity of CE-T2 FLAIR in the delineation
of brain metastases boundaries.22 This effect was found in our
study in which brain metastases with rim enhancement showed
higher signal enhancement on T2 FLAIR, probably due to a
decreased capillary permeability in this part of the tumor.

Although using high-dose contrast on CE-T1WI can increase
the detection rate of metastases,37 it may also increase the adverse
effects on patients with cancer. Half-dose CE-T2 FLAIR would
not only reduce the contrast agent dose but could also improve
the detection rate of small cerebral metastases. However, hyperin-
tense signal of the lesion on nonenhanced T2 FLAIR images
caused by prolonged T2 signal could mask the real margin of

FIG 4. A 48-year-old man with solid brain metastases in the right pa-
rietal cortex (‹, $5mm, arrow) and left frontal cortex (›, ,5mm,
arrowhead). A, Nonenhanced T2 FLAIR. B, Phase 3 half-dose CE-T2
FLAIR (‹, 1 point; ›, 3 points). C, Half-dose CE-T1WI (‹, 3 points; ›,
missed diagnosis). D, Routine-dose CE-BRAVO (‹, 3 points; ›, missed
diagnosis).

FIG 5. A 62-year-old woman with ring (‹, $5mm, arrow) and solid
(›,$5mm, arrowhead) enhancing brain metastases. A, Nonenhanced
T2 FLAIR. B, Phase 3 half-dose CE-T2 FLAIR (‹, 3 points;›, missed diag-
nosis). C, Half-dose CE-T1WI (‹, 1 point; ›, 3 points). D, Routine-dose
CE-BRAVO (‹, 2 points;›, 3 points).
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tissue showing contrast enhancement and is not as intuitive as
CE-T1WI. This feature might, to some extent, limit the clinical
application of CE-T2 FLAIR in central nervous system imaging.
Therefore, at least a half-dose CE-T1WI should be acquired after
CE-T2 FLAIR to identify the lesion margin or demonstrate me-
tastases with a high concentration of gadolinium. In general, half-
dose CE-T2 FLAIR and CE-T1-weighted sequences can provide
complementary information.

This study has certain limitations. First, the sample size of
each group is relatively small, which may have some negative
impact on the statistical results. Second, it would be better to
study the signal enhancement of brain metastases on half-dose
CE-T2 FLAIR images during a longer time period; however, for
ethical reasons, this was not feasible because patients with cancer
and brain metastases can undergo MR imaging with only a lim-
ited examination time. Third, there is a potential bias in the eval-
uation of different sequences because the raters were not blinded

to the sequence type. Additionally, half-dose CE-T1WI was per-
formed in our study because we intended to ensure that the total
dose was halved when our protocol was applied to the clinical
practice, but the dosages used for CE-T1WI and CE-BRAVO
were different, possibly causing a certain bias in the comparison
of the enhancement degree between the 2 sequences.

CONCLUSIONS
CE-T1-weighted sequences and CE-T2 FLAIR are mutually com-
plementary for evaluating brain metastases. Large and solid-
enhancing brain metastases are better visualized on CE-T1-
weighted sequences, while small and ring-enhancing metastases
are better visualized on delayed (3–5minute) CE-T2 FLAIR
sequences using a half-dose of the high-relaxivity contrast agent
gadobenate dimeglumine.
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FIG 6. A 56-year-old woman with small brain metastases (‹ and ›,
,5mm, arrow). A, Nonenhanced T2 FLAIR. B, Phase 3 half-dose CE-T2
FLAIR (‹, 3 points; ›, 3 points). C, Half-dose CE-T1WI completely
missed the lesions. D, Routine-dose CE-BRAVO (‹, 1 point; ›, missed
diagnosis).

Table 1: Group A, comparison of the enhancement degree of 3
sequences of solid-enhancing lesions with diameters of ‡ 5mm

Half-Dose CE-T2
FLAIR

Half-Dose CE-
T1WI

Routine-
Dose

CE-BRAVO
Three points 5 11 20
Two points 7 14 6
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ORIGINAL RESEARCH
ADULT BRAIN

Regional AneurysmWall Enhancement is Affected by Local
Hemodynamics: A 7T MRI Study

S. Hadad, F. Mut, B.J. Chung, J.A. Roa, A.M. Robertson, D.M. Hasan, E.A. Samaniego, and J.R. Cebral

ABSTRACT

BACKGROUND AND PURPOSE: Aneurysm wall enhancement has been proposed as a biomarker for inflammation and instability.
However, the mechanisms of aneurysm wall enhancement remain unclear. We used 7T MR imaging to determine the effect of flow
in different regions of the wall.

MATERIALS AND METHODS: Twenty-three intracranial aneurysms imaged with 7T MR imaging and 3D angiography were studied
with computational fluid dynamics. Local flow conditions were compared between aneurysm wall enhancement and nonenhanced
regions. Aneurysm wall enhancement regions were subdivided according to their location on the aneurysm and relative to the
inflow and were further compared.

RESULTS: On average, wall shear stress was lower in enhanced than in nonenhanced regions (P¼ .05). Aneurysm wall enhancement
regions at the neck had higher wall shear stress gradients (P¼ .05) with lower oscillations (P¼ .05) than nonenhanced regions. In
contrast, aneurysm wall enhancement regions at the aneurysm body had lower wall shear stress (P¼ .01) and wall shear stress gra-
dients (P¼ .008) than nonenhanced regions. Aneurysm wall enhancement regions far from the inflow had lower wall shear stress
(P¼ .006) than nonenhanced regions, while aneurysm wall enhancement regions close to the inflow tended to have higher wall
shear stress than the nonenhanced regions, but this association was not significant.

CONCLUSIONS: Aneurysm wall enhancement regions tend to have lower wall shear stress than nonenhanced regions of the same
aneurysm. Moreover, the association between flow conditions and aneurysm wall enhancement seems to depend on the location
of the region on the aneurysm sac. Regions at the neck and close to the inflow tend to be exposed to higher wall shear stress and
wall shear stress gradients. Regions at the body, dome, or far from the inflow tend to be exposed to uniformly low wall shear
stress and have more aneurysm wall enhancement.

ABBREVIATIONS: AWE ¼ aneurysm wall enhancement; CFD ¼ computational fluid dynamics; 3DRA ¼ 3D rotational conventional angiography; Gd ¼ gado-
linium; HR-VWI ¼ high-resolution vessel wall imaging; mWSS ¼ mean (time-averaged) wall shear stress magnitude; pWSS ¼ peak systole WSS magnitude;
WSS ¼ wall shear stress

H igh-resolution vessel wall imaging (HR-VWI) and aneurysm
wall enhancement (AWE) are increasingly used to identify

intracranial aneurysms with a higher risk of growth1-3 and

rupture.4 Aneurysms deemed “stable” on the basis of AWE may
be managed conservatively and followed across time,5 whereas
unstable aneurysms are treated to prevent rupture.

However, the clinical significance and exact mechanisms lead-
ing to AWE remain unclear.6 One early study of patients with
SAH with multiple intracranial aneurysms showed enhancement
in thick-walled regions of ruptured aneurysms, while unruptured
aneurysms did not enhance.7 This finding suggested that the
presence of AWE on HR-VWI may identify the culprit aneurysm
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in patients with multiple aneurysms and SAH. Another study
observed focal AWE in association with intramural thrombus of
ruptured aneurysms and suggested that AWE may be useful in
identifying rupture points.8 Histopathologic analyses of specimens
of intracranial aneurysms treated with microsurgical clipping have
shown associations between AWE and wall thickening accompa-
nied by atherosclerotic remodeling,9 neovascularization,10 macro-
phage infiltration,11 and inflammation.12,13 Several other studies
have demonstrated associations between AWE and known clinical
rupture risk factors: size of .7mm,14 anterior and posterior com-
municating artery location,15 irregular shape,16 and PHASES score
.3 (https://qxmd.com/calculate/calculator_464/phases-score).17

The subjective characterization of AWE has described pat-
terns of enhancement as focal and circumferential. However, it is
unknow why AWE does not distribute evenly within the aneu-
rysm sac and whether this heterogeneous AWE is the result of dif-
ferent flow conditions within the aneurysm that ultimately
translate into histologic changes.18 It is believed that flow-induced
inflammation may lead to AWE. One study found lower wall shear
stress (WSS) and oscillatory shear index in AWE regions com-
pared with nonenhanced regions.19 Similarly, another study found
that aneurysms with AWE were larger and had lower WSS and
velocities than aneurysms without enhancement, and the AWE
signal intensity was inversely correlated with WSS magnitude.20 A
recent study showed that the presence of AWE was associated with
low normalized WSS, size, and size ratio.21 However, several fac-
tors other than inflammation have been proposed as potential
causes of increased AWE signals, in particular low-flow patterns
that lead to pseudoenhancement signals in vivo.22

Our purpose was to further investigate possible associations
between local flow characteristics and focal AWE with the hope of
shedding light on the mechanisms responsible for wall enhancement.
We used high-resolution 7T MR imaging in determining AWE and
studied the local flow patterns in different areas of the aneurysm.

MATERIALS AND METHODS
Image Data
Twenty patients with 23 unruptured intracranial aneurysms were
prospectively enrolled in our study of aneurysm characterization
with 7T MR imaging. The MR imaging studies included a TOF-
MRA and 3D T1-weighted MR imaging sequences acquired
before and after intravenous injection of gadolinium (Gd)
(Online Supplemental Data). Additionally, 13 patients were
imaged with 3D rotational conventional angiography (3DRA)
and another 4 with CTA as the standard of care and as part of
their presurgical assessment if they were scheduled for an inter-
vention. Otherwise, 3DRA or CTA or both were performed dur-
ing their clinic visit if the aneurysm was not going to be treated.
3DRA, CTA, and 7TMR imaging were performed within 2 weeks
as patients were recruited into the study during presurgical plan-
ning. For patients who were not treated, imaging was also com-
pleted within 2 weeks for consistency. Patient and aneurysm
characteristics are summarized in the Online Supplemental Data.

Hemodynamics Modeling
Using previously described methods,23 patient-specific aneurysm
models were reconstructed from the available 3D images (in

order of preference, 13 from 3DRA, 4 from CTA, and 6 from 7T
TOF-MRA), and computational fluid dynamics (CFD) simula-
tions were performed by numerically solving the Navier-Stokes
equations. Pulsatile inflow conditions were prescribed using
waveforms measured in the internal carotid and vertebral arteries
of older patients scaled with an empirical power law of the vessel
area.24 Outflow boundary conditions were specified consistently
with the Murray’s law. Vessel walls were approximated as rigid.
Simulations were performed for 2 cardiac cycles with a time-step
of 0.01 seconds, and results from the second cycle were used to
characterize the local hemodynamics of the aneurysm and AWE
regions.

Mapping AWE Regions
The methodology to map AWE regions to CFD models is illus-
trated in Fig 1. Step 1 is the construction of a vascular model
from the available 3D images, as described above. Bilateral 3DRA
images (Fig 1A, -B) are used to construct a model of an anterior
communicating artery aneurysm (Fig 1C).25 Step 2 consists of
performing a rough segmentation of the vasculature from the
TOF-MRA (Fig 1D) and aligning it with the 3D model (Fig 1E,
segmentation = red, model = transparent) using the image-proc-
essing software Amira Software (Thermo Fisher Scientific). In
step 3, pre- and post-Gd T1-weighted images (Fig 1F, -G) are first
subtracted (Fig 1H); then, AWE regions are manually segmented
Fig 1I). Areas of AWE were subjectively determined by 2 teams
of experienced investigators (E.A.S. and J.A.R., and S.H. and
J.R.C.) and fused together by overlapping the regions. The high
spatial resolution of 7T imaging allows visual determination of
areas of enhancement (Fig 1F, -I) within the aneurysmal wall. In
step four, 3D surfaces are recovered by extracting isosurfaces in
Amira. These AWE region surfaces were thus already aligned
with the 3D vascular model (Fig 1J) and were then projected onto
the vascular model and used to label its surface elements as
“enhanced” or “nonenhanced”. Finally, AWE regions are split
into connected components and assigned different labels (colors)
(Fig 1K). Note that in cases in which the vascular model was con-
structed from the TOF-MRA images, the AWE regions are auto-
matically aligned and step 2 is skipped.

AWE Region Characterization
The local hemodynamic environment in the aneurysm regions
with and without enhancement were then quantitatively charac-
terized by computing the region average of a number of hemody-
namic variables,26 including the following: peak systole and mean
(time-averaged) wall shear stress magnitude (pWSS, mWSS,
respectively), oscillatory shear index, relative residence time,
mean gradient oscillatory number, mean WSS divergence, and
meanWSS gradient.

The location of the AWE regions on the aneurysm sac as well
as with respect to the inflow stream were characterized as
described below and illustrated in the Online Supplemental Data.

As in previous studies,26 the aneurysm neck was delineated by
interactively selecting points on the neck and connecting them
along geodesic lines (lines of minimum distance on the surface)
(Online Supplemental Data). The geodesic distance to the neck
was then computed for all points in the aneurysm. The aneurysm
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was then subdivided into 3 subregions (Online Supplemental
Data) corresponding to the neck (pink), body (red), and dome
(yellow).26 Then, the location of each single-connected AWE
region was defined as in the neck, body, or dome, depending on
the maximum percentage of overlap of the area of the AWE region
and each aneurysm region. The example in the Online
Supplemental Data shows 3 regions of wall enhancement (white
contours) superimposed with the aneurysm regions. In this case, 1
region is located at the neck, and the other 2, at the aneurysm
body.

The location of AWE regions was also characterized accord-
ing to their distance to the inflow. On the basis the labels defining
each region (Online Supplemental Data), close tetrahedral ele-
ments of the CFD grid were identified (Online Supplemental
Data). These elements were then used to seed streamlines that
pass near the AWE region. Starting at one of these seed elements,
we constructed and concatenated 2 randomly selected stream-
lines, one in the negative velocity direction (ie, toward the inflow)
and another in the positive velocity direction (ie, toward the out-
flow) (Online Supplemental Data). The time that it takes a parti-
cle to flow from the inflow to the seed and from the seed to the
outflow was calculated. This time is given as a percentage (ie, the
time from inflow to outflow is 100%). The process was repeated
for 10 different seeds, and the average “time-to-inflow” was

assigned to the region. AWE regions were then classified as
“close” or “far” from the inflow, depending on whether their
time-to-inflow was smaller or larger than the median of this vari-
able over all AWE regions in our sample.

Data Analysis
Paired 2-sample nonparametric Wilcoxon (Mann-Whitney) tests
were used to compare the means of hemodynamic variables
between aneurysm regions with and without enhancement. In this
case, variables were normalized with the value corresponding to
the entire aneurysm, and the AWE region of each aneurysm was
considered a single region (union of all connected components).

Next, single-connected AWE regions located at the neck,
body, or dome were compared with the nonenhancement regions
of the same aneurysm. Thus, the ratio of hemodynamic variables
in each AWE region over the nonenhanced region of the same
aneurysm was computed, and single-sample Wilcoxon tests were
performed to test whether the ratios were significantly different
from 1. Similar comparisons were also made between AWE
regions located near and far from the inflow and the nonen-
hanced regions of the same aneurysm.

Finally, hemodynamic characteristics of AWE regions at dif-
ferent locations on the aneurysm (neck, body, or dome) and rela-
tive to the inflow (close, far) were compared. Thus, the ratio of

FIG 1. Illustration of methodology with the anterior communicating artery aneurysm. Step 1: model construction from 3DRAs (A–C). Step 2:
rough segmentation of TOF-MRA and alignment with the vascular model (D and E). Step 3: pre- and post-Gd MR image subtraction and AWE
region segmentation (F–I). Step 4: 3D-AWE region isosurface extraction, alignment, projection to the vascular model, and splitting into con-
nected components (J and K). Models constructed from CTAs follow a similar approach, while models from TOF-MRA are automatically aligned
to the Gd MR imaging series. VWI indicates vessel wall imaging.
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variables computed in AWE regions divided by the nonenhanced
region of the same aneurysm were compared using 2-sample
Wilcoxon tests.

All statistical tests were performed in R statistical and com-
puting software (http://www.r-project.org/). Differences were
considered significant with P, .05 for 2-sided tests, while trends
were considered marginally significant at P, .05 in correspond-
ing 1-sided tests.

RESULTS
All 23 aneurysms studied had AWE regions. A total of 72 single-
connected regions were identified in these aneurysms. Most
AWE regions were located in the aneurysm body (n¼ 40, 56%);
the remaining regions were roughly equally distributed at the
dome (n¼ 18, 25%) and neck (n¼ 14, 19%). The median time-
to-inflow of AWE regions was 48% with an SD of 28%.

Results of comparisons of hemodynamic characteristics of the
entire AWE region against the nonenhanced region of the same
aneurysm are presented in the Table. On average, the mean WSS
was lower in AWE regions than in nonenhanced regions
(P¼ .05). Additionally, the WSS divergence was negative (indi-
cating convergence of WSS vectors) and of larger magnitude in
AWE regions than in nonenhanced regions where it was positive
(indicating divergence of WSS vectors) and of smaller magnitude
(P¼ .03).

Average ratios of hemodynamic variables between AWE
regions at different locations over the corresponding nonen-
hanced region of the same aneurysm are presented in the Online
Supplemental Data along with their SDs. This table includes data
for regions at the neck, body, and dome, as well as regions close
and far from the inflow. The P values corresponding to the com-
parisons of these ratios against 1 are also listed in this table where
statistically significant differences are indicated with an asterisk.

AWE regions at the neck had smaller mean gradient oscilla-
tory numbers (P¼ .05), higher (and negative) WSS divergence
(P¼ .05), and higher WSS gradients (P¼ .05) than nonenhanced
regions. In contrast, AWE regions at the body had lower peak
(P¼ .02) and mean (P¼ .01) WSS and lower WSS gradients
(P¼ .008) than nonenhanced regions. Compared with the non-
enhanced regions, AWE regions at the dome also had lower WSS
gradients (P¼ .09), but this trend only reached marginal signifi-
cance. Most interesting, AWE regions far from the inflow had
lowerWSS (pWSS, P¼ .004; mWSS, P¼ .006) than nonenhanced

regions, while AWE regions near the inflow tended to have
higher WSS than nonenhanced regions, but this latter association
did not reach statistical significance.

Comparisons of AWE regions at different locations on the an-
eurysm are presented in the Online Supplemental Data. Regions
at the neck had larger WSS gradient than regions at the body
(P¼ .002) or dome (P¼ .007), while the WSS gradient was not
significantly different between regions in the body and dome.
Additionally, AWE regions near the inflow had larger WSS
(pWSS, P¼ .01; mWSS, P¼ .08) than AWE regions far from the
inflow.

DISCUSSION
Previous studies have reported possible associations between
AWE and low WSS.19,20 In our study, the normalized mean WSS
computed over the entire AWE region was lower than that in the
nonenhanced region. This result is consistent with previous
reports. However, it was noticed that in most of our aneurysms,
the AWE region was not single-connected. Separating them into
connected components revealed that most AWE regions (56%)
were located in the body of the aneurysm, with fewer regions at
the neck (19%) and the dome (25%). Visualizations of the AWE
regions and aneurysm flow dynamics then suggested that AWE
regions at different locations could be exposed to different local
flow conditions. These observations suggest that the aneurysm
sac is composed of different microenvironments with different
stages of histologic response to flow stressors. Wall enhancement
within the aneurysm is not uniform and translates different stages
of aneurysm biology on the basis of location and flow conditions.

As examples, AWE regions and flow visualizations in 4 repre-
sentative aneurysms are presented in Fig 2. Aneurysm 1 has a
region aligned with the inflow jet with higher WSS than the 2
other regions in the flow-recirculation regions. Note that this an-
terior communicating artery aneurysm has 2 daughter sacs
(arrows) that colocalize with regions of AWE and low WSS.
Daughter sacs or “blebs” are known sites of rupture. Aneurysm 2
has a region at the neck near the inflow, another at the neck but
near the outflow, and a third at the dome. Flow conditions at
these locations look qualitatively different. Aneurysm 3 has 2
regions at the neck, one near the inflow and the other near the
outflow; again, WSS and flow conditions look different in these 2
regions. Aneurysm 4 has 1 region at the dome where the inflow
jet impacts the wall and another near the outflow where WSS is

Hemodynamic characteristics (normalized with aneurysm-averaged values) of AWE and nonenhanced regionsa

Variable AWE NoE P 95% CI (Diff)b

pWSS 0.95 [SD, 0.52] 1.02 [SD, 0.07] .18 (–0.051, 0.254)
mWSS 0.87 [SD, 0.21] 1.03 [SD, 0.07] .05c (0.001, 0.273)
OSI 1.96 [SD, 3.67] 0.98 [SD, 0.14] .3 (–0.350, 0.074)
RRT 1.46 [SD, 1.57] 0.98 [SD, 2.10] .15 (–0.324, 0.066)
GON 1.12 [SD, 0.53] 0.99 [SD, 0.07] .81 (–0.173, 0.162)
WSSDIV –2.85 [SD, 6.92] 0.45 [SD, 2.10] .03c (0.170, 5.457)
WSSGRAD 0.95 [SD, 0.48] 1.03 [SD, 0.08] .18 (–0.030, 0.194)

Note:—NoE indicates nonenhanced; OSI, oscillatory shear index; RTT, relative residence time; GON, mean gradient oscillatory number; WSSDIV, mean WSS divergence;
WSSGRAD, mean WSS gradient.
a Values are given as mean [SD] unless otherwise noted.
b 95% confidence intervals of the differences. Mathematic definitions of the variables are provided in Mut et al.26
c Significant differences (P, .05).
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low. These examples illustrate the complex flow conditions that
shape morphologic changes and AWE regions within the
aneurysm.

On the basis of these observations, AWE regions were subdi-
vided depending on their location on the aneurysm and their
“time-distance” to the inflow along streamlines, to test the hy-
pothesis that they may be exposed to different hemodynamic
conditions. Our findings indicate that AWE regions at the neck
near the inflow tend to be exposed to higher WSS, higher and less
oscillatory WSS gradient, and higher but negative WSS diver-
gence (indicating convergence of WSS vectors) compared with
nonenhanced regions. In contrast, AWE regions at the body or
dome or farther from the inflow tend to have lower WSS and
lower WSS gradients (ie, more uniformly lower WSS

distribution) and were more common. These opposite trends
suggest that perhaps different mechanisms are involved in the
processes responsible for the enhancement of regions at these dif-
ferent locations.

The mechanism responsible for AWE remains poorly under-
stood. One possible mechanism is related to infiltration of Gd
into the wall at locations where the endothelium became permea-
ble. Increased endothelial permeability could also favor wall
inflammation. Thus, it has been suggested that AWE is a marker
of wall inflammation.10,11,18 In analyzing 25 unruptured intra-
cranial aneurysms with 7T HR-VWI, we demonstrated a sig-
nificant correlation between circumferential AWE and
contrast enhancement in the parent artery.27 This suggests
an underlying inflammatory/vasculopathic process in the

FIG 2. Sample aneurysms with multiple AWE regions at different locations on the aneurysm (row 1: AWE regions ¼ white contours, neck ¼
pink, body¼ red, dome¼ yellow) and relative to the inflow (rows 2 and 3), which could be exposed to different WSS (row 4).

468 Hadad Mar 2021 www.ajnr.org



wall of the parent vessel that ultimately may lead to aneu-
rysm formation and growth. Endothelial dysfunction in the
aneurysm and parent vessel could be the result of abnormally
low WSS or oscillatory WSS conditions. The pattern of avid
AWE seen in large aneurysms could be explained by the
transport of Gd through the rich network of the vasa vaso-
rum usually seen in these aneurysms.10 Finally, regions of
the aneurysm wall exposed to high WSS and high WSS gra-
dients could also result in local damage to the endothelium28

(perhaps even denudation of the endothelial layer), which
may lead to wall inflammation29 and perhaps intake of Gd.
Further studies will focus on better understanding of these
possible mechanisms of AWE and their potential as bio-
markers for aneurysm instability.

This study is limited by the small sample size and lack of fol-
low-up data because most aneurysms were treated. Further stud-
ies with larger samples should be conducted to confirm the
associations identified here. The ultra-high resolution of 7T MR
imaging allowed identification of AWE in all aneurysms. This
may not be feasible with lower-strength magnets, especially for
aneurysms close to enhancing structures such as the cavernous
sinus or in small aneurysms (#3mm). In these aneurysms, it
may be challenging to isolate the aneurysm boundaries with 3T
MR imaging. Another limitation of the study is that AWE was
not objectively quantified. However, due to the small sample size,
it would have been difficult to identify a specific threshold of
enhancement.

CONCLUSIONS
On average, AWE regions have lower WSS than nonenhanced
regions of the same aneurysm. The association between local flow
conditions and AWE seems to be different for regions located at
the neck and near the inflow than for regions in the aneurysm
body and dome and far from the inflow. Regions in the neck and
near the inflow tend to be exposed to higher WSS and WSS gra-
dients, while regions in the body, dome, or far from the inflow
tend to be exposed to uniformly low WSS. This finding suggests
different mechanisms of AWE for these different regions.
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ORIGINAL RESEARCH
ADULT BRAIN

3D Quantitative Synthetic MRI in the Evaluation of Multiple
Sclerosis Lesions

S. Fujita, K. Yokoyama, A. Hagiwara, S. Kato, C. Andica, K. Kamagata, N. Hattori, O. Abe, and S. Aoki

ABSTRACT

BACKGROUND AND PURPOSE: Synthetic MR imaging creates multiple contrast-weighted images based on a single time-efficient
quantitative scan, which has been mostly performed for 2D acquisition. We assessed the utility of 3D synthetic MR imaging in
patients with MS by comparing its diagnostic image quality and lesion volumetry with conventional MR imaging.

MATERIALS AND METHODS: Twenty-four patients with MS prospectively underwent 3D quantitative synthetic MR imaging and
conventional T1-weighted, T2-weighted, FLAIR, and double inversion recovery imaging, with acquisition times of 9minutes 3 seconds
and 18minutes 27 seconds for the synthetic MR imaging and conventional MR imaging sequences, respectively. Synthetic phase-sen-
sitive inversion recovery images and those corresponding to conventional MR imaging contrasts were created for synthetic MR
imaging. Two neuroradiologists independently assessed the image quality on a 5-point Likert scale. The numbers of cortical lesions
and lesion volumes were quantified using both synthetic and conventional image sets.

RESULTS: The overall diagnostic image quality of synthetic T1WI and double inversion recovery images was noninferior to that of
conventional images (P¼ .23 and .20, respectively), whereas that of synthetic T2WI and FLAIR was inferior to that of conventional
images (both Ps, .001). There were no significant differences in the number of cortical lesions (P¼ .17 and .53 for each rater) or
segmented lesion volumes (P¼ .61) between the synthetic and conventional image sets.

CONCLUSIONS: Three-dimensional synthetic MR imaging could serve as an alternative to conventional MR imaging in evaluating
MS with a reduced scan time.

ABBREVIATIONS: DIR ¼ double inversion recovery; PSIR ¼ phase-sensitive inversion recovery; QALAS ¼ quantification using an interleaved Look-Locker ac-
quisition sequence with a T2 preparation pulse

MS is a chronic, immune-mediated, demyelinating disorder

of the CNS that usually affects young adults and leads to

chronic disability.1,2 The diagnostic criteria for MS are based on

the lesion number, size, and location.3 Although diffuse periven-

tricular lesions are most commonly observed, previous studies

have shown that the cortical and juxtacortical lesion load is asso-

ciated with cognitive impairment.4,5 Additionally, the detection

of cortical and juxtacortical lesions may contribute to early diag-

nosis because these lesions are characteristic of MS. MR imaging

plays an integral role in the diagnosis and management of

patients with MS through the in vivo detection and characteriza-

tion of lesions. Although MR imaging is highly sensitive in

detecting periventricular lesions and is considered as a standard

biomarker in the monitoring of treatment response,6 conven-

tional MR imaging techniques have a relatively low sensitivity for

detecting (juxta)cortical lesions. Phase-sensitive inversion recov-

ery (PSIR) and double inversion recovery (DIR) are recently

developed imaging techniques useful for detecting MS lesions,

especially (juxta)cortical ones.7,8 The PSIR preserves the positive

and negative polarities of tissues as they recover from the inver-

sion pulse, thus providing a T1-weighted contrast with higher
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SNR and GM-WM contrast. DIR is an imaging technique that

suppresses both WM and CSF signals, thus significantly increas-

ing lesion conspicuity in both GM and WM compared with

FLAIR or T2-weighted images. PSIR and DIR have been shown

to improve sensitivity compared with FLAIR or T2-weighted

images in the detection of cortical lesions. However, the addi-

tional scanning time associated with PSIR and DIR has hindered

the use of these techniques in clinical practice. Thus, a rapid

imaging technique that can acquire these contrast-weighted

images with high spatial resolution is desired.
Quantitative synthetic MR imaging is a time-efficient MR

imaging technique that enables simultaneous quantification of T1
and T2 relaxation times and proton attenuation and allows the
creation of any contrast-weighted image, including DIR and
PSIR, without additional scanning time.9–13 Previous studies
have shown that synthetic MR imaging is useful for detecting and
characterizing MS lesions.10,11,14 However, these studies were
based on a multisection 2D acquisition, providing a relatively low
resolution in the section direction. 3D quantitative synthetic MR
imaging, enabling the simultaneous quantification of T1, T2, and
proton attenuation of the whole brain in 3D,15–17 with smaller
section thickness, should allow for more detailed delineation of
MS lesions. With the combination of high spatial resolution 3D
acquisition and DIR as well as PSIR contrasts, 3D quantitative
synthetic MR imaging could serve as a clinically useful technique
for monitoring MS lesions.

Here, we assessed the utility of the recently developed 3D
quantitative synthetic MR imaging for evaluating MS lesions by
comparing the synthetic and conventional MR image sets. We
hypothesized that 3D synthetic MR imaging would have a com-
parable diagnostic quality with that of a conventional image set
(including 3D FLAIR and DIR) while shortening the total acqui-
sition time.

MATERIALS AND METHODS
Study Participants
This study complied with the Declaration of Helsinki and the
Health Insurance Portability and Accountability Act and was
approved by the local institutional review board. Written informed
consent was obtained from all participants. In this single-center pro-
spective study, 24 patients with MS diagnosed by the McDonald

criteria18 were recruited between May 2018 and September
2018. The exclusion criteria comprised contraindications to MR
imaging, such as metallic implants, claustrophobia, or tattoos.

MR Imaging Settings
All participants were scanned on a 1.5-T scanner (A patched
R5.3.0 Ingenia; Philips Healthcare) with a 12-channel head coil.
3D quantitative imaging was performed with 3D-quantification
using an interleaved Look-Locker acquisition sequence with a T2
preparation pulse (3D-QALAS) sequence.16,17 The 3D-QALAS
sequence produces 5 raw images that are used to fit relaxation
curves based on a least-squares approach. From these quantitative
maps, synthetic MR images could be generated by setting arbi-
trary TRs, TEs, and TIs. 3D-QALAS and conventional imaging
(3D T1WI, 2D axial T2WI, 3D FLAIR, and 3D DIR) were per-
formed in the same session on all participants. The acquisition
parameters of the sequences are shown in Table 1. Synthetic 3D
T1WI, 3D T2WI, 3D FLAIR, 3D PSIR, and 3D DIR images were
generated on synthetic MR imaging software (SyMRI version
0.45.14; SyntheticMR) by virtually setting TR, TE, and TI as fol-
lows: T1WI, 650/10/- ms; T2WI, 4500/100/- ms; FLAIR, 15,000/
75/3000ms; DIR, 15,000/100/3600ms; and PSIR, 6000/10/500ms.
All images were visually inspected by a radiologic technologist
for gross movement artifacts.

Qualitative Assessments
All images were independently reviewed on a standard DICOM
viewer, capable of window level and width adjustment and multi-
planar reformation, by 2 neuroradiologists (C.A. and S.K.) with
10 and 6 years of experience, respectively. The readers were
blinded to all clinical information to minimize bias. For each par-
ticipant, conventional and synthetic images were assessed during
2 separate reading sessions with a 5-week memory-washout inter-
val. Patients with MS were randomly assigned to 1 of the follow-
ing groups: for the first group, a set of synthetic images (eg, 3D
T1WI, 3D T2WI, 3D FLAIR, 3D DIR, and 3D PSIR) was pre-
sented in the first session and a set of conventional images (eg,
3D T1WI, 2D T2WI, 3D FLAIR, and 3D DIR) in the second ses-
sion and vice versa for the second group. Each session included
either all synthetic or all conventional contrast-weighted images
from a case. In each reading session, the raters evaluated 3

Table 1: Acquisition parameters for 3D-QALAS and conventional MR imaging sequences
Parameters 3D-QALAS 3D T1WI 3D FLAIR 3D DIR TSE T2WI

Acquisition plane 3D axial 3D sagittal 3D sagittal 3D sagittal 2D axial
Image matrix 192� 192 256� 256 208� 208 176� 174 368� 230
FOV (mm) 256 256 256 250 230
Section thickness (mm) 1.3 1 1.2 1.5 5
Voxel size (mm) 1.3� 1.3� 1.3 1.0� 1.0� 1.0 1.2� 1.2� 1.2 1.4� 1.4� 1.5 0.6� 1.0
TR (ms) 6.2 8.2 4800 5500 4082
TE (ms) 2.8 3.8 371 306 90
TI (ms)

a

– 1660 2510/480 –

Flip angle (degree) 4 10 90 90 90
Bandwidth (Hz/pixel) 249 191 910 1076 167
Averages 1 1 1 2 3
Scanning time 9:06 6:20 5:22 5:03 1:42

Note: — – indicates no value.
a Inversion delay times, 100ms, 1000ms, 1900ms, and 2800ms; T2 prep echo time, 100ms.
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metrics, which were overall image quality, structural delineation,
and (juxta)cortical lesion count.

Overall Image Quality
The overall image quality was scored for each contrast-weighted
image on a 5-point Likert scale, as follows: 1, unacceptable; 2,
poor; 3, acceptable (acceptable for diagnostic use but with minor
issues); 4, good; and 5, excellent. For each contrast-weighted
image, readers recorded whether any of the following artifacts
were present: truncation and ringing artifacts, aliasing artifacts,
chemical shift artifacts, and any other artifacts (eg, spike noise,
banding, and blurring).19

Structural Delineation
The structure delineation scoring was performed in addition to
overall image quality scoring, intending to provide specific infor-
mation about detailed visualization of anatomic regions. Each
target structure was rated on a 5-point Likert scale as follows: 1,
not visible; 2, not easily detectable (not easily differentiable from
neighboring structures); 3, detectable (subtle differentiation from the
neighboring structure); 4, easily delineated (easily differentiated
from the neighboring structure); and 5, excellent delineation. The
target structures includedMS lesions, central sulcus, head of the cau-
date nucleus, posterior limb of the internal capsule, cerebral
peduncle, and middle cerebellar peduncle. This approach was a
modified version of the method used by Tanenbaum et al.20

Cortical Lesion Count
We did not distinguish between cortical and juxtacortical lesions as
per current imaging criteria for MS.18 For simplicity, we therefore
referred to both types of lesions as cortical lesions. Cortical lesions
larger than 3mm in diameter were counted by 2 neuroradiologists
using all contrast-weighted images of either the synthetic or conven-
tional image sets. Each detected lesion was retrospectively validated
on all available imaging data by the other 2 neuroradiologists (S.F.
and A.H., with 6 and 11years of experience, respectively) in consen-
sus to exclude false-positive lesions.

Quantitative Assessment
Lesion Volume Segmentation. Because periventricular lesions
were often diffuse or confluent, they were not manually counted
and were assessed with semiautomated lesion segmentation.
Lesions were segmented on 3D conventional and synthetic
FLAIR images using the lesion probability algorithm imple-
mented in the Lesion Segmentation Toolbox 2.0.12 (Technische
Universitat Munchen) running under Statistical Parametric
Mapping (https://www.fil.ion.ucl.ac.uk/spm).21 A neuroradiolo-
gist (S.F.) performed manual corrections of the automatically seg-
mented lesions. The total volume of the lesions was calculated by
each of the synthetic and conventional FLAIR imagings. The
Dice similarity coefficient of lesion maps was calculated between
the segmentation results of synthetic images and those of conven-
tional images. The Dice similarity coefficient represents the per-
centage of spatial overlap between 2 binary segmentation results,
which is defined as

Dice similarity coefficient A; Bð Þ ¼ 2ðA \ BÞ
ðAþ BÞ

in which A and B are target segmentations and \ is the intersec-
tion.22 The value of the Dice similarity coefficient ranges from 0
to 1, with higher values indicating more overlap between the 2
segmentations.

Statistical Analysis
All statistical analyses were performed on the R program version
3.3.0 (http://www.r-project.org/). The nonparametric Wilcoxon
signed rank test was used to compare qualitative (overall image
quality, structural delineation, and lesion count) and quantitative
scores (lesion volume) between synthetic and conventional
images. Interrater reliability for categoric data between readers
were assessed by the Kendall coefficient of concordance.23 Agree-
ment between lesion volumes obtained with synthetic and conven-
tional imaging were also assessed by interclass correlation coeffi-
cient. A P value of,.05 was considered statistically significant.

RESULTS
Among the 24 patients with MS, 1 patient showed severe move-
ment artifacts on both 3D-QALAS and conventional imaging
and was excluded from the study. The demographic details of the
patients in this study are listed in Table 2. Fig 1 shows representa-
tive examples of 3D synthetic and conventional images of a
patient with MS.

Qualitative Assessment
Overall Image Quality. Because the interclass correlation coeffi-
cient of overall image quality between the 2 readers was high
(0.883), the results were pooled for analysis. Fig 2 shows a com-
parison of overall image quality between synthetic and conven-
tional MR imaging. Considering all contrast views, 97.8% (225/
230) of the synthetic contrast-weighted images and 100% (184/
184) of the conventional images were rated as $3 on the 5-point
Likert scale. The overall diagnostic image quality of synthetic
T1WI and DIR images was statistically noninferior to that of con-
ventional images (P¼ .23 and .20, respectively). The image qual-
ity of synthetic T2WI and FLAIR was statistically inferior to that
of conventional images (both Ps, .001). Of the synthetic PSIR
images, 95.6% (44/46) were rated 4 (good) or 5 (excellent). High-
signal artifact on the brain surface on synthetic FLAIR images
(Online Supplemental Data) and DIR images (Online Supplemental
Data) were observed in 13.0% (3/23) and 17.4% (4/23) of the cases,

Table 2: Demographics of patients with MS (n= 23)
Characteristics Findings

Participants (n) 23
Sex (male/female) 6/17
Age (years) 41.3 6 9.8 (range, 19–59)
Disease duration (years) 10.1 6 5.2
Subtype (RR/SP/PP) 20/1/2
EDSS score (range) [0, 8.5] (median 1.5)

Note—EDSS indicates Expanded Disability Status Scale; PP, primary-progressive;
RR, relapsing-remitting; SP, secondary-progressive.
Data are shown as mean 6 SD unless otherwise specified.
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respectively. A ring-shaped artifact was observed on the brain sur-
face in 8.7% (2/23) of cases in synthetic MR imaging (Online
Supplemental Data).

Structural Delineation. Regarding lesion delineation, 98.7%
(227/230) of the synthetic contrast-weighted images and 98.9%
(182/184) of the conventional images were rated as $3 on the 5-
point Likert scale, considering all contrast views (Fig 3). All
images rated 2 were either synthetic T2WI (2/46) or synthetic
FLAIR (1/46); no images were rated as 1. The lesion delineation

of synthetic T2WI and FLAIR was statistically inferior to that of
conventional images (both Ps, .001), whereas no significant dif-
ference was found for T1WI and DIR between synthetic and con-
ventional images.

Considering all evaluated brain structures (ie, the central
sulcus, head of the caudate nucleus, posterior limb of the in-
ternal capsule, cerebral peduncle, and middle cerebellar
peduncle) across all contrast views, 98.1% (1128/1150) of the
synthetic contrast-weighted images and 98.8% (909/920) of
the conventional images were rated as $3 on the 5-point
Likert scale (Fig 3). The contrast views that were rated 2 for
any of the structures were either synthetic T2WI (14/230),
synthetic FLAIR (8/230), or conventional DIR (11/230); no
images were rated as 1.

Cortical Lesion Counts. The interobserver reproducibility
between the 2 readers for the number of detected cortical lesions
was assessed. The interclass correlation coefficient of synthetic
MR imaging was 0.90 (95% CI, 0.76–0.96); that of conventional
MR imaging was 0.87 (95% CI, 0.69–0.94). Fig 4 shows a repre-
sentative cortical lesion depicted by conventional and synthetic
imaging. The cortical lesion counts with synthetic and conven-
tional image sets were 2.9 6 3.3 (range, 0–11) and 3.4 6 3.7
(range, 0–11) by reader 1 and 2.3 6 2.7 (range, 0–8) and 2.2 6

3.1 (range, 0–11) by reader 2. Three false-positives were found in
both the synthetic and conventional image sets. There was no sig-
nificant difference in the number of cortical lesion counts
between the synthetic and conventional image sets (P¼ .17 and
.53 for each rater).

Quantitative Assessment
Lesion Volume Assessment. Fig 5 illustrates a representative MS
lesion segmentation map on conventional and synthetic images.
There was no significant difference in the segmented lesion vol-
umes between synthetic and conventional images: 12.0 6 10.9

FIG 1. Representative examples of quantitative synthetic (A) and conventional (B) MR imaging in a 35-year-old woman with MS. The overall
image quality of synthetic T1WI, T2WI, FLAIR, DIR, and PSIR were scored as 5, 3, 3, 5, and 5 by reader 1 and 5, 3, 4, 5, and 5 by reader 2. All of the
conventional contrast-weighted images were scored as 5 by both readers.

FIG 2. Comparison of overall image quality for conventional and syn-
thetic MR imaging in patients with MS. Each contrast-weighted image
in 23 patients was rated on a 5-point Likert scale by 2 readers.
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(range, 1.4–35.7) and 12.2 6 11.9 (range, 0.8–41.0) mL, respec-
tively (P¼ .61). The interclass correlation coefficient of the seg-
mented lesion volumes was 0.98 (95% CI, 0.97–0.99), indicating
excellent agreement. The Dice similarity coefficient of lesion
maps between the synthetic and conventional MR imaging
among all patients was 0.726 0.07.

DISCUSSION
In this study, we evaluated the image quality and utility of 3D syn-
thetic MR imaging in the assessment of MS lesions in both qualita-
tive and quantitative approaches. To the best of our knowledge,
this article is the first report of a clinical evaluation of 3D synthetic
MR imaging. The time-efficient acquisition of synthetic imaging
enabled the shortening of total acquisition time by 51% (9minutes,
3 seconds and 18minutes, 27 seconds for 3D-QALAS and conven-
tional sequences, respectively) while maintaining enough image
quality for both cortical lesion counts and quantitative lesion volu-
metric analysis. The acquisition time of 3D-QALAS is even shorter
than that of the combination of T1-weighted, T2-weighted, and
FLAIR images, which were recently reported to be used for creat-
ing 3D DIR images with deep learning.24

FIG 4. Example of an MS cortical lesion (arrows) in synthetic PSIR (A)
and DIR (B) images. Conventional T1WI (C) and DIR (D) images are shown
for reference. (Left) axial, (middle) coronal, and (right) sagittal views.

FIG 3. Comparison of structural delineations between conventional and synthetic MR imaging in patients with MS. Each target structure in 23
patients was rated for each contrast-weighted image on a 5-point Likert scale by 2 readers.
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Although the image quality of synthetic T2WI and FLAIR
images was inferior to that of the conventional contrast-weighted
images, there was no significant difference in the number of
detected cortical lesions and automatically segmented lesion vol-
umes. These findings support the notion that 3D synthetic imag-
ing could provide essential information for clinical evaluation of
MS lesions. Despite the inevitable trade-off between imaging time
and image quality, 3D synthetic MR imaging is a promising
method for achieving accelerated acquisition while retaining clin-
ical utility.

Several artifacts were reported in the reading session. The
high-signal artifact on the brain surface on synthetic FLAIR
images is consistent with that reported in 2D imaging and
seems to be caused by a partial volume effect.12 This artifact
may mimic subpial lesions located at the cortex–CSF inter-
face or make it difficult to identify them. Because no subpial
lesion was observed in this study both on synthetic and con-
ventional images, the sensitivity and specificity of synthetic
MR imaging to subpial lesions remain unclear. The relatively
inferior image quality of synthetic T2WI and FLAIR images
is desired to be solved for synthetic MR imaging to be used in
routine clinical imaging protocols.12 For 2D synthetic FLAIR,
deep learning has been reported to be useful for improving
the image quality of synthetic FLAIR while reducing arti-
facts.25 In this study, a ringing artifact was observed on the
brain surface, which was also seen in the original 3D-QALAS
images. These findings indicate that this artifact was not
caused by the process of image synthesis but rather propa-
gated from the artifacts presenting in the original images to
all the contrast-weighted images that were synthesized from
the original images. Although readers rated conventional
DIR superior to synthetic DIR for overall image quality, they
preferred synthetic DIR for structural delineation. One possi-
ble reason for this discrepancy is that the readers were accus-
tomed to the appearance of conventional contrast-weighted
images, and hence they may have rated familiar conventional
DIR images high in terms of overall image quality.

3D acquisition can provide thin continuous sections, which
reduces the effects of partial volume averaging. Datasets of iso-
tropic voxel size permit multiplanar reformations, allowing
lesions to be viewed in any conventional axial, sagittal, and coro-
nal plane and an oblique reformatted plane after a single acquisi-
tion. Furthermore, image synthesis is not limited to 3D-QALAS
and could be applied to other multiparametric approaches, such
as MR fingerprinting. In addition to the quantitative values, this
produces contrast-weighted images that allow radiologists to fully
use their knowledge and abilities for diagnosis. The synthesis of
MRA from 3D-QALAS data is also feasible.26

One of the strengths of synthetic MR imaging that remains to
be studied is the possibility of adjusting the synthetic TR, TE, and
TI parameters to optimize them for each pathology, which has
been shown in 2D synthetic MR imaging.11 Although we have
used preset parameters for creating synthetic images in this study,
optimization of the contrast may improve the detection and
delineation of lesions over conventional imaging. This could
potentially lead to an early and accurate diagnosis of MS based
onMR imaging. Another strength of 3D-QALAS is that it obtains
not only multiple contrast images for visual assessment but also
quantitative maps that could be useful for personalized or preci-
sion medicine.27 Blystad et al28 reported that contrast-enhancing
MS lesions have significantly lower T1, T2, and proton density
than nonenhancing lesions. This raises the possibility of predict-
ing active lesions without gadolinium-based contrast agents.

The study limitations include the relatively small sample size
and single-center design. Future multicenter studies evaluating
the diagnostic accuracy of synthetic MR imaging in a large cohort
are desired before its introduction into clinical practice. Another
limitation is that the in-plane resolution of 1.30mm in this study
was lower than the recommended in-plane resolution of 1.0mm
described in the MAGNIMS guidelines.29 A 3T scanner could
increase signal-to-noise ratio, enabling improved in-plane resolu-
tion. Combining with techniques such as compressed sensing30

may further increase the resolution with comparable or shorter
scanning times.

FIG 5. Representative examples of lesion segmentation in a 35-year-old woman with MS. Lesions were automatically segmented on synthetic
and conventional FLAIR images. The segmented lesions are overlaid on the images used for segmentation. A, Lesions overlaid on 3D synthetic
FLAIR images. B, Lesions overlaid on conventional 3D FLAIR images. Minimal differences are observed between segmented lesions of 3D syn-
thetic and conventional FLAIR images.
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CONCLUSIONS
3D synthetic MR imaging of the brain enables the creation of use-
ful contrast-weighted images, including DIR and PSIR, in a single
acquisition, thus reducing scanning time compared with conven-
tional MR imaging. The synthetic contrast-weighted images were
inferior in image quality but comparable in diagnostic power to
those acquired by conventional MR imaging in patients with MS.
3D synthetic MR imaging may be considered an alternative to
conventional MR imaging for generating diagnostic T1-weighted,
DIR, and PSIR images, but synthetic T2-weighted and FLAIR
images are currently unsatisfactory.
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ORIGINAL RESEARCH
ADULT BRAIN

Quantification of Oscillatory Shear Stress from
Reciprocating CSF Motion on 4D Flow Imaging

S. Yamada, H. Ito, M. Ishikawa, K. Yamamoto, M. Yamaguchi, M. Oshima, and K. Nozaki

ABSTRACT

BACKGROUND AND PURPOSE:Oscillatory shear stress could not be directly measured in consideration of direction, although cere-
brospinal fluid has repetitive movements synchronized with heartbeat. Our aim was to evaluate the important of oscillatory shear
stress in the cerebral aqueduct and foramen magnum in idiopathic normal pressure hydrocephalus by comparing it with wall shear
stress and the oscillatory shear index in patients with idiopathic normal pressure hydrocephalus.

MATERIALS AND METHODS: By means of the 4D flow application, oscillatory shear stress, wall shear stress, and the oscillatory
shear index were measured in 41 patients with idiopathic normal pressure hydrocephalus, 23 with co-occurrence of idiopathic nor-
mal pressure hydrocephalus and Alzheimer-type dementia, and 9 age-matched controls. These shear stress parameters at the cere-
bral aqueduct were compared with apertures and stroke volumes at the foramen of Magendie and cerebral aqueduct.

RESULTS: Two wall shear stress magnitude peaks during a heartbeat were changed to periodic oscillation by converting oscillatory shear
stress. The mean oscillatory shear stress amplitude and time-averaged wall shear stress values at the dorsal and ventral regions of the cer-
ebral aqueduct in the idiopathic normal pressure hydrocephalus groups were significantly higher than those in controls. Furthermore, those
at the ventral region of the cerebral aqueduct in the idiopathic normal pressure hydrocephalus group were also significantly higher than
those in the co-occurrence of idiopathic normal pressure hydrocephalus with Alzheimer-type dementia group. The oscillatory shear stress
amplitude at the dorsal region of the cerebral aqueduct was significantly associated with foramen of Magendie diameters, whereas it was
strongly associated with the stroke volume at the upper end of the cerebral aqueduct rather than that at the foramen of Magendie.

CONCLUSIONS: Oscillatory shear stress, which reflects wall shear stress vector changes better than the conventional wall shear
stress magnitude and the oscillatory shear index, can be directly measured on 4D flow MR imaging. Oscillatory shear stress at the
cerebral aqueduct was considerably higher in patients with idiopathic normal pressure hydrocephalus.

ABBREVIATIONS: AD ¼ Alzheimer-type dementia; iNPH ¼ idiopathic normal pressure hydrocephalus; OSI ¼ oscillatory shear index; OSS ¼ oscillatory shear
stress; TAWSS ¼ time-averaged wall shear stress; WSS ¼ wall shear stress

Impaired CSF absorption might be caused by increased CSF vol-
ume in idiopathic normal pressure hydrocephalus (iNPH); how-

ever, its etiology has not been elucidated. Stroke volume at the
cerebral aqueduct has been reported to be considerably increased
in most patients with iNPH.1-9 Our previous study on 4D flowMR

imaging revealed that patients with iNPH had significantly
increased reciprocating bidirectional CSF movements and flow-
related bimodal high wall shear stress (WSS), a force vector pro-
duced by the fluid flow acting tangentially on the wall surfaces at
the cerebral aqueduct in 1 cardiac cycle.10 Moreover, high time-
averaged wall shear stress (TAWSS) due to bidirectional CSF
movements at the cerebral aqueduct was significantly associated
with z-axial expansion of the frontal horn of the lateral ventricles
in iNPH. WSS is known to regulate vessel caliber and influences
the development of vascular pathologies.11-20 Oscillating flow dy-
namics, specifically turbulent or disturbed flow, has been noticed
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in the pathogenesis of flow-mediated arterial dilation or atheroscle-
rosis.11-20 Oscillating low WSS due to turbulent flow at the arterial
bifurcation is associated with atherosclerotic plaque,11,16-18 whereas
chronic highWSS contributes to expansive or outward remodeling
of vessels in response to a sustained increase in flow.19,20

In the CSF dynamics, the normal CSF movements generated
by the directional beating of motile cilia on the ependymal cells
lining the ventricular surface maintain a calm environment in the
ventricles; however, increased reciprocating bidirectional CSF
movements might induce the disruption of motile cilia and epen-
dymal gliosis, which has been shown to be directly associated
with ventriculomegaly.21-26 Therefore, we hypothesized whether
oscillatory shear stress (OSS) due to bidirectional CSF move-
ments at the cerebral aqueduct may also be associated with the
size of the cerebral aqueduct and ventricles in iNPH. However,
OSS could not be directly measured, which was different from
the conventional WSS magnitude without direction information
or the oscillatory shear index (OSI), indicating direction changes.
Therefore, a novel method to directly measure OSS using 4D
flow MR imaging was successfully developed. This study aimed
to evaluate the significance of OSS at the cerebral aqueduct and
foramen of Magendie in iNPH by comparing it with the conven-
tional WSS magnitude and OSI. Furthermore, shear stress pa-
rameters were compared with apertures and stroke volumes at
the foramen of Magendie and cerebral aqueduct among patients
with iNPH only, patients with co-occurrence of iNPH and
Alzheimer-type dementia (AD), and age-matched controls.

MATERIALS AND METHODS
The ethics committees for human research of Rakuwakai Otowa
Hospital approved the study design and protocol (Nos. Rakuoto-
Rin-17–041 and R2019-227). After obtaining written informed con-
sent from patients or their relatives, the private information was
anonymized in a linkable manner. Data collection, anonymization,
image acquisition, and data-processing methods of 4D flow
MR imaging were described in our previous study.10 In brief,
64 patients diagnosed with iNPH and 9 age-matched controls
who underwent MR imaging examinations from January 28,
2017, to August 30, 2019, using a 3T MR imaging system
(Magnetom Skyra; Siemens) were included in this study. All
patients with iNPH had gait disturbance, cognitive impair-
ment, and/or urinary incontinence, which improved after the
CSF tap test, and ventricular dilation, an enlarged Sylvian fis-
sure, and narrow sulci at the high convexity on conventional
CT or MR imaging. A total of 23 patients with iNPH also had
clinical AD based on the comprehensive assessment of their
symptoms and findings on MR imaging and SPECT.
Furthermore, 9 participants 60 years of age or older were
recruited as controls because they had no symptoms of a
short-stepped gait and/or cognitive impairment.

The time-resolved 3D velocity-encoding data were obtained
from the 4D flow MR imaging sequence with 5 cm/s of velocity
encoding and synchronizing the peripheral pulse rate measured
from the finger (TR, 100 ms; TE, 9 ms; flip angle, 8°; FOV,
200mm; matrix, 192� 192; and voxel size, 1.0� 1.0� 1.3mm).
The image range was obtained in the midsagittal plane with a
width of 30mm (1.26mm� 24 slices) from the bilateral foramina

of Monro to the upper cervical subarachnoid spaces. All 4D flow
analyses were conducted using the 4D flow application in an in-
dependent 3D volume analyzer workstation (Synapse 3D;
Fujifillm Healthcare). To increase the accuracy of fine anatomic
information of ,1mm, we used volumetric data on a T2-
weighted 3D spin-echo sequence with sampling perfection with
application-optimized contrasts by using different flip angle
evolution (SPACE sequence; Siemens). Sequence parameters
(TR, 2800 ms; TE, 286 ms; FOV, 230mm; matrix, 192� 192;
and voxel size, 0.6� 0.6� 0.9mm) were superimposed on 3D
phase images using a trilinear interpolation algorithm, and a
3D polygon mesh of ventricles and subarachnoid spaces was
created from this high-resolution volumetric data using a
marching cubes algorithm (Online Supplemental Data). In all
4D flow analyses, stress parameters were measured after con-
firming the absence of phase aliasing or motion artifacts. The
anterior-posterior diameters of the foramen of Magendie, the
lower and upper ends of the cerebral aqueduct, and the mid-
brain were measured on the midsagittal plane of T2-weighted
3D SPACE MR imaging (Online Supplemental Data).

The 3D flow velocities (centimeters/second) and volumes
(milliliters/second) of the reciprocating CSF movements through
12 ROIs were measured from the bilateral foramina of Monro to
the lower end of the second cervical vertebra. The stroke volume
was calculated by adding the absolute forward and backward CSF
flow volumes, and reversed flow rate (%) by the absolute back-
ward flow volume divided by the absolute forward flow volume.
The surface mesh of CSF spaces was generated by increasing the
image resolution and applying maximum smoothing, with an

FIG 1. Schema explaining OSS: u (n) is the angle between~T and~t nð Þ
in the nth phase~t (n)

d u nð Þ½ � : þ1ð�90�,u nð Þ,90�Þ
�1ð90�,u nð Þ,270�Þ ;

�

Where ~T :

XN

n¼1
~t nð Þ

N indicates a vector of TAWSS, and
~t nð Þ : m D~v nð Þ

Dz indicates a vector of WSS.
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interpolation of a one-fourth interval and a decimation rate
of 50%.

Shear Stress Parameters
The conventional WSS vector in the nth phase ~t (n) (N/m2) was
calculated as

~t nð Þ ¼ m
D~v nð Þ
Dz

;

where Dz was the distance perpendicular to the wall, D~v nð Þ was
the flow velocity vector in the nth phase parallel to the wall
separate from Dz, and m was the dynamic viscosity. In this
study, Dz was set at 0.8mm considering the resolution and av-
erage diameter of the cerebral aqueduct, and m was set 1.0 -
� 0.001 (pascal � second) based on the CSF modeled as an
incompressible Newtonian fluid with hydrodynamic charac-
teristics of water.

The WSS magnitude j~t nð Þj was defined as an absolute value
without direction information.

To evaluate the cumulative effect of WSS vector during 1
heartbeat, we calculated the TAWSS vector~T as

~T ¼

XN

n¼1
~t nð Þ

N
;

where N was the total number of phases during 1 cardiac cycle
and TAWSS magnitude ~jTj was defined as a scalar quantity of
the TAWSS vector.

The angle between the nth phase direction of the WSS vector

and the TAWSS vector as the principal axis was defined as u (n),

and the scale for converting u (n) into a

binary value of11 or�1 was defined as

d u nð Þ½ �, calculated as

d u nð Þ½ � ¼ þ1ð�90�,u nð Þ,90�Þ
�1ð90�,u nð Þ,270�Þ ;

�

where d uð Þ ¼ 11 indicates the same
direction as~T and d uð Þ ¼ �1 indicates a
180° opposite direction. As shown in Fig
1, the WSS magnitude multiplied by 11
or�1 was defined as OSS calculated as

OSS ¼ ~jt nð Þj � d u nð Þ½ �:

The OSS amplitude was calculated as
the maximum minus the minimum OSS
value.

OSI that monitors the direction
changes of the WSS vector during 1 car-
diac cycle was calculated as

OSI ¼ 1
2

1�

����
XN

n¼1
~t nð Þ

����XN

n¼1

~jt nð Þj

8>>><
>>>:

9>>>=
>>>;
:

The OSI ranges from 0 to 0.5, where 0 indicates a complete
unidirectional flow and 0.5 indicates oscillatory flow only.

The WSS magnitude and OSI were automatically calculated
per pixel and displayed on the 3D surface display using a scalable
color map of the 4D flow application on Synapse 3D.

Data and codes used in this study are not available within the
public domain because of the commercially available workstation.

The WSS magnitude, OSS, and OSI were automatically meas-
ured using 5 dotlike ROIs with the highest WSS magnitude at the
ventral (ROI 1) and dorsal (ROI 2) regions of the foramen mag-
num and dorsal (ROI 3) and ventral (ROI 4) regions of the cere-
bral aqueduct and interpeduncular cistern (ROI 5).

Statistical Analysis
The Kruskal-Wallis rank sum test was used to compare the mean
values [SD] for age and several MR imaging measurements
among the 3 groups. In addition, the Wilcoxon rank sum test was
used to compare continuous variables between patients with
iNPH with co-occurrence of iNPH and AD or controls. The
Fisher exact test was used to compare the 3 proportions. The
Pearson correlation coefficient (r) and 95% CI were used to deter-
mine relationships between shear stress and morphologic param-
eters or stroke volume. Statistical significance was assumed at a P
value , .05. All missing data points were treated as deficit data
that did not affect other variables. Statistical analyses were per-
formed using R statistical and computing software (Version 3.6.2;
http://www.R-project.org).

RESULTS
During 1 cardiac cycle, the CSF moved in the craniocaudal and
caudocranial directions periodically through the cerebral

FIG 2. Oscillation of WSS due to bidirectional CSF flow through the cerebral aqueduct. The
numbers 1, 2, and 3 demonstrate temporal changes of the reciprocating CSF motion during 1 car-
diac cycle in a 77-year-old man diagnosed with iNPH. The colored path lines (lower figures)
show the flow as a moving trajectory of the virtual particle through the middle part of the cere-
bral aqueduct in 1 heartbeat. The color and length of 3D streamlines (upper figures) indicate the
flow velocity as pink for fast and blue for slow. The sampling interval of streamlines and path
lines was set at 0.2 mm after the trilinear interpolation. The arrows indicate the WSS vector pro-
duced by the flow parallel to the wall surface. The size and direction of the arrows indicate the
magnitude and direction of the WSS vector. Temporal changes of the WSS vector at the dorsal
region (yellow arrows) were larger than those at the ventral region (white arrows).
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aqueduct (Fig 2 and Online Supplemental Data). Bidirectional
CSF movements at the dorsal region of the cerebral aqueduct
were larger than those in the ventral region in patients with
iNPH. Chronologic WSS magnitude changes in the dorsal region
of the cerebral aqueduct were also larger than those in the ventral
region due to bidirectional CSF movements (Fig 3 and Online

Supplemental Data). The distribu-
tion of WSS magnitude (Fig 3A)
was somewhat different from that
of the OSI (Fig 3B). The bimodal
high WSS magnitude in Fig 3C at
the dorsal region of the foramen
magnum (ROI 2) and cerebral aq-
ueduct (ROI 3) was changed to the
periodic oscillation by converting
OSS (Fig 3D). In other words, 1 of
the 2 WSS magnitude peaks during
a heartbeat was converted to the
negative OSS.

A total of 73 participants com-
prising 41 patients diagnosed
with iNPH only, 23 with co-
occurrence of iNPH and AD,

and 9 age-matched controls were included in this study
(Table 1).

The difference in mean OSS amplitude, TAWSS, and OSI at
the ventral (ROI 1) and dorsal (ROI 2) regions of the foramen
magnum and interpeduncular cistern (ROI 5) was not significant
among the 3 groups. Therefore, the amplitude, maximum, and

FIG 3. Distributions and fluctuations of shear stress parameters per heartbeat in iNPH. The colored surfaces in the ventricles show the distribu-
tion of WSS magnitude (A) and OSI (B) in the same patient with iNPH, as shown in Fig 2. Red indicates high and blue indicates low. Line-graphs C
and D show chronologic changes of WSS magnitude and OSS at the dorsal region of the foramen magnum (ROI 2, yellow) and dorsal (ROI 3,
red) and ventral (ROI 4, blue) regions of the cerebral aqueduct in 1 cardiac cycle. Considering the shear stress direction, these changes were com-
pletely different.

Table 1: Clinical and morphologic characteristics of the study populationa

iNPH Only iNPH with AD Control P Value
Total number 41 23 9
Male/female 28:13 13:10 4:5 .332
Age (yr) 78.2 [SD, 6.62] 79.8 [SD, 5.83] 75.7 [SD, 5.70] .207
Anteroposterior diameter (mm)
Foramen of Magendie 5.72 [SD, 1.77] 5.88 [SD, 2.04] 2.02 [SD, 0.44] ,.001
Lower end of cerebral aqueduct 4.44 [SD, 0.87] 4.25 [SD, 1.41] 2.23 [SD, 0.70] ,.001
Upper end of cerebral aqueduct 3.65 [SD, 0.66] 3.45 [SD, 0.73] 2.30 [SD, 0.54] ,.001
Midbrain 8.56 [SD, 0.88] 8.43 [SD, 0.92] 9.32 [SD, 1.57] .230
Stroke volume (mL/heartbeat)
Foramen of Magendie 32.9 [SD, 22.6] 37.4 [SD, 37.6] 21.1 [SD, 11.7] .448
Lower end of cerebral aqueduct 37.6 [SD, 28.9] 39.6 [SD, 43.7] 17.8 [SD, 13.0] .083
Upper end of cerebral aqueduct 49.0 [SD, 33.3] 52.6 [SD, 32.5] 18.9 [SD, 10.5] .002
Foramina of Monro 96.5 [SD, 41.0] 97.8 [SD, 39.1] 62.8 [SD, 44.6] .042

a Data are means. P value is from the Kruskal-Wallis rank sum test.
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minimum OSS values; TAWSS; and OSI at the dorsal (ROI 3)
and ventral (ROI 4) regions of the cerebral aqueduct are shown
in Table 2. The mean OSS amplitude at the dorsal and ventral
regions of the cerebral aqueduct in the iNPH groups was approxi-
mately 3 times higher than that in the controls because the maxi-
mum OSS in the iNPH groups was twice as high and the
minimum OSS was considerably lower. Remarkably, the mean
amplitude and maximum OSS values at the ventral region of the
cerebral aqueduct in the iNPH-only group were twice as high as
those in the iNPH with AD group. The mean TAWSS magnitude
at the dorsal region of the cerebral aqueduct in the iNPH-only
group was also significantly higher than that in the controls.
Furthermore, patients with iNPH-only had a significantly higher
mean TAWSS magnitude at the ventral region of the cerebral aq-
ueduct compared with those with iNPH with AD. The median
and distribution of the OSS amplitude and TAWSS magnitude at
the dorsal and ventral regions of the cerebral aqueduct among the
3 groups are shown as boxplots in Fig 4. Both the OSS amplitude
and TAWSS magnitude at the dorsal region of the cerebral aque-
duct in the iNPH groups were significantly higher than those in
the controls, whereas the OSS amplitude at the ventral region of
the cerebral aqueduct in the iNPH-only group was significantly
higher than that in the iNPH with AD group and controls. The dif-
ference in OSI was not significant among the 3 groups.

The TAWSS magnitude was strongly associated with the am-
plitude and maximum and minimum OSS values at the dorsal
(r ¼ 0.89, 0.93, and �0.77) and ventral (r ¼ 0.88, 0.93, and �0.73)
regions of the cerebral aqueduct (Online Supplemental Data).

Relationships between Shear Stress Parameters and
Anterior-Posterior Diameter or Stroke Volume
The amplitude and maximum and minimum OSS values and
TAWSS magnitude at the dorsal region of the cerebral aqueduct
were significantly associated with the anterior-posterior diame-
ters of the foramen of Magendie and the lower end of the cerebral
aqueduct (Table 3) and were strongly associated with stroke volume
at the upper and lower ends of the cerebral aqueduct and foramen
of Magendie, respectively (Table 4). The amplitude and maximum
and minimum OSS values and TAWSS magnitude at the ventral
region of the cerebral aqueduct were significantly-but-weakly

associated with stroke volumes at the lower and upper ends of the
cerebral aqueduct. However, OSI was not significantly associ-
ated with anterior-posterior diameters or stroke volumes at
any locations.

DISCUSSION
The reciprocating bidirectional CSF movements increase the bi-
modal WSS magnitude at the cerebral aqueduct during a cardiac
cycle in iNPH. The conventional WSS magnitude was calculated
as an absolute value of the WSS vector without the direction
information by converting to a scalar quantity. However, the
actual shear stress was produced by the bidirectional CSF
flows from positive to negative values, not in a bimodal wave-
form. Therefore, a novel parameter, OSS with plus/minus
directional information in addition to the WSS magnitude,
was developed. On the basis of our literature review, this study
is the first report that directly measures the OSS on 4D flow
MR imaging. The maximum value of positive OSS drastically
fluctuated to the minimum value of negative OSS during a
heartbeat due to the reciprocating CSF movements in iNPH.
Conversely, the maximum WSS magnitude value was either of
the 2 peaks, whereas the minimum value was nearly zero con-
sistently. However, the TAWSS magnitude was significantly
associated with the OSS amplitude.

The distribution and magnitude of OSI were different from
those of OSS orWSS magnitude. In contrast to steady flow condi-
tions, pulsatile bidirectional flows cause large OSS fluctuations.

In this study, the OSS amplitude at the dorsal region of the
cerebral aqueduct was significantly associated with both the fora-
men of Magendie diameters and stroke volumes at the upper and
lower ends of the cerebral aqueduct and foramen of Magendie,
respectively. Our previous study demonstrated that the stroke
volume at the cerebral aqueduct had the strongest association
with the foramen of Magendie diameter.10 These findings indi-
cate that the dilation of the foramen of Magendie may be the first
trigger for increased OSS amplitude at the dorsal region of the
cerebral aqueduct due to increased aqueductal stroke volume. On
the basis of study on oscillating flow dynamics,11-20 chronic high
OSS at the cerebral aqueduct may be involved in the expansive
remodeling of the aqueductal lumen diameter and may

Table 2: Mean value [SD] of parameters at the cerebral aqueduct in the study populationa

All (n= 73) iNPH Only (n= 41) iNPH with AD (n= 23) Control (n= 9) P1 P2 P3
Dorsal region of the cerebral
aqueduct
OSS amplitude 52.5 [SD, 33.9] 59.7 [SD, 34.1] 52.9 [SD, 32.2] 19.8 [SD, 13.3] .483 ,.001 .004
Maximum OSS 35.9 [SD, 16.0] 38.7 [SD, 15.5] 37.3 [SD, 16.1] 19.7 [SD, 6.3] .566 ,.001 .002
Minimum OSS –16.7 [SD, 19.8] –21.0 [SD, 20.2] –15.6 [SD, 18.9] –0.1 [SD, 9.6] .277 .001 .043
TAWSS 18.2 [SD, 8.9] 19.7 [SD, 8.7] 18.8 [SD, 9.3] 9.9 [SD, 2.2] .678 ,.001 .008
OSI 0.21 [SD, 0.13] 0.24 [SD, 0.12] 0.19 [SD, 0.14] 0.16 [SD, 0.11] .234 .077 .614
Ventral region of the cerebral
aqueduct
OSS amplitude 27.2 [SD, 28.4] 36.0 [SD, 32.2] 18.1 [SD, 19.8] 11.9 [SD, 11.1] .022 .020 .363
Maximum OSS 23.6 [SD, 15.9] 28.8 [SD, 17.9] 18.2 [SD, 10.9] 14.2 [SD, 6.4] .017 .011 .246
Minimum OSS –3.6 [SD, 13.9] –7.1 [SD, 15.9] 0.14 [SD, 10.1] 2.3 [SD, 7.5] .080 .091 .592
TAWSS 12.2 [SD, 7.1] 14.3 [SD, 8.1] 10.1 [SD, 4.9] 8.1 [SD, 2.7] .038 .020 .458
OSI 0.13 [SD, 0.15] 0.15 [SD, 0.15] 0.10 [SD, 0.14] 0.11 [SD, 0.15] .114 .355 .910

a P1 indicates probability value of iNPH only versus iNPH with AD by the Wilcoxon rank sum test; P2, probability value of iNPH only versus controls by the Wilcoxon rank
sum test; and P3, probability value of iNPH with AD versus controls by the Wilcoxon rank sum test.
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subsequently increase the pulsatile CSF inflow. However, this
study has not yet proved this evidence.

Increased OSS amplitude may be associated with symptoms
or pathologies of iNPH. We found that patients with iNPH-only
had significantly higher OSS amplitude only at the ventral region
of the cerebral aqueduct compared with those with co-occurrence
of iNPH and AD. This finding was consistent with our previous
result that patients with iNPH-only had not only smaller ventricu-
lar volume but also larger basal cistern and Sylvian fissure volumes
than those with co-occurrence of iNPH and AD.27 AD is known as
the most common comorbidity with iNPH due to CSF stagna-
tion,28-32 hindering the clearance of neurotoxic molecules such as
amyloid-b or t .33,34 Recently, pulsatile CSF inflow to the ventricular

systems during sleep was reportedly associated with large, coupled
low-frequency oscillations in the neuronal activity and hemody-
namic oscillations.35 Decreased CSF pulsation may be associated
with AD onset through the pathway in suppressed electrophysio-
logic slow waves that impair amyloid-b and t excretion into the
brain interstitial fluid and CSF during sleep.36-39 Therefore, direct
OSS measurement in future studies will help determine whether
CSF oscillations are associated with the AD onset.

This study had some limitations as described in our previous
study.10 In particular, influences of respiration, wall motion, eddy
currents, and background noise on the 4D flow MR imaging
sequence were not assessed. Second, OSS andWSSmagnitudes cal-
culated by 4D flow MR imaging may be underestimated compared

FIG 4. Boxplots for the amplitude of OSS and TAWSS at the dorsal and ventral regions of the cerebral aqueduct among 3 groups. A,
Distribution of the OSS amplitude at the dorsal region of the cerebral aqueduct. B, Distribution of the TAWSS at the dorsal region of the cere-
bral aqueduct. C, Distribution of the OSS amplitude at the ventral region of the cerebral aqueduct. D, Distribution of the TAWSS at the ventral
region of the cerebral aqueduct.
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with the true values, though their distribution is considered reason-
ably accurate.40 Third, the AD comorbidity was not pathologically
confirmed through brain biopsy, CSF biomarkers, or amyloid
imaging in this study. Finally, we were unable to determine a
causal relationship between the dilated cerebral aqueduct and
increased OSS amplitude because this study had a cross-sectional
design. Therefore, a causal relationship should be investigated in a
prospective cohort study or basic research.

CONCLUSIONS
OSS as a novel parameter combining the conventional WSS mag-
nitude with a positive or negative sign indicating theWSS direction
can be quantitatively measured at any point on 4D flow MR imag-
ing. Therefore, the OSS amplitude produced by reciprocating
bidirectional CSF movements reflects WSS vector changes better
than the conventional scalar quantities of the WSS magnitude and
OSI. Quantitative OSS measurement may help elucidate the patho-
physiologic mechanism of ventricular dilation in iNPH or symp-
tom progression. OSS brings a new perspective to the study of
slowly and intricately moving CSF in the complex shapes of the
ventricles and the subarachnoid space.

ACKNOWLEDGMENTS
We thank the patients and volunteers for their participation
and the radiologists for their cooperation in the study. We

also thank Enago (www.enago.com) for the English language
review.

Disclosures: Shigeki Yamada—RELATED: Grant: Fujifillm Corporation, Comments:
This study received funding of 500,000/year � 2 years from Fujifillm
Corporation in Japan. Our institute (Shiga University of Medical Science) has
signed a research contract with Fujifillm Corporation for the joint development
of 3D workstation applications*; UNRELATED: Grants/Grants Pending: G-7
Scholarship Foundation, Comments: research grant*; Payment for Lectures
Including Service on Speakers Bureaus: Fujifilm Medical Systems, Integra Japan,
and Daiichi Sankyo, Comments: Speakers honoraria. Masatsune Ishikawa—
RELATED: Grant: Health and Labor Sciences Research Grants for the Research
on Intractable Diseases, Ministry of Health, Labor and Welfare, Japan,
Comments: 2017-Nanci-General-037. Kazuhiko Nozaki—UNRELATED: Grants/
Grants Pending: Japan Agency for Medical Research and Development, grants
from KAKENHI, grant from the Japan Society for the Promotion of Science*;
Payment for Lectures Including Service on Speakers Bureaus: honoraria from
Pfizer Japan, Daiichi Sankyo. *Money paid to the institution.

REFERENCES
1. Blitz AM, Shin J, Baledent O, et al. Does phase-contrast imaging

through the cerebral aqueduct predict the outcome of lumbar CSF
drainage or shunt surgery in patients with suspected adult hydro-
cephalus? AJNR Am J Neuroradiol 2018;39:2224–30 CrossRef
Medline

2. Bradley WG Jr, Whittemore AR, Kortman KE, et al.Marked cerebro-
spinal fluid void: indicator of successful shunt in patients with sus-
pected normal-pressure hydrocephalus. Radiology 1991;178:459–66
CrossRef Medline

Table 4: Relationships with stroke volume by the Pearson correlation coefficient (95% confidence intervals)
Foramen of
Magendie

Lower End of
Cerebral Aqueduct

Upper End of
Cerebral Aqueduct

Foramina
of Monro

Dorsal region of the cerebral aqueduct
OSS amplitude 0.48 (0.28–0.64) 0.53 (0.34–0.68) 0.63 (0.47–0.76) NS
Maximum OSS 0.50 (0.31–0.66) 0.56 (0.37–0.70) 0.66 (0.50–0.77) NS
Minimum OSS –0.41 (–0.59 to –0.20) –0.46 (–0.63 to –0.26) –0.55 (–0.70 to –0.37) NS
TAWSS 0.43 (0.22–0.60) 0.53 (0.34–0.68) 0.73 (0.60–0.82) NS
OSI NS NS NS NS
Ventral region of the cerebral aqueduct
OSS amplitude NS 0.30 (0.07–0.50) 0.25 (0.02–0.46) NS
Maximum OSS NS 0.32 (0.10–0.52) 0.29 (0.07–0.49) NS
Minimum OSS NS –0.24 (–0.45 to –0.01) NS NS
TAWSS NS 0.37 (0.15–0.55) 0.34 (0.12–0.53) NS
OSI NS NS NS NS

Note:—NS indicates not significant (P$ .05) by the Pearson correlation analysis.

Table 3: Relationships with anterior-posterior diameter by the Pearson correlation coefficient (95% confidence intervals)
Foramen of
Magendie

Lower End of
Cerebral Aqueduct

Upper End of
Cerebral Aqueduct Midbrain

Dorsal region of the cerebral aqueduct
OSS amplitude 0.55 (0.36–0.69) 0.47 (0.26–0.63) 0.28 (0.05–0.48) NS
Maximum OSS 0.53 (0.34–0.68) 0.41 (0.20–0.59) NS NS
Minimum OSS –0.51 (–0.66 to –0.31) –0.46 (–0.63 to –0.26) –0.32 (–0.51 to –0.10) NS
TAWSS 0.56 (0.37–0.70) 0.40 (0.18–0.58) NS NS
OSI NS NS NS NS
Ventral region of the cerebral aqueduct
OSS amplitude NS 0.27 (0.04–0.47) NS NS
Maximum OSS NS 0.31 (0.08–0.50) NS NS
Minimum OSS NS NS NS NS
TAWSS 0.26 (0.04–0.47) 0.33 (0.10–0.52) NS NS
OSI NS NS NS NS

Note:—NS indicates not significant (P$ .05) by the Pearson correlation analysis.

AJNR Am J Neuroradiol 42:479–86 Mar 2021 www.ajnr.org 485

http://www.enago.com
http://dx.doi.org/10.3174/ajnr.A5857
https://www.ncbi.nlm.nih.gov/pubmed/30467214
http://dx.doi.org/10.1148/radiology.178.2.1987609
https://www.ncbi.nlm.nih.gov/pubmed/1987609


3. Bradley WG Jr, Scalzo D, Queralt J, et al. Normal-pressure hydro-
cephalus: evaluation with cerebrospinal fluid flow measurements
at MR imaging. Radiology 1996;198:523–29 CrossRef Medline

4. Bunck AC, Kroger JR, Juttner A, et al. Magnetic resonance 4D flow
characteristics of cerebrospinal fluid at the craniocervical junction
and the cervical spinal canal. Eur Radiol 2011;21:1788–96 CrossRef
Medline

5. El Sankari S, Gondry-Jouet C, Fichten A, et al. Cerebrospinal fluid
and blood flow in mild cognitive impairment and Alzheimer’s dis-
ease: a differential diagnosis from idiopathic normal pressure hy-
drocephalus. Fluids Barriers CNS 2011;8:12 CrossRef Medline

6. Gupta S, Soellinger M, Grzybowski DM, et al. Cerebrospinal fluid
dynamics in the human cranial subarachnoid space: an overlooked
mediator of cerebral disease, I: computational model. J R Soc
Interface 2010;7:1195–1204 CrossRef Medline

7. Krauss JK, Regel JP, Vach W, et al. Flow void of cerebrospinal fluid
in idiopathic normal pressure hydrocephalus of the elderly: can it pre-
dict outcome after shunting? Neurosurgery 1997;40:67–74 CrossRef
Medline

8. Lindstrom EK, Ringstad G, Mardal KA, et al. Cerebrospinal fluid
volumetric net flow rate and direction in idiopathic normal pres-
sure hydrocephalus. Neuroimage Clin 2018;20:731–41 CrossRef
Medline

9. Stoquart-ElSankari S, Baledent O, Gondry-Jouet C, et al. Aging
effects on cerebral blood and cerebrospinal fluid flows. J Cereb
Blood Flow Metab 2007;27:1563–72 CrossRef Medline

10. Yamada S, Ishikawa M, Ito H, et al. Cerebrospinal fluid dynamics in
idiopathic normal pressure hydrocephalus on four-dimensional
flow imaging. Eur Radiol 2020;30:4454–65 CrossRef Medline

11. Caro CG, Fitz-Gerald JM, Schroter RC. Arterial wall shear and dis-
tribution of early atheroma in man. Nature 1969;223:1159–60
CrossRef Medline

12. Dolan JM, Kolega J, Meng H. High wall shear stress and spatial
gradients in vascular pathology: a review. Ann Biomed Eng
2013;41:1411–27 CrossRef Medline

13. Gibbons GH, Dzau VJ. The emerging concept of vascular remodel-
ing.N Engl J Med 1994;330:1431–38 CrossRef Medline

14. Hahn C, Schwartz MA.Mechanotransduction in vascular physiol-
ogy and atherogenesis. Nat Rev Mol Cell Biol 2009;10:53–62
CrossRef Medline

15. Kouzbari K, Hossan MR, Arrizabalaga JH, et al. Oscillatory shear
potentiates latent TGF-beta1 activation more than steady shear as
demonstrated by a novel force generator. Sci Rep 2019;9:6065
CrossRef Medline

16. Ku DN, Giddens DP, Zarins CK, et al. Pulsatile flow and atheroscle-
rosis in the human carotid bifurcation: positive correlation
between plaque location and low oscillating shear stress.
Arteriosclerosis 1985;5:293–302 CrossRef Medline

17. Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its
role in atherosclerosis. JAMA 1999;282:2035–42 CrossRef Medline

18. Meng H, Tutino VM, Xiang J, et al. High WSS or low WSS?
Complex interactions of hemodynamics with intracranial aneu-
rysm initiation, growth, and rupture: toward a unifying hypothe-
sis. AJNR Am J Neuroradiol 2014;35:1254–62 CrossRef Medline

19. Tremblay JC, Thom SR, Yang M, et al.Oscillatory shear stress, flow-
mediated dilatation, and circulating microparticles at sea level and
high altitude. Atherosclerosis 2017;256:115–22 CrossRef Medline

20. Zarins CK, Zatina MA, Giddens DP, et al. Shear stress regulation of
artery lumen diameter in experimental atherogenesis. J Vasc Surg
1987;5:413–20 CrossRef Medline

21. Hickman TT, Shuman ME, Johnson TA, et al. Association between
shunt-responsive idiopathic normal pressure hydrocephalus and
alcohol. J Neurosurg 2017;127:240–48 CrossRef Medline

22. Kageyama H, Miyajima M, Ogino I, et al. Panventriculomegaly with
a wide foramen of Magendie and large cisterna magna. J Neurosurg
2016;124:1858–66 CrossRef Medline

23. Morimoto Y, Yoshida S, Kinoshita A, et al. Nonsense mutation in
CFAP43 causes normal-pressure hydrocephalus with ciliary abnor-
malities. Neurology 2019;92:e2364–74 CrossRef Medline

24. Mahuzier A, Shihavuddin A, Fournier C, et al. Ependymal cilia beat-
ing induces an actin network to protect centrioles against shear
stress. Nat Commun 2018;9:2279 CrossRef Medline

25. Omran AJA, Saternos HC, Althobaiti YS, et al. Alcohol consumption
impairs the ependymal cilia motility in the brain ventricles. Sci Rep
2017;7:13652 CrossRef Medline

26. Shook BA, Lennington JB, Acabchuk RL, et al. Ventriculomegaly
associated with ependymal gliosis and declines in barrier integrity
in the aging human and mouse brain. Aging Cell 2014;13:340–50
CrossRef Medline

27. Yamada S, Ishikawa M, Yamamoto K. Comparison of CSF distribu-
tion between idiopathic normal pressure hydrocephalus and
Alzheimer disease. AJNR Am J Neuroradiol 2016;37:1249–55
CrossRef Medline

28. Cabral D, Beach TG, Vedders L, et al. Frequency of Alzheimer’s dis-
ease pathology at autopsy in patients with clinical normal pressure
hydrocephalus. Alzheimers Dement 2011;7:509–13 CrossRef Medline

29. Golomb J, Wisoff J, Miller DC, et al. Alzheimer’s disease comorbid-
ity in normal pressure hydrocephalus: prevalence and shunt
response. J Neurol Neurosurg Psychiatry 2000;68:778–81 CrossRef
Medline

30. Malm J, Graff-Radford NR, Ishikawa M, et al. Influence of comor-
bidities in idiopathic normal pressure hydrocephalus: research and
clinical care—a report of the ISHCSF task force on comorbidities
in INPH. Fluids Barriers CNS 2013;10:22 CrossRef Medline

31. Silverberg GD, Mayo M, Saul T, et al. Alzheimer's disease, normal-
pressure hydrocephalus, and senescent changes in CSF circula-
tory physiology: a hypothesis. Lancet Neurol 2003;2:506–11
CrossRef Medline

32. Williams MA, Relkin NR. Diagnosis and management of idiopathic
normal-pressure hydrocephalus. Neurol Clin Pract 2013;3:375–85
CrossRef Medline

33. Jingami N, Uemura K, Asada-Utsugi M, et al. Two-point dynamic
observation of Alzheimer’s disease cerebrospinal fluid biomarkers
in idiopathic normal pressure hydrocephalus. JAD 2019;72:271–77
CrossRef Medline

34. Miyajima M, Nakajima M, Ogino I, et al. Soluble amyloid precursor
protein alpha in the cerebrospinal fluid as a diagnostic and prog-
nostic biomarker for idiopathic normal pressure hydrocephalus.
Eur J Neurol 2013;20:236–42 CrossRef Medline

35. Fultz NE, Bonmassar G, Setsompop K, et al. Coupled electrophysio-
logical, hemodynamic, and cerebrospinal fluid oscillations in
human sleep. Science 2019;366:628–31 CrossRef Medline

36. Diekelmann S, Born J. The memory function of sleep. Nat Rev
Neurosci 2010;11:114–26 CrossRef Medline

37. Holth JK, Fritschi SK, Wang C, et al. The sleep-wake cycle regulates
brain interstitial fluid tau in mice and CSF tau in humans. Science
2019;363:880–84 CrossRef Medline

38. Kang JE, Lim MM, Bateman RJ, et al. Amyloid-beta dynamics are
regulated by orexin and the sleep-wake cycle. Science 2009;326:1005–
07 CrossRef Medline

39. Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from
the adult brain. Science 2013;342:373–77 CrossRef Medline

40. Szajer J, Ho-Shon K. A comparison of 4D flow MRI-derived wall
shear stress with computational fluid dynamics methods for intra-
cranial aneurysms and carotid bifurcations: a review. Magn Reson
Imaging 2018;48:62–69 CrossRef Medline

486 Yamada Mar 2021 www.ajnr.org

http://dx.doi.org/10.1148/radiology.198.2.8596861
https://www.ncbi.nlm.nih.gov/pubmed/8596861
http://dx.doi.org/10.1007/s00330-011-2105-7
https://www.ncbi.nlm.nih.gov/pubmed/21404133
http://dx.doi.org/10.1186/2045-8118-8-12
https://www.ncbi.nlm.nih.gov/pubmed/21349149
http://dx.doi.org/10.1098/rsif.2010.0033
https://www.ncbi.nlm.nih.gov/pubmed/20236960
http://dx.doi.org/10.1097/00006123-199701000-00015
https://www.ncbi.nlm.nih.gov/pubmed/8971826
http://dx.doi.org/10.1016/j.nicl.2018.09.006
https://www.ncbi.nlm.nih.gov/pubmed/30238917
http://dx.doi.org/10.1038/sj.jcbfm.9600462
https://www.ncbi.nlm.nih.gov/pubmed/17311079
http://dx.doi.org/10.1007/s00330-020-06825-6
https://www.ncbi.nlm.nih.gov/pubmed/32246220
http://dx.doi.org/10.1038/2231159a0
https://www.ncbi.nlm.nih.gov/pubmed/5810692
http://dx.doi.org/10.1007/s10439-012-0695-0
https://www.ncbi.nlm.nih.gov/pubmed/23229281
http://dx.doi.org/10.1056/NEJM199405193302008
https://www.ncbi.nlm.nih.gov/pubmed/8159199
http://dx.doi.org/10.1038/nrm2596
https://www.ncbi.nlm.nih.gov/pubmed/19197332
http://dx.doi.org/10.1038/s41598-019-42302-x
https://www.ncbi.nlm.nih.gov/pubmed/30988341
http://dx.doi.org/10.1161/01.atv.5.3.293
https://www.ncbi.nlm.nih.gov/pubmed/3994585
http://dx.doi.org/10.1001/jama.282.21.2035
https://www.ncbi.nlm.nih.gov/pubmed/10591386
http://dx.doi.org/10.3174/ajnr.A3558
https://www.ncbi.nlm.nih.gov/pubmed/23598838
http://dx.doi.org/10.1016/j.atherosclerosis.2016.12.004
https://www.ncbi.nlm.nih.gov/pubmed/28010936
http://dx.doi.org/10.1016/0741-5214(87)90048-6
https://www.ncbi.nlm.nih.gov/pubmed/3509594
http://dx.doi.org/10.3171/2016.6.JNS16496
https://www.ncbi.nlm.nih.gov/pubmed/27689463
http://dx.doi.org/10.3171/2015.6.JNS15162
https://www.ncbi.nlm.nih.gov/pubmed/26636390
http://dx.doi.org/10.1212/WNL.0000000000007505
https://www.ncbi.nlm.nih.gov/pubmed/31004071
http://dx.doi.org/10.1038/s41467-018-04676-w
https://www.ncbi.nlm.nih.gov/pubmed/29891944
http://dx.doi.org/10.1038/s41598-017-13947-3
https://www.ncbi.nlm.nih.gov/pubmed/29057897
http://dx.doi.org/10.1111/acel.12184
https://www.ncbi.nlm.nih.gov/pubmed/24341850
http://dx.doi.org/10.3174/ajnr.A4695
https://www.ncbi.nlm.nih.gov/pubmed/26915568
http://dx.doi.org/10.1016/j.jalz.2010.12.008
https://www.ncbi.nlm.nih.gov/pubmed/21723206
http://dx.doi.org/10.1136/jnnp.68.6.778
https://www.ncbi.nlm.nih.gov/pubmed/10811706
http://dx.doi.org/10.1186/2045-8118-10-22
https://www.ncbi.nlm.nih.gov/pubmed/23758953
http://dx.doi.org/10.1016/S1474-4422(03)00487-3
https://www.ncbi.nlm.nih.gov/pubmed/12878439
http://dx.doi.org/10.1212/CPJ.0b013e3182a78f6b
https://www.ncbi.nlm.nih.gov/pubmed/24175154
http://dx.doi.org/10.3233/JAD-190775
https://www.ncbi.nlm.nih.gov/pubmed/31561378
http://dx.doi.org/10.1111/j.1468-1331.2012.03781.x
https://www.ncbi.nlm.nih.gov/pubmed/22672777
http://dx.doi.org/10.1126/science.aax5440
https://www.ncbi.nlm.nih.gov/pubmed/31672896
http://dx.doi.org/10.1038/nrn2762
https://www.ncbi.nlm.nih.gov/pubmed/20046194
http://dx.doi.org/10.1126/science.aav2546
https://www.ncbi.nlm.nih.gov/pubmed/30679382
http://dx.doi.org/10.1126/science.1180962
https://www.ncbi.nlm.nih.gov/pubmed/19779148
http://dx.doi.org/10.1126/science.1241224
https://www.ncbi.nlm.nih.gov/pubmed/24136970
http://dx.doi.org/10.1016/j.mri.2017.12.005
https://www.ncbi.nlm.nih.gov/pubmed/29223732


ORIGINAL RESEARCH
INTERVENTIONAL

Anatomic Snuffbox (Distal Radial Artery) and Radial Artery
Access for Treatment of Intracranial Aneurysms with

FDA-Approved Flow Diverters
A.L. Kühn, S.R. Satti, T. Eden, K. de Macedo Rodrigues, J. Singh, F. Massari, M.J. Gounis, and A.S Puri

ABSTRACT

BACKGROUND AND PURPOSE: Transradial access for neurointerventional procedures has been proved a safer and more comforta-
ble alternative to femoral artery access. We present our experience with transradial (distal radial/anatomic snuffbox and radial ar-
tery) access for treatment of intracranial aneurysms using all 3 FDA-approved flow diverters.

MATERIALS AND METHODS: This was a high-volume, dual-center, retrospective analysis of each institution’s data base between
June 2018 and June 2020 and a collection of all patients treated with flow diversion via transradial access. Patient demographic in-
formation and procedural and radiographic data were obtained.

RESULTS: Seventy-four patients were identified (64 female patients) with a mean age of 57.5 years with a total of 86 aneurysms.
Most aneurysms were located in the anterior circulation (93%) and within the intracranial ICA (67.4%). The mean aneurysm size was
5.5mm. Flow diverters placed included the Pipeline Embolization Device (Flex) (PED, n ¼ 65), the Surpass Streamline Flow Diverter
(n ¼ 8), and the Flow-Redirection Endoluminal Device (FRED, n ¼ 1). Transradial access was successful in all cases, but femoral cross-
over was required in 3 cases (4.1%) due to tortuous anatomy and inadequate support of the catheters in 2 cases and an inability to
navigate to the target vessel in a patient with an aberrant right subclavian artery. All 71 other interventions were successfully per-
formed via the transradial approach (95.9%). No access site complications were encountered. Asymptomatic radial artery occlusion
was encountered in 1 case (3.7%).

CONCLUSIONS: Flow diverters can be successfully placed via the transradial approach with high technical success, low access site
complications, and a low femoral crossover rate.

ABBREVIATIONS: CCA ¼ common carotid artery; dRA ¼ distal radial artery; FD ¼ flow diverter; RA ¼ radial artery; TRA ¼ transradial access

The transradial access (TRA), including distal radial artery
(dRA) access in the anatomic snuffbox and radial artery

(RA) access at the palmar surface of the wrist, is being increas-
ingly used as primary vascular access for neurointerventional
procedures. In prior years, large randomized trials in the field of
interventional cardiology and more recent articles in neurointer-
ventional surgery have shown higher patient preference for the
TRA, cost reduction, as well as lower morbidity and mortality
compared with the traditional transfemoral access (TFA).1-11

Reduction in access site complications has been a particular
advantage of wrist over femoral access and is an important con-
sideration for vascular access choice in the treatment of intracra-
nial aneurysms using flow diversion. Patients undergoing flow
diversion are required to take dual-antiplatelet agents and receive
heparin during the procedure, all of which increase the risk of
bleeding from the access site.12 Also, flow diverters (FDs) may
require large-bore catheter assemblies for delivery and deploy-
ment, which may increase the risk of radial artery occlusion,
access site bleeding, or vascular injury.13,14

To date, only a limited number of case reports and case series
have described the safety and feasibility of TRA for the treatment
of intracranial aneurysms using flow diverters.15-22

Recently, a large, retrospective multicenter study reported the
safety of TRA for flow diversion, showing a lower access site
(P= .039) and overall complication rate (P= .035).12 This study,
however, did not cover catheter systems, patient functional out-
come, and aneurysm occlusion. Here, we report our experience
with TRA (dRA [anatomic snuffbox] and RA) for the treatment
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of intracranial aneurysms using all 3 FDA-approved flow divert-
ers, including technical feasibility, procedural safety, patient out-
come, and aneurysm occlusion on follow-up. Additionally, we
reviewed the current literature on use of flow diverters via TRA.

MATERIALS AND METHODS
Study Design
Between June 2018 and June 2020, we retrospectively reviewed
the data bases from 2 high-volume neurointerventional centers
that routinely perform radial access in the United States and col-
lected all patients treated with flow diversion via TRA. Patient de-
mographic information and procedural and radiographic data
were also obtained. The institutional review boards at the
University of Massachusetts (H00001860_10) and Christiana
Health System (CCC number: 34154 and DDD number: 602798)
have approved the study.

Procedural Protocol and Technique
All patients received dual-antiplatelet therapy for at least 5 days
before the elective procedure. The therapeutic antiplatelet effect
was ensured by the VerifyNow P2Y12 assay (Accumetrics)
(defined per our practice as showing at least 50% platelet inhibi-
tion or a P2Y12 reaction unit of ,200 with the platelet aggrega-
tion assay) before each procedure. Dual-antiplatelet therapy was
continued for a minimum of 6months, and aspirin will be con-
tinued for life.

With the exception of 1 left RA access for treatment of a left
vertebral artery dissecting aneurysm, all interventions were per-
formed either via the right dRA in the anatomic snuffbox or right
RA at the palmar surface of the wrist. After local subcutaneous
anesthesia and vasodilation of the local periarterial tissue using
1mL of lidocaine and 200–400mg of nitroglycerine, the dRA or
RA was accessed using a micropuncture needle under sono-
graphic guidance. A 6F radial sheath was placed, and a radial
cocktail consisting of verapamil, 2.5–5mg; nitroglycerine, 100–
200mg; and heparin, 5000 IU, was slowly administered intra-arte-
rially. In sheathless access cases, the guide catheter was directly
inserted over its dilator. In patients with taut skin, a small
incision with a scalpel at the access site was occasionally needed.
Another dose of spasmolytic agents was administered through
the radial sheath before catheter exchanges to prevent vasospasm.
Activated clotting time was measured at baseline and throughout
the procedure with activated clotting time goals of 250–300 sec-
onds. Additional IV doses of heparin were administered as
needed. A radial artery roadmap was obtained in all cases.

In most cases, the flow diverters were delivered and deployed
via a triaxial catheter system. Most Pipeline Embolization Devices
(PED; Medtronic) were deployed using a Benchmark guide cath-
eter (Penumbra) or a Phenom Plus intermediate catheter or
Phenom 27 microcatheter (Medtronic). The Surpass Streamline
Flow Diverter (Stryker) was placed using either an AXS Infinity
(Stryker) or Fubuki (Asahi Intecc) guide catheter and a AXS
Catalyst 5 intermediate catheter (Stryker) as well as an AXS
Offset Delivery Assist catheter (Stryker). The Flow-Redirection
Endoluminal Device (FRED; MicroVention) was implanted
using a Cerebase DA Guide Sheath (Cerenovus), a Sofia EX
Intracranial Support Catheter (MicroVention), and a Headway

27 microcatheter (MicroVention). On completion of the proce-
dure, a radial compression device was used to achieve patent
hemostasis at the vascular access site.

RESULTS
Between June 2018 and June 2020, a total of 144 flow-diverter
procedures were performed. We identified a total of 74 flow-di-
verter interventions performed via the anatomic snuffbox or ra-
dial artery access (51.4%). Sixty-four patients were women
(86.5%). The mean patient age was 57.5 years. Mean distal radial
and radial artery diameters were 2.1 and 2.6mm, respectively.

Transradial access was achieved in all cases with anatomic
snuffbox access in 42 cases (56.8%) and radial artery access in 32
cases (43.2%). However, 3 cases (4.1%) required conversion to
femoral access due to tortuous anatomy and limited support of
the catheters in 2 cases and an inability to navigate the catheters
to the target vessel in a patient with an aberrant right subclavian
artery. All of the other 71 interventions were successfully per-
formed via a transradial approach. We did not observe any
access-related complications, and no patients required a transfu-
sion or vascular surgical repair for an access site injury. Figure 1
shows arches amenable to transradial intervention, and Fig 2
shows arch types that are difficult to navigate via transradial
access.

A total of 86 aneurysms were treated, with most aneurysms
located within the intracranial ICA (67.4%). One aneurysm was
ruptured, and 4 were previously coiled but showed neck residual/
recanalization. The mean aneurysm size was 5.5mm. A summary
of patient demographics and aneurysm characteristics is pre-
sented in the Table.

A PED was used in 65 cases, a Surpass Streamline Flow
Diverter was placed in 8 patients, and 1 FRED was implanted.
Additional coiling and placement of a Neuroform EZ stent
(Stryker) for proper FD wall apposition were performed in 1 case
for treatment of a large, 16-mm ICA aneurysm.

We experienced 3 intraprocedural complications (4.2%). Two
patients showed a small amount of SAH on postprocedural head
CT (2.8%). One of these patients had mild headache but was neu-
rologically intact. The other patient showed new right-arm weak-
ness on awakening from anesthesia and was brought back to the
angiography suite where hyperacute platelet aggregation within
the stent was identified and successfully treated with intra-arterial
eptifibatide. The patient fully recovered within 6months with an
mRS of 0. In another case, we encountered acute clot formation
during placement of the flow diverter, which was immediately
treated with intra-arterial eptifibatide.

Of our 71 patients with transradial access, 1 patient died due
to an unrelated cause, 3 patients moved out of state, and 1 patient
requested follow-up at an outside institution. Ten patients were
supposed to have follow-up, but this has been delayed due to
institutional restrictions during the coronavirus disease 2019
(COVID-19) pandemic, and 14 patients have not yet reached
their follow-up time point. Six patients were lost to follow-up.

Two- to 6-month follow-up angiograms and CTAs were avail-
able in 29 and 7 patients, respectively. Twenty-seven of the 29
angiogram follow-ups were performed transradially. Follow-up
diagnostic angiograms were performed via a 5F radial sheath.
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Spasmolytic cocktails used for transradial access were the same as
for the procedure. There were no conversions from initial ana-
tomic snuffbox access to volar radial artery access for follow-up.
In 3 cases, radial (volar) access was used for the intervention, but
the follow-up angiogram was performed via anatomic snuffbox
access. Asymptomatic radial artery occlusion was encountered in
1 case (3.7%). The initial procedure in this patient was performed
via the radial artery (volar access) with a spasmolytic cocktail
consisting of 2.5mg of verapamil and nitroglycerin, 100mcg.

Follow-up angiography in this patient was performed via the ul-
nar artery. One patient requested femoral access for the follow-
up angiography. There was otherwise no contraindication to
wrist access in this patient.

Complete and near-complete occlusion was seen in 27 of 43
aneurysms (62.8%). One-year follow-up (n ¼ 5) showed progres-
sion to complete occlusion in 2 cases. Additional procedural in-
formation and follow-up data are summarized in the Online
Supplemental Data.

FIG 2. Frontal roadmap image reveals very straight anatomy of the innominate, right subclavian, and common carotid arteries (A).
Catheter navigation from a right transradial access is not easy, given that the vector force will push the catheter into the right innomi-
nate artery (A, arrow). Frontal roadmap image shows a fairly horizontal course of the right subclavian artery and a straight continuation
of the right innominate artery into the right CCA (B). Here, the vector force will push a right transradially navigated catheter into the
innominate artery (B, arrow), making catheterization of the right intracranial vasculature difficult. Frontal roadmap image demonstrates a
medially directed origin of the left CCA from the aortic arch. This makes access from a right radial approach difficult because the cathe-
ter will be pushed into the ascending aorta (C, arrow). Additional tortuosity along the course of the left CCA increases the difficulty of
the approach. Frontal roadmap image shows an aberrant origin of the right subclavian artery (D). Navigation of a right transradial catheter
is difficult, given that the catheter is directed toward the descending aorta. Larger catheter systems will not have sufficient stability, and
catheter herniation into the descending aorta is to be expected.

FIG 1. Frontal roadmap images show a curved origin of the right CCA at the junction of the innominate artery and right subclavian artery origin
(arrows, A and B). This anatomy offers a “shelf” for right transradial catheters, which provides good stability, even with a tortuous course of the
right CCA (A). Frontal roadmap image demonstrates a straight origin of the left CCA from the aortic arch (C, arrow), which allows good naviga-
tion of a right transradial catheter. The transverse portion of the aortic arch may act as a shelf for transradial catheters during intervention, pro-
viding good stability for an intervention. Frontal roadmap image shows a bovine-type aortic arch with horizontal origin of the left CCA (D,
arrow). Access of the left CCA would be easy from a right transradial approach because the catheter can easily move across midline and into
the vessel. There would be no risk of catheter herniation.
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DISCUSSION
The TRA approach for interventional cardiology procedures
has been used since 1989.23,24 Several large cardiology studies
provided strong evidence in favor of wrist over femoral access,
including decreased morbidity and mortality, reduced cost,
better control of access site hemostasis, reduction in vascular
complications, as well as higher patient satisfaction due to less
postprocedural discomfort and faster recovery.6,25-30 In the neu-
rointerventional field, TRA is now beginning to gain popularity,
and some reports on the feasibility and safety of this approach
for diagnostic angiographies31-33 and a variety of neurointer-
ventions are available.10,11,21,34-37 The first case reports on the
use of TRA for flow diversion published between 2013 and 2017
were mostly on patients with difficult arch anatomy.15-17 In
2019, the first case series on treatment of consecutive patients
with aneurysms exclusively evaluated the use of the PED via
TRA.18,19,22 With a total of 71 successful interventions, our
study is currently the largest series to evaluate TRA for intracra-
nial aneurysm treatment with all FDA-approved flow diverters
and also includes information on catheter systems, patient out-
come, and aneurysm occlusion. In addition, our access conver-
sion rate of only 4.1% is the lowest reported in the literature of
transradial access for flow diversion to date. Previously reported
conversion rates ranged between 5.7% and 20.4%.12,18,19,22

A stable catheter assembly is crucial to successfully deliver
and deploy the flow diverters because their braided configuration
and stiffness require a substantial forward-loading force. Lack of
catheter support and radial artery vasospasm are the most com-
monly described reasons for TRA failure. Prior case series primarily
reported failed TRA interventions for left-sided interventions,18,19,22

but we experienced an inability to achieve a stable catheter position
during catheterization of the right common carotid artery (CCA)
and ICA in a patient with a type III arch. Left-sided interventions

are generally regarded as more challenging; however, we believe
that with certain anatomic configurations, right-sided interventions
may be just as challenging. The course of the right subclavian artery,
its angle of origin from the innominate artery, and the angle of ori-
gin of the innominate artery itself from the aortic arch are impor-
tant for catheter navigation and steerability. The more tortuosity
and steep angles that are present, the less one-to-one motion and
catheter control are experienced.

Aortic arch configuration, great vessel takeoff angles, and prox-
imal CCA tortuosity influence catheter stability. For left-sided
interventions, we agree with Waqas et al,22 who stated that a paral-
lel configuration of the innominate artery and left CCA is challeng-
ing. However, we would argue that the distance between the
origins of the innominate artery and the left CCA, their relation-
ship to the ascending and descending aorta, the arch configuration,
and its capaciousness are also important factors to consider. For
right-sided interventions, a steep origin of the innominate artery
from the arch, which continues into a straight right CCA, as well
as a straight, wide-angle origin of the right subclavian artery repre-
sent a challenging anatomic configuration. We are presently still
trying to understand what anatomy or combination of anatomic
configurations can truly be considered unfavorable and what cath-
eter systems are going to be successful in which kind of situations.

Chen et al19 reported 2 cases of radial artery vasospasm in their
study, which used biaxial, triaxial, and even quadriaxial catheter
systems. Biaxial and triaxial systems were used in the studies
reported by Sweid et al18 and Waqas et al,22 who did not encoun-
ter any case of radial artery vasospasm. In our large case series, we
also did not encounter any radial artery vasospasm requiring
access conversion despite using triaxial systems, even with large-
bore catheters. We strongly believe that additional doses of anti-
spasmolytic agents during catheter exchanges are crucial to mini-
mize the occurrence of radial artery vasospasm. We did not
observe any access site complications, persistent neurologic defi-
cits, or procedure-related deaths. Two patients developed SAH
(2.8%), with one of these patients also experiencing stroke symp-
toms, which completely resolved within 6months postprocedure.
Waqas et al22 reported 1 death (3%) in their study. Major ipsilat-
eral stroke or neurologic death was reported in 5.6% of patients
undergoing PED deployment via traditional femoral artery access
in the Pipeline Embolization Device for Uncoilable or Failed
Aneurysms (PUFS) trial.38 Headache or intracerebral hemorrhage
was seen in 4.7% each, and ischemic stroke, in 3.7%.38

Routine sonographic follow-up evaluation of the RA was not
performed, but there was no symptomatic RA occlusion. On fol-
low-up, 1 of 27 patients was found to have an asymptomatic RA
occlusion (3.7%). RA occlusion can be seen in 0.04%–10% of
cases after radial access.13,19,39-46 Most RA occlusions are asymp-
tomatic due to collateral circulation from the ulnar artery.
Another very rare complication of TRA is forearm compartment
syndrome, which was reported in 1 of 9681 cases in an interven-
tional cardiology study.45 This complication can be avoided by
accessing the radial artery more proximally, not deep to the bra-
chioradialis muscle, or by puncturing the dRA, which lies beyond
the forearm compartment.46

Limitations of a 6F Benchmark triaxial system include
limited ability to obtain angiograms and roadmaps after the

Summary of patient demographics and aneurysm
characteristics
Demographics and Characteristics
No. of patients n ¼ 74
Sex
Male 10 (13.5%)
Female 64 (86.5%)
Age (mean) (range) (yr) 57.5 (32–80)
No. of aneurysms n ¼ 86
Unruptured 85 (98.8%)
Ruptured 1 (1.2%)
Previous treatment
None 82 (95.3%)
Coil embolization 4 (4.7%)
Aneurysm location
Anterior circulation 80 (93%)
ICA 58 (67.4%)
Posterior communicating artery 13 (15.1%)
Anterior choroidal artery 2 (2.3%)
MCA 4 (4.7%)
Anterior cerebral artery 2 (2.3%)
Anterior communicating artery 1 (1.2%)

Posterior circulation 6 (7%)
Vertebral artery 2 (2.3%)
Basilar artery 3 (3.5%)
Posterior cerebral artery 1 (1.2%)

Aneurysm size (mean) (range) (mm) 5.5 (1.2–16)
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microcatheter is advanced secondary to being able to inject only
the intermediate catheter. Using a 5F Sofia 115-cm Intermediate
Catheter (MicroVention) allows slightly larger inner diameter and
better angiograms than a Phenom Plus. Additionally, jailing and
coil-assisted flow-diverting stent placement preclude the use of an
intermediate catheter, which can greatly affect column strength
during stent delivery.

This study has limitations. Given its dual-center nature, differ-
ent clinical settings, patient-selection bias, and technical/proce-
dural variations were inevitable. However, patients benefited from
TRA for flow diversion despite this heterogeneity. The study is
further limited by the retrospective review of each center’s pro-
spective data base, and although our sample size is relatively large,
more data (specifically long-term follow-up) are needed.

Nevertheless, our experience is promising and shows that
TRA is a feasible and safe approach to treat a wide range of intra-
cranial aneurysms with flow diversion. The improved TRA safety
profile is undeniable and will benefit a large variety of patients,
especially those with a large body habitus, previous iliofemoral ar-
tery stent placement or bypass, aortic dissections, heavily calcified
pelvic vasculature, and femoral artery occlusions.

CONCLUSIONS
This study demonstrates the feasibility and safety of TRA for flow
diversion to treat a broad range of anterior and posterior circula-
tion intracranial aneurysms. Currently available catheters were
originally designed for traditional femoral artery access interven-
tions, but dedicated catheter systems for TRA are being devel-
oped. Catheters specifically tailored to traditional femoral artery
access will facilitate vascular access and permit navigation of
standard as well as challenging anatomy. Future technical advan-
ces, including dedicated guide catheters and smaller stent delivery
systems, will inevitably decrease femoral conversion rates. Future
research focusing on favorable and unfavorable anatomy will also
be important to further aid in patient selection and decrease the
need for access conversion.
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COMMENTARY

Is Transradial Access a Replacement Technique for
Transfemoral Access in Neurointervention?

Transradial access for neurointervention has experienced an
explosion in interest over the past few years because of

patient preferences, extrapolated cardiology data, and early stud-
ies supporting its use in the neurointerventional setting. As with
any innovation, although there may be advantages, in the enthu-
siasm to include more tools in the armamentarium, the utility of
the “tried and true” should not be forgotten.

As a backdrop, transradial access is newer than transfemoral,
but it is not novel. The first cases on transradial intracranial neu-
rointervention were published in 2003 and 2004,1,2 including an-
eurysm treatments in both anterior and posterior circulations, as
well as spinal and dural fistula embolizations. This was preceded
by a number of case series between 2000 and 2003,2-5 which, to-
gether, demonstrated the use of transradial cerebral angiography
since 1997 with an aggregated patient cohort in the hundreds.
Techniques described then were similar to those used today, and
the same difficulties were identified, including radial spasm,
proximal vascular tortuosity3 and stenoses,4 limitations related to
aortic arch branch morphology with resultant instability,5 some
branches are clearly easier to access via one route,1 and learning
curves.4 So, what has changed?

In the article published in this issue of the AJNR, we glean fac-
tors that may have pushed us toward this different technique.
First, neurointerventions themselves are becoming more com-
monplace. This encourages attention to all aspects of neurointer-
vention, including vascular access. Second, procedures requiring
stronger antithrombotic regimens are increasingly performed, of
which one is flow diversion. Hemorrhagic complications are
known to be more common with transfemoral access, and this
advantage of transradial access can be directly translated from the
cardiology literature.

However, it is important to note in this study’s recruitment
period that only 51% (74/144) of cases were performed transra-
dially. The reasons are not clearly stated, but one can imagine
such variability may be because of a different pace of individual
operators at the study centers adopting the transradial approach,
or alternatively, case selection. Unless we know the rationale for
the breakdown of transradial versus transfemoral access, the
transradial complication and access conversion rates noted

cannot be applied for a blanket “radial-first” strategy; these may
only apply to the “radial appears preferable in this patient”
strategy.

The influence of patient selection on complication rates may
be more widespread in our literature. In the largest study com-
paring transradial versus transfemoral flow diversion to date,
comprising 2285 patients, cases were drawn from preradial
(2010–2015) and postradial (2016–2019) eras. Regarding the
postradial era, the authors note “. . . access approach was deter-
mined by the attending neurointerventionalist . . . based on oper-
ator expertise and patient-specific considerations.”6 Comparing
2151 transfemoral versus 134 transradial interventions recruited
between 2010 and 2019 necessitates inclusion of cases (performed
transfemorally) that would have been more optimally performed
transradially. Against not having options other than transfemoral
access, subsequent selection of suitable patients for transradial
access should render better outcomes in both groups because
these cases would have been more appropriate for transradial
access in the first place. The relatively low numbers of transradial
access cases (versus transfemoral) also suggest that patients were
very highly selected for suitability.

Li et al’s6 argument against this is the lack of change in the
transfemoral overall complication rates between their preradial
(2010–2015) and postradial (2016–2019) eras, but this raises a
bigger question: Why were transfemoral complication rates not
falling, especially when predominantly 1 device (99.2%) was used,
experience was growing, and presumably in the postradial era,
cases less suitable for transfemoral access were being taken away
for a transradial approach? Were cases with more challenging in-
tracranial anatomy being attempted predominantly transfemor-
ally? Unfortunately, the provided demographics pertaining to
aneurysm location do not provide adequate information.

There are too many potential biases here to make a definite
answer possible, and perhaps the only way to comprehensively
prove this would be to randomize. This may prove that radial
access is truly preferable, at least in most nonselected cases, for
the average operator. Alternatively, it may be useful to retrospec-
tively analyze aortic arch and branch characteristics in a semi-
quantitative fashion between the 2 access techniques. Until then,
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utter adherence to always attempting a radial-first strategy may,
similar to only performing transfemoral access, render overall
higher complication and access conversion rates. The difficulty
here is we do not know how much more exactly, but an earlier
study by Chen et al7 suggests it may be as high as 20.4%.

As an analogy, there would presumably be little argument that
transfemorally accessing a bovine left carotid using a Simmons
catheter renders a somewhat higher difficulty and risk than using
a right transradial approach (or transfemorally accessing a left ca-
rotid in a young, nonbovine patient). How much more is the
question, and it may be that in the hands of an experienced oper-
ator, the difference in risk is negligible. It is thus fair to say that as
individual experience with transradial approach increases, ana-
tomic access-related risk may decrease, making the hemorrhagic
risks of transfemoral access more prominent in the risk–benefit
calculation. But this equipoise calculation may remain very
individual.

Thus, the emphasis here is on the value of individualization,
and the authors have commendably added to the important con-
versation regarding what constitutes favorable anatomy for trans-
radial access. Previous papers have identified factors that favor
radial access, such as anticoagulation, obesity, femoral artery ath-
eroma, type 3 and bovine arch,8 and narrow-angle7 or parallel
morphology of the brachiocephalic and left common carotid ar-
tery,9 perhaps especially if they angulate toward the ascending or
the descending aorta. However, the current article usefully takes
these further, including specifics of aortic branch anatomy, with
imaging. Such factors play into the safety of transradial versus
transfemoral access, and these cannot be translated from the car-
diology literature, as the arch, and obviously the carotid and ver-
tebral arteries, are not accessed in the same fashion in coronary
intervention compared with neurointervention.

It is also important to note that the current generation of
guide catheters used in transradial neurointervention was not
designed for this usage. Although they have performed well, it is
conceivable that complication rates and specific difficulties expe-
rienced with the current generation of devices may not be appli-
cable in the future. There needs to be ongoing review of the
balance of safety between transradial and transfemoral interven-
tion, especially as experience in transradial intervention and the
scope of its utilization grows.

Lastly, although the need for flow diverter deployment sys-
tems to use larger bore guide catheters and larger loading forces
was raised as a reason for making specific comparison between
transradial and transfemoral access, 6F systems can perhaps be
considered the standard in many centers for a multitude of more
complex neurointerventional operations, such as stent-assisted
coil embolization and endosaccular flow disruption. In tortuous
vascular systems, a transradial approach for these cases would
raise similar concerns. It is perhaps the aggregate stiffness and
bulk of the device systems delivered, after arch anatomy and
appropriateness of catheter systems, that poses the next most im-
portant factor to suitability. One such procedure is transradial

carotid stent placement. Although sometimes older systems have
been repurposed satisfactorily for use in some cases (eg,
Preformed Simmons Envoy XB catheters, Codman Neuro), it
may be in this literature that we will glean the newest information
regarding the actual, coal face applicability of improvements in
catheter technology.

Perhaps the advent of mainstream transradial neurointerven-
tion can be thought of not as the succession of transfemoral
access but as the opening of a door to more options resulting in
better care of the patient, similar to the advent of flow diversion
itself. There will always be practitioners who will prefer flow di-
verter techniques because of training or practice patterns.
Transradial access is similar, and it is likely that transradial access
will play a growing role in neurointervention. However, it is im-
portant that continued practice and training of future neurointer-
ventionists maintain the ability for practitioners to use multiple
alternatives so that patients who are at increased risk of transfe-
moral complications can be offered “radial first,” and those with
unfavorable arch profiles can be offered “femoral first”—that is, a
patient-tailored strategy.
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ORIGINAL RESEARCH
INTERVENTIONAL

CTA-Based Patient-Tailored Femoral or Radial Frontline
Access Reduces the Rate of Catheterization Failure in

Chronic Subdural Hematoma Embolization
E. Shotar, G. Pouliquen, K. Premat, A. Pouvelle, S. Mouyal, L. Meyblum, S. Lenck, V. Degos, S. Abi Jaoude,

N. Sourour, B. Mathon, and F. Clarençon

ABSTRACT

BACKGROUND AND PURPOSE: Chronic subdural hematoma embolization, an apparently simple procedure, can prove to be chal-
lenging because of the advanced age of the target population. The aim of this study was to compare 2 arterial-access strat-
egies, femoral versus patient-tailored CTA-based frontline access selection, in chronic subdural hematoma embolization
procedures.

MATERIALS AND METHODS: This was a monocentric retrospective study. From the March 15, 2018, to the February 14, 2019 (period
1), frontline femoral access was used. Between February 15, 2019, and March 30, 2020 (period 2), the choice of the frontline access,
femoral or radial, was based on the CTA recommended as part of the preoperative work-up during both above-mentioned periods.
The primary end point was the rate of catheterization failure. The secondary end points were the rate of access site conversion
and fluoroscopy duration.

RESULTS: During the study period, 124 patients (with 143 chronic subdural hematomas) underwent an embolization procedure (mean
age, 74 [SD, 13] years). Forty-eight chronic subdural hematomas (43 patients) were included during period 1 and were compared
with 95 chronic subdural hematomas (81 patients) during period 2. During the first period, 5/48 (10%) chronic subdural hematoma
embolizations were aborted due to failed catheterization, significantly more than during period 2 (1/95, 1%; P¼ .009). The rates of
femoral-to-radial (P¼ .55) and total conversion (P¼ .86) did not differ between the 2 periods. No significant difference was found
regarding the duration of fluoroscopy (P¼ .62).

CONCLUSIONS: A CTA-based patient-tailored choice of frontline arterial access reduces the rate of catheterization failure in
chronic subdural hematoma embolization procedures.

ABBREVIATIONS: CSDH ¼ chronic subdural hematoma; MMA ¼ middle meningeal artery

The annual incidence of chronic subdural hematomas
(CSDHs), 14 to 20 per 100,000 individuals, means that the

condition is one of the most frequently managed by neurosurgery
departments.1,2 CSDHs are thought to be sentinel health events,
akin to hip fractures, with important reduction in life expectancy
for patients compared with age-matched controls.3 The condition
is, moreover, associated with far-from-negligible rates of morbid-
ity and mortality, around 11% and 4%, respectively.4

Standard management of symptomatic CSDHs includes
surgical evacuation, mostly through twist drill or burr-hole

craniostomy with closed-system drainage.4-6 Recently, mid-

dle meningeal artery (MMA) embolization has emerged as a

possible treatment of CSDHs.7,8 The procedure is simple in

appearance but can prove to be challenging in a subset of

patients because of tortuous vasculature. Indeed, CSDH is

mostly a disease of the elderly with two-thirds of cases

accounted for in patients older than 65 years of age.1 In the

elderly, several factors, including peripheral vascular disease

and vascular anatomy, can complicate or even preclude

cervical vessel navigation by a traditional transfemoral

approach.9,10

The transradial approach has recently emerged as an alterna-

tive to transfemoral access in interventional neuroradiology, with

the stated aim of reducing access-related complications and

patient discomfort.11 It has also been envisioned that radial access

may facilitate anterior circulation navigation in some

patients.10,11 The aim of this study was to compare 2 arterial-
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access strategies, frontline femoral versus patient-tailored front-

line access selection (femoral or radial), based on a preoperative

CTA, in CSDH embolization procedures.

MATERIALS AND METHODS
Study Design
This was a monocentric retrospective study performed in a terti-
ary care and teaching hospital. Starting from March 15, 2018,
CSDH has been proposed as a treatment of CSDH, initially as an
adjunct to surgery and more recently as a possible sole treatment
in a minority of patients. The most common indication for
CSDH embolization at our institution is a CSDH recurrence or a
CSDH with an independent recurrence risk factor, including
antiplatelet therapy, anticoagulation therapy, hepatopathy, or
alcohol abuse, for instance.12 Eligible patients were excluded if
they refused the embolization procedure or were denied emboli-
zation by the attending physician because they presented in a
moribund state, had a contraindication to the embolization pro-
cedure like severe renal dysfunction, or had a life expectancy of
,6 months. A pre-embolization aortic arch and supra-aortic
trunk CTA was recommended to rule out anatomic contraindica-
tions. The choice of the MMA embolization technique was left to
the discretion of the attending interventional neuroradiologist.

From March 15, 2018, to February 14, 2019 (period 1), a
femoral access was systematically used as a frontline strategy
for CSDH embolization, in line with wider institutional hab-
its. On the basis of this initial experience, from February 15,
2019, to March 30, 2020 (period 2), the choice of the arterial
frontline access, femoral or radial, was patient-tailored and
based on the available CTA. The choice of frontline access
was left to the discretion of the attending interventional neu-
roradiologist. Radial frontline access was, nevertheless,
strongly recommended for right carotid catheterization in
case of a type III aortic arch with proximal common carotid
artery tortuosity and for left carotid navigation in case of a
bovine arch configuration.10,11 For radial access (up to 6F
sheaths), micropuncture under sonographic guidance was
preferred, without prior testing of collateral circulation.
Intra-arterial injection of verapamil (3 mg) through the
sheath was performed. Given the context of intracranial hem-
orrhage, radial access in this specific setting was usually per-
formed without anticoagulation. Postprocedure, patent
hemostasis for 2 hours was recommended. No left radial or
distal radial access was used in this series.

Demographic and clinical data were retrieved by retrospective
review of patient medical records. Imaging data were analyzed on
the local PACS.

End Points
The primary end point was the rate of catheterization failure
leading to procedure abortion. The secondary end points were
rate of access site conversion and fluoroscopy duration. Because
some procedures were performed in a biplane angiosuite while
others were performed in a monoplane angiosuite, only the fluo-
roscopy duration of the anterior-posterior plane was considered
for biplane procedures.

Statistical Analysis
Data are expressed as a percentage for binary variables and as
mean [SD] for continuous variables. Probability values are pro-
vided uncorrected. Probability values, .05 were considered signif-
icant. A x 2 test was used to compare frequencies, and comparison
of means was performed using a Student t test. Statistical analyses
were performed using MedCalc, Version 19.2 (MedCalc Software).

Ethical Statement
The institutional review board approved this study (Comité
d’Ethique pour la Recherche en Imagerie Médicale CRM-2003–063)
and the need for signed patient consent was waived.

Data-Sharing Statement
Raw data are available on reasonable request from the corre-
sponding author.

RESULTS
Population Characteristics
One hundred thirty-eight patients were referred for MMA embo-
lization during the study period (Fig 1). Six patients were deemed
unfit to undergo embolization, and another 6 patients refused to
undergo the procedure. Two patients were excluded on the basis
of the result of the CTA because of extensive supra-aortic trunk
atheroma precluding safe endovascular navigation. A total of 124
patients underwent embolization procedures of 143 target MMAs
(105 unilateral and 19 bilateral CSDHs). The mean age of the
study population was 74 [SD, 13] years, and most of the patients
(94; 76%) were men. There was no difference in terms of demo-
graphics, clinical and radiologic presentation of the CSDHs, man-
agement strategy, and choice of anesthesia technique between
patients managed during periods 1 and 2 (Table 1).

Embolization Procedures
During period 1, all 48 CSDH embolizations were performed via
a frontline femoral access. In 1 instance (2%), a femoral-to-radial
conversion was deemed necessary during the procedure (Fig 2, il-
lustrative example C). During period 2, a frontline femoral access
was chosen for 57/95 (60%) CSDH embolizations. Of these, a
femoral-to-radial conversion was deemed necessary during the

FIG 1. Flow chart. E° indicates embolization.
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procedure in 1/57 (2%) instances (Fig 2, illustrative example D).
Conversely, a frontline radial access was chosen for 38/95 (40%)
cases with 3/38 (8%) radial-to-femoral per-procedure conver-
sions. Figure 2 shows a series of anatomic configurations having
led to difficult endovascular navigation or catheterization failure.

The CSDH embolization procedure was aborted in 15/143
(10%) cases, in 6 instances because of agitation, in 6 cases because
of failed catheterization, and in 3 cases because of a so-called
“dangerous anastomosis,” including 2 cases in which the MMA
originated from the ophthalmic artery. Notably, once the guiding
catheter was successfully placed, microcatheter navigation in the
external carotid artery and MMA was always achieved. A total of
128/143 (90%) MMAs were embolized. Embolization was per-
formed with calibrated tris-acryl microspheres (300–500mm in
diameter) in 111/128 (87%) instances, with associated proximal
MMA coiling in 33/111 (30%) cases; using an n-BCA liquid em-
bolic agent in 6/128 (5%) cases; by proximal MMA coiling alone
in 10/128 (8%) cases; and by a gelatin-based embolic agent in the
remaining patient (1%). We registered 7 minor complications in
124 patients (6%): 1 partial seizure during the procedure, 1 re-
versible headache, 2 transient diplopias, 2 asymptomatic iatro-
genic meningomeningeal fistulas treated by MMA coiling during
the procedure, and 1 asymptomatic external carotid artery occlu-
sion. The only major complication (1%) was a femoral artery
occlusion at the access site, treated surgically. The patient died 6
weeks after the CSDH embolization procedure.

Outcome
During period one, 5/48 (10%) CSDH embolization procedures
were aborted due to failed catheterization. In all cases of failed
catheterization, only a femoral access was attempted (Fig 2,

illustrative cases A and B). In comparison, during period 2, only
1/95 (1%) procedures was interrupted after a failed attempt to
catheterize a left carotid artery by a femoral access (Fig 2, illustra-
tive case F), significantly less than during period 1 (P¼ .009).
During periods 1 and 2, all 5 femoral-to-radial and radial-to-
femoral conversions led to successful CSDH embolizations
(Fig 2, illustrative cases C, D, and E). In none of the 6 failed
catheterizations was an access site conversion attempted. The
mean age of patients with failed catheterization was 81 [SD,
9] years and tended to be higher than that in the general study
population, but the difference did not reach statistical signifi-
cance (P¼ .21).

The rates of femoral-to-radial (P¼ .55) and total conversion
(P¼ .86) did not differ significantly between the 2 periods. No
significant difference was found regarding the duration of fluo-
roscopy between the 2 periods (P¼ .62) (Table 2).

DISCUSSION
Main Results
This nonrandomized study shows that a CTA-based patient-tai-
lored choice of frontline arterial femoral or radial access reduces
the rate of catheterization failure in CSDH embolization proce-
dures. Moreover, femoral-to-radial and radial-to-femoral per-
procedure conversion should be considered when faced with
challenging endovascular navigation because versatility appears
to improve procedure outcomes.

MMA Embolization in the Treatment of CSDH
MMA embolization has been proposed as a potential treatment
for CSDH.7,8 Enhanced understanding of CSDH physiopa-
thology underlies the rationale for CSDH embolization.13

Table 1: Patient characteristicsa

Total Study Population
(143 CSDH; 124 Patients)

Period 1: Frontline
Femoral Access (48
CSDH; 43 Patients)

Period 2: Patient-
Tailored Arterial Access
(95 CSDH; 81 Patients) P Value

Demographics (patients)
Mean age (yr) 74 [SD, 13] 73 [SD, 15] 75 [SD, 12] .32
Male sex 94 (76) 34 (79) 60 (74) .54
Anticoagulant medication 39 (31) 13 (30) 26 (32) .83
Antiplatelet medication 55 (44) 18 (42) 37 (46) .69
Coagulopathy 4 (3) 3 (7) 1 (1) .09
Alcohol abuse 18 (15) 6 (14) 12 (15) .9
Past CSDH recurrence 25 (20) 11 (26) 14 (17) .28
Clinical presentation (patients)
GCS score, ,15 42 (34) 15 (35) 27 (33) .86
Neurologic deficit 86 (69) 29 (67) 57(70) .88
Cephalalgia 50 (40) 15 (35) 35 (43) .42
Radiologic presentation (CSDHs)
Maximal thickness (mean) (mm) 22 [SD, 7] 21 [SD, 8] 22 [SD, 7] .65
CSDH management (CSDH)
Unoperated CSDH 5 (3) 2 (4) 3 (3) .76
Combined management (operation and
embolization within 7 days)

132 (92) 42 (88) 90 (95) .13

Delayed CSDH embolization (.7 days
following the operation)

6 (4) 4 (8) 2 (2) .08

Embolization procedures (patients)
Local anesthesia 116 (94) 41 (95) 75 (93) .55
Conscious sedation or general anesthesia 8 (6) 2 (5) 6 (7) .55

Note:—GCS indicates Glasgow Coma Scale.
a Values are mean [SD] for quantitative variables or numbers and percentages for qualitative variables.
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Morphologically, microvasculature alterations of the outer
membrane of the CSDH include increased vessel density,
capillary diameter, and the occurrence of large intercellular
gaps between the endothelial cells.14,15 MMA embolization
aims to occlude the so-called sinusoid neovessels of the
CSDH outer membrane and subsequently reduce repeated
microhemorrhage. Both curative embolization as a sole treat-
ment7,16-18 or combined management with embolization as
an adjunct to surgical treatment have been proposed.7,19,20 A
variety of embolic agents have been described in this context,
mostly calibrated particles but also coils, n-BCA, or ethylene-
vinyl alcohol copolymer liquid embolic agents.7,17,21-23 Ban et
al,7 in a relatively large study, compared 72 consecutive
patients treated by CSDH embolization, either curative (27
patients) or as an adjunct to surgery (45 patients), with a his-
torical control group of 469 patients managed conventionally
either by an operation alone or conservatively. The treatment
failure rate in the embolization group was found to be

significantly reduced (1%) compared
with historical controls (27.5%).

Challenging Catheterization and
Radial Access
As stated above, CSDH is mostly a dis-
ease of the elderly.1 Indeed, the mean
age of the study population described
herein is .5 years higher than in
patients included in real-life mechanical
thrombectomy registries.24,25 Advanced
age is associated with peripheral vascu-
lar disease, aortic arch elongation, and
increased carotid artery tortuosity, all of
which can increase technical difficulty
or even preclude endovascular naviga-
tion by femoral access.9,10,26,27 The 2
largest CSDH embolization series to
date have reported populations with an
average age younger than 70 years,7,8

closer to the ages of patients undergoing
mechanical thrombectomy than those
reported herein. This may explain why
technical difficulties related to CSDH
embolization have not been highlighted
before.

Radial access was described.3 deca-
des ago.28 It has since become the access
route of choice in percutaneous cardiac
interventions, mainly due to demon-
strated superiority in terms of patient
satisfaction, cost effectiveness, and,
more important, reduced local com-
plication rates and even cardiac
mortality.29,30 Transfemoral access
exposes patients to a risk of retroperi-
toneal hematoma with potentially cat-
astrophic consequences, especially in
the setting of antiplatelet or anti-

coagulant medication. Alternatively, hand ischemia is a
potentially devastating complication of radial access, but in
practice, radial artery occlusion remains essentially clinically
silent.31 In the Minimizing Adverse Haemorrhagic Events by
Transradial Access Site and Systemic Implementation of AngioX
(MATRIX) trial, .4000 patients were randomized to transradial
access and none presented with symptomatic hand ischemia.31,32

Interventional neuroradiology has lagged behind in adopting
radial access, and several factors have been proposed to explain
this hesitancy: Interventional neuroradiology training is domi-
nated by femoral access, and there is a perceived difficulty in nav-
igating the cerebrovasculature from the radial artery.11 Despite
these potential impediments, several centers have successfully
implemented radial-access strategies for diagnostic cerebral
angiographies and neurointerventional therapeutic proce-
dures.11,33–35 Although definite evidence of the potential ben-
efit of radial access in neurointerventional procedures is still
lacking, several studies have pointed out reduced patient

FIG 2. Illustrative examples of challenging and failed catheterization cases. Manually-segmented
surface-rendering 3D reconstructions of CTAs of aortic arches of patients included during peri-
ods 1 (A–C) and 2 (D–F). A, Anterior view of a case of failed right carotid catheterization by femo-
ral access due to a proximal kinking of the right common carotid artery (right arrow) in a type III
aortic arch. B, Anterior view in a case of failed left carotid catheterization by femoral access due
to a bovine arch configuration (right arrow), which, in retrospect, would have been an ideal can-
didate for radial access. C, Anterior view in a case of failed left carotid catheterization by femo-
ral access converted secondarily to transradial catheterization in relation to a bovine arch (right
arrow). D, Posterior view of a case of failed right carotid catheterization by a frontline femoral
access most probably due to the angulation between the brachiocephalic trunk and the aortic
arch, with subsequent successful radial access conversion. E, Anterior view of a bilateral CSDH in
which a frontline radial access was chosen. Following right CSDH embolization by the transradial
approach, failure to navigate the left carotid artery led to radial-to-femoral access conversion
and left-sided successful embolization. F, Anterior view in a case of failed catheterization of the
left carotid artery from a frontline femoral access after which the procedure was aborted.
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discomfort, reduced complication rates, and even enhanced
technical feasibility in a subset of patients.10,11,33,34 The criti-
cal importance of both safety and technical feasibility in the
specific context of CSDH embolization is underlined by the
results of this study.

Both radial and femoral access strategies have specific compli-
cations and drawbacks, further highlighting the potential benefit
of a tailored-access strategy. For instance, considering alternative
access sites to transfemoral access has been recommended in
patients with known prior surgery, stent placement, or occlusion
of the femoral or iliac arteries or descending aorta.31 Alternatively,
tortuosity and acute angulation of the left common carotid artery
and internal carotid artery have been associated with radial
approach failure.36

Study Limitations
The retrospective, monocentric, and nonrandomized design of
this study are all potential sources of bias. In particular, it cannot
be excluded that later-stage reduced rates of failure to catheterize
are related to more aggressive endovascular navigation. Indeed,
CSDH embolization is an emerging procedure for which the per-
ceived utility may have increased across time during the study,
therefore reducing the acceptability of procedural failure.
However, the stability of fluoroscopy durations between the study
periods contradicts this notion. Fluoroscopy duration as an out-
come is, in itself, also subject to bias given that it does not distin-
guish the duration of endovascular navigation as opposed to
embolization time. Also, criteria leading to the choice of a front-
line radial or femoral access were largely based on operator pref-
erences and eluded this study. Moreover, it could be that
increased recourse to the radial route in itself, rather than the
patient-tailored strategy of frontline access, reduced catheteriza-
tion failure. Indeed, an increased choice of radial access as a
frontline option and the propensity to switch from femoral to ra-
dial access in case of challenging anatomies may be thought of as
mutually reinforcing. As stated earlier, in none of the 6 failed
catheterizations was an access site conversion attempted, stress-
ing the fact that improved catheterization rates may be a marker
of increased versatility. This may be especially true in the general
context of the modification of access strategies in interventional
neuroradiology underway.

Also, the learning curve effect cannot be excluded to explain
reduced later-stage catheterization failure. Experience gained

during period 1 could have led to better operator performance
during period 2. This is unlikely, however, for femoral access,
given that challenging anatomies have become common with the
advent of mechanical thrombectomy, and catheterization failure
is now exceptional in this context, albeit with dedicated catheters
with enhanced navigability. Also, given the potentially debilitat-
ing consequences of stroke, physicians may be less reluctant to
perform more aggressive endovascular maneuvers to reach the
target vessel in this setting. Finally, as illustrated in this study
population, agitation is also a frequent cause of procedural abor-
tion with the patient under local anesthesia or even conscious
sedation. General anesthesia should be considered in a subset of
patients to increase procedural success rates.

CONCLUSIONS
A CTA-based patient-tailored choice of frontline arterial access
reduces the rate of catheterization failure in CSDH embolization
procedures.
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Reliability of the Diagnosis of Cerebral Vasospasm Using
Catheter Cerebral Angiography: A Systematic Review and

Inter- and Intraobserver Study
T.E. Darsaut, C. Derksen, B. Farzin, M.B. Keough, R. Fahed, W. Boisseau, L. Letourneau-Guillon, A.-C. Januel,

A. Weill, D. Roy, T.N. Nguyen, S. Finitsis, J.-C. Gentric, D. Volders, A. Carlson, M.M. Chow, C. O’Kelly,
J.L. Rempel, R.A. Ashforth, M. Chagnon, J. Zehr, J.M. Findlay, G. Gevry, and J. Raymond

ABSTRACT

BACKGROUND AND PURPOSE: Conventional angiography is the benchmark examination to diagnose cerebral vasospasm, but there
is limited evidence regarding its reliability. Our goals were the following: 1) to systematically review the literature on the reliability
of the diagnosis of cerebral vasospasm using conventional angiography, and 2) to perform an agreement study among clinicians
who perform endovascular treatment.

MATERIALS ANDMETHODS: Articles reporting a classification system on the degree of cerebral vasospasm on conventional angiog-
raphy were systematically searched, and agreement studies were identified. We assembled a portfolio of 221 cases of patients with
subarachnoid hemorrhage and asked 17 raters with different backgrounds (radiology, neurosurgery, or neurology) and experience
(junior #10 and senior .10 years) to independently evaluate cerebral vasospasm in 7 vessel segments using a 3-point scale and to
evaluate, for each case, whether findings would justify endovascular treatment. Nine raters took part in the intraobserver reliability
study.

RESULTS: The systematic review showed a very heterogeneous literature, with 140 studies using 60 different nomenclatures and 21
different thresholds to define cerebral vasospasm, and 5 interobserver studies reporting a wide range of reliability (k ¼ 0.14–0.87).
In our study, only senior raters reached substantial agreement (k $ 0.6) on vasospasm of the supraclinoid ICA, M1, and basilar seg-
ments and only when assessments were dichotomized (presence or absence of $50% narrowing). Agreement on whether to pro-
ceed with endovascular management of vasospasm was only fair (k # 0.4).

CONCLUSIONS: Research on cerebral vasospasm would benefit from standardization of definitions and thresholds. Dichotomized
decisions by experienced readers are required for the reliable angiographic diagnosis of cerebral vasospasm.

Cerebral vasospasm remains a major cause of poor outcome
after aneurysmal SAH.1 Timely identification of vascular

constriction to avoid delayed cerebral ischemia can result in esca-
lation of therapy and avoiding vasospasm-related strokes, disabil-
ity, and death.2 Endovascular rescue procedures such as intra-

arterial infusion of calcium channel blockers and balloon angio-
plasty can be used to dilate constricted vessels and prevent
strokes3-5 but these treatments carry a risk.6,7 The appropriate
timing and indications for endovascular treatment in this setting
remain unclear.1,8

Even though various noninvasive imaging methods have been
proposed, conventional angiography remains the gold standard
for evaluating whether a vessel is sufficiently narrowed to qualify
as significant vasospasm and whether to proceed with endovascu-
lar treatment. However, the reliability of the diagnosis of vaso-
spasm by conventional angiography has, in fact, rarely been
studied.9 There are few reported reliability studies to date and
usually in the context of comparing a novel, non- or less-invasive
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test with conventional angiography, with a small number of
patients and a limited number of raters.9-13

Here, we first systematically reviewed the literature on classifi-
cation systems used to describe vasospasm after aneurysmal SAH
using conventional angiography, with particular attention paid to
classifications tested for interobserver reliability. We then sought
to rigorously evaluate the reliability of the assessments made by a
substantial number of interventionists of various backgrounds
and years of experience regarding the degree of vasospasm and
the perceived need for endovascular treatment in a substantial
number of clinical cases.

MATERIALS AND METHODS
A detailed protocol for the literature search strategy (Online
Supplemental Data) was designed and implemented according to
the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis statement.14 The article was prepared in accordance
with the Guidelines for Reporting Reliability and Agreement
Studies.15 The research ethics board at the University of Alberta
provided consent to access patient clinical and angiographic data.

The electronic search was performed using the Cumulative
Index of Nursing and Allied Health Literature, EMBASE, EBM,
Cochrane Database of Systematic Reviews, and MEDLINE data
bases with no start date specification, capturing English and
French publications up to August 28, 2019. One author tested the
ability of the search strategy to recover pertinent articles. The data
were collected and reviewed in detail independently by 2 authors
(B.F., T.E.D.), with 6 and 12 years’ experience, respectively, and
discrepancies were resolved by consensus.

Patients
We assembled an anonymized portfolio of 221 patients with SAH
hospitalized at the University of Alberta from January 2007 to
December 2017, identified through a prospectively maintained
transcranial Doppler case log. The case log excluded patients with
high-grade aneurysmal SAH who were considered moribund.
Patients who had undergone catheter cerebral angiography dur-
ing the vasospasm risk period (3–17days post-SAH) with injec-
tions of the left and right ICAs and at least 1 vertebral artery
injection were included (257 patients). Thirty-six cases were sub-
sequently excluded because $1 of the angiographic images was
judged too poor to evaluate, leaving 221 cases for assessment of
the degree of vasospasm. Demographic and aneurysm character-
istics of the patients included in the portfolio, including the pro-
portion actually treated with hypertensive therapy or balloon
angioplasty for vasospasm, are presented in Table 1.

Clinician Responders
The angiographic portfolio was sent to selected clinicians from
different training backgrounds, working in different countries,
with differing levels of experience. Responders provided some de-
mographic information but were assured of anonymity. Senior
raters were those with .10 years’ experience in treating vaso-
spasm. Raters were not provided with any clinical information
regarding the case and were blinded to: i) the official radiology
report, ii) whether the patient was receiving hypertensive therapy,
iii) the scores given by the other responders.

For each of the 221 cases, clinicians were provided with ante-
rior-posterior projections for 3 injections (left ICA, right ICA,
and 1 vertebral artery) and were asked to provide their visual
judgment on the degree of vessel narrowing at the level of the
supraclinoid ICA, M1, A1, and basilar segments, for a total of 7
assessments per case (1547 assessments per responder per read-
ing session). Caliper measurements were not required. Baseline
angiographic images were available for comparison in 342/663
(51.6%) injections. The categories and thresholds were the follow-
ing—none/mild vasospasm: ,33% vessel narrowing; moderate
vasospasm: 33%–50% narrowing; or severe vasospasm:.50% nar-
rowing, according to a modified scheme used at our institution.13

Clinicians were then asked, for each case, if the patient is sympto-
matic without another cause, would you proceed with endovascu-
lar treatment of vasospasm? For the intrarater evaluation, raters
were asked to independently evaluate the same-but-permutated
portfolio twice,.4weeks apart.

Finally, to assess whether a different defining threshold for
severe vasospasm influenced agreement, we asked 4 clinicians to
evaluate the same 221 cases 2 more times, at least 4weeks apart
using a different dichotomized threshold (not severe vasospasm:
less than two-thirds narrowing; or severe vasospasm: equal or
more than two-thirds vessel narrowing) and to consider only the
ICA, M1, and basilar segments (1105 assessments per responder
per reading session). An illustrative case from the portfolio is pre-
sented in Fig 1, and the questionnaire is available in the Online
Supplemental Data.

Table 1: Characteristics of patients and aneurysms included in
the portfolio

Characteristics
No. of cases 221
Age (mean) (range) 51.4, 16–77
Female sex 144 (65.2%)
Aneurysm location
Anterior circulation 183 (82.8%)
Posterior circulation 32 (14.5%)
No aneurysm identified 6 (2.7%)

Aneurysm location
Left 58 (26.2%)
Right 96 (43.4%)
Midline 61 (27.6%)
None found 6 (2.7%)
WFNS grade
I 78 (35.3%)
II 51 (23.1%)
III 16 (7.2%)
IV 33 (14.9%)
V 43 (19.5%)
Modified Fisher grade
1 44 (20.0%)
2 29 (13.1%)
3 65 (29.4%)
4 83 (37.6%)

Treatment details
Surgical clipping 123 (55.7%)
Endovascular treatment 91 (41.2%)
Spontaneous occlusion before treatment 1 (0.5%)
No treatment 6 (2.7%)
Received hypertensive therapy for vasospasm 52 (23.5%)
Received balloon angioplasty for vasospasm 26 (11.8%)

Note:—WFNS indicates World Federation of Neurosurgical Societies.
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Statistical Analysis
Results were analyzed for all raters according to the arterial seg-
ment, first using all 3 categories and then dichotomized into non-
severe/severe using 50% vessel narrowing as the threshold. This
analysis was then repeated for the raters who responded to the
portfolio with the dichotomized higher (two-thirds) narrowing
threshold. An overall per-patient assessment of severe vasospasm
was considered to have been made when the rater assessed nar-
rowing to be “severe” for at least one of the ICA, M1, or basilar
segments. Isolated A1 segment vasospasm was not included in
this definition to avoid the uncertainty regarding pre-existent A1
hypoplasia. Responses were then stratified according to training
background and years of experience.

Interrater and intrarater agreement regarding the degree of
vasospasm for each arterial segment was assessed using Fleiss k
statistics for dichotomized data using 95% bias-corrected confi-
dence intervals obtained with 1000 bootstrap resampling. For
nondichotomized data, agreement was determined using the
Krippendorff a. The strength of agreement was interpreted
according to Landis and Koch (0–0.2, slight; 0.21–0.4, fair; 0.41–
0.6, moderate; 0.61–0.8, substantial; 0.81–1.0 almost perfect).
Differences between point estimates or between k values were
considered to exist when confidence intervals did not overlap. All
analyses were performed by statisticians (M.C., J.Z.) using

STATA, Version 16.0 (StataCorp) and SPSS Version 25 (IBM),
with a significance level set at .05.

RESULTS
Systematic Review
A total of 1892 titles were reviewed, 683 abstracts were examined,
328 full-text articles were read in detail, and 140 eligible articles
that used classification systems to evaluate cerebral vasospasm
were included (flow chart, Online Supplemental Data). Articles
described percentage luminal narrowing (91 articles), measured
millimetric narrowing (11 articles), categorized the degree of vas-
ospasm without quantification (9 articles), or did not categorize
or quantify the degree of vasospasm (simple yes/no presence) (29
articles). Articles used a different number of tiers to grade the
degree of vasospasm: 2 tiers (27 studies), 3 tiers (16 studies), 4
tiers (42 studies), 5 tiers (5 studies), and 6 tiers (1 study); no tiers
were specified in 37 studies (Online Supplemental Data). Sixty
different nomenclatures were used to define the degree of vaso-
spasm. Measurement calipers (37 studies) or simple visual judg-
ment (ie, eyeballing) (104 studies) were used to evaluate vessel
diameter. Most (126/140, 89%) of the articles were diagnostic ac-
curacy studies comparing how a second (noninvasive) imaging
technique compared with conventional angiography. None of the

FIG 1. Illustrative case from the portfolio. The degree of vessel narrowing was assessed on the right-sided Index images (A2, B2, C2).
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published articles examined the same cases twice, with different
thresholds to evaluate the consequence of changing thresholds on
agreement.

The systematic review identified 5 interobserver variability
studies, all of which had been published before the publication of
the Guidelines for Reporting Reliability and Agreement Studies
recommendations (2011).15 The 5 articles each used a different
classification system to evaluate the degree of vasospasm (with 2–
4 tiers) using various arbitrary thresholds (Online Supplemental
Data). All included an assessment of interobserver agreement on
cerebral vasospasm using conventional angiography, but this was
the main focus of only one of the articles.11 The number of
patients ranged from 22 to 101, and the number of raters, from
2–4. The degree of blinding of the raters was not reliably
reported. The paucity of data and the heterogeneity of methods
and end points precluded meta-analysis.

Agreement Study
The 221-patient portfolio included 52 patients (23.5%; 95% CI,
18.4%–29.5%) actually treated for vasospasm with vasopres-
sor medications and 26 patients (11.8%; 95% CI, 8.1%–

16.7%) who received balloon angioplasty for vasospasm. Six
patients with high-volume subarachnoid hemorrhages were
never found to have an aneurysm but were included in this
series because they were considered at risk of developing
symptomatic vasospasm.

The portfolio was sent to 20 clinicians, and 17 (85%)
responded. All respondents (17/17) currently perform balloon
angioplasty for cerebral vasospasm as part of their practice. Their
training backgrounds were the following: interventional neuroradi-
ology (n¼ 10), endovascular-trained cerebrovascular surgery
(n¼ 4), and interventional neurology (n¼ 3). Raters were from
Canada (n¼ 9), the United States (n¼ 5), or Europe (n¼ 3).
Junior raters had #5 years’ (n¼ 3) or 6–10 years’ (n¼ 6) experi-
ence, while the senior raters had 11–20 years’ (n¼ 4) or.20 years’
experience (n¼ 4). Nine raters (53%) completed the survey twice
(cases were permuted between the 2 reading sessions) .4weeks
apart for the intrarater evaluation. Four raters (24%) completed

the survey 2 more times using the two-thirds vessel narrowing
threshold for severe vasospasm, again.4weeks apart.

The prevalence of severe vasospasm in the portfolio, as
assessed by the 17 readers, ranged from 7.4% to 40.3% (mean,
26.3% [SD, 9.7%]). The nondichotomized interrater agreement
for the diagnosis of severe vasospasm using conventional angiog-
raphy is available in the Online Supplemental Data, while the
dichotomized agreement results are presented in Table 2.
Interpretation of the dichotomized (nonsevere/severe) data,
according to Landis and Koch, showed moderate agreement for
the supraclinoid ICA (k ¼ 0.568; 95% CI, 0.489–0.646), M1
(k ¼ 0.576; 95% CI, 0.517–0.629), A1 (k ¼ 0.511; 95% CI, 0.460–
0.562), and basilar (k ¼ 0.533; 95% CI, 0.413–0.646) arterial seg-
ments. Having a training background in radiology, neurosurgery,
or neurology did not significantly influence agreement, but res-
ponders with .10 years’ experience had significantly better
agreement than junior readers when considering the presence of
severe vasospasm in the M1 segment (k ¼ 0.638; 95% CI, 0.575–
0.693 versus k ¼ 0.512 (95% CI, 0.444–0.574) and also agreed
more on the per-patient assessment of severe vasospasm
(k ¼ 0.629; 95% CI, 0.566–0.686) compared with junior readers
(k ¼ 0.483; 95% CI, 0.414–0.552).

Perfect agreement (17/17 raters) on the presence of severe vas-
ospasm in at least 1 arterial segment existed for 9 cases (4.0%).
For 30/221 (14%) cases, 14/17 (80%) respondents considered the
degree of vasospasm to be severe using a 50% narrowing thresh-
old. Illustrative cases of maximal and minimal agreement for the
diagnosis of severe vasospasm are presented in Fig 2.

The interobserver agreement for all raters on whether to pro-
ceed with endovascular treatment if the patient were sympto-
matic without another cause was fair (k = 0.39) and was not
significantly better when considering years of experience or train-
ing background. There was a strong association between the
determination of severe vasospasm and the choice to proceed
with endovascular treatment (OR = 20.57; 95% CI, 16.3–25.89;
P, .001). Patients who actually underwent angioplasty in real
life obtained “yes” votes for endovascular treatment 348 of 406
(86%) times, while patients who did not undergo angioplasty

Table 2: Interrater agreement for the per-patient diagnosis of severe vasospasm on DSA using 50% vessel narrowing threshold
(dichotomized)

j (95% CI) Interventional
Junior
(n= 9)

Senior
(n= 8)

All Raters
(n=17)

Neuroradiologists
(n= 10)

Neurosurgeons
(n= 4)

Neurologists
(n= 3)

Supraclinoid ICA 0.568
(0.489–0.646)

0.535
(0.457–0.626)

0.549
(0.450–0.642)

0.625
(0.509–0.725)

0.484
(0.400–0.567)

0.652
(0.562–0.735)

M1 segment 0.576
(0.517–0.629)

0.579
(0.515–0.633)

0.514
(0.433–0.593)

0.554
(0.461–0.643)

0.512
(0.444–0.574)

0.638
(0.575–0.693)

A1 segment 0.511
(0.460–0.562)

0.511
(0.457-0.563)

0.452
(0.376–0.527)

0.512
(0.444–0.588)

0.512
(0.453–0.571)

0.495
(0.444–0.550)

Basilar 0.533
(0.413–0.646)

0.488
(0.364–0.604)

0.538
(0.364–0.697)

0.551
(0.391–0.699)

0.475
(0.348–0.604)

0.617
(0.493–0.737)

Per-patient assessmenta 0.556
(0.498–0.611)

0.558
(0.494–0.616)

0.495
(0.412–0.583)

0.546
(0.452–0.638)

0.483
(0.414–0.552)

0.629
(0.566–0.686)

Decision to proceed
with EVT

0.393
(0.344–0.444)

0.393
(0.336–0.445)

0.414
(0.344–0.490)

0.319
(0.229–0.415)

0.382
(0.328–0.445)

0.410
(0.351–0.469)

Note:—EVT indicates endovascular treatment.
a Severe vasospasm affecting at least 1 arterial segment (not a single A1).
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obtained 1450/3326 (44%) yes votes (P, .000). The assessments
of the 17 readers on the 221 cases are ordered and presented in
Fig 3.

Nine clinicians answered the survey twice to obtain intraob-
server agreement (Online Supplemental Data). Intraobserver
agreement for the dichotomized evaluation of whether the patient
had severe vasospasm was at least substantial for all raters
(k ¼ 0.639–0.802). The range of intraobserver agreement on the
decision of whether to proceed with endovascular management
was at least substantial for 7 of 9 raters, varying from moderate
(k ¼ 0.464) to almost perfect (k ¼ 0.828).

To test the impact of changing the threshold definition of
severe vasospasm from 50% to 66.6% vessel narrowing, 4 readers
completed the survey 4 times each, twice with the 50% threshold

and twice with the two-thirds threshold. For these 4 readers, alter-
ing the threshold definition did not significantly change the agree-
ment; interobserver agreement was substantial using 50% and
remained at a substantial level using the two-thirds narrowing
threshold for carotid and M1 segments and for per-patient assess-
ments as well (Online Supplemental Data). The range of intrarater
agreement was also substantial (k ¼ 0.723–0.784) at 50% and from
moderate-to-almost-perfect agreement at two-thirds (range,
k ¼ 0.596–0.834) (Online Supplemental Data).

DISCUSSION
The present work specifically addresses the angiographic diagno-
sis of vasospasm, which is only 1 aspect of the physiologic
derangements that occur after aneurysmal SAH and which are
collectively referred to as delayed cerebral ischemia/vasospasm.1,2

The pathophysiologic association between the caliber of cerebral
vessels and delayed cerebral ischemia was historically made with
conventional angiography, a method that remains the gold stand-
ard, even if angiography is currently increasingly replaced by var-
ious noninvasive diagnostic alternatives.9,10,16 The diagnosis of
vasospasm on conventional angiography is, nevertheless, beset by
a number of unresolved problems. There is no consensus in the
literature on the diagnostic criteria for angiographic vasospasm,
and our systematic review showed such heterogeneity in the way
cerebral vasospasm is defined and evaluated that the comparison
of results from 1 article to the next is difficult or impossible.

One major difficulty is that there is no way to verify whether
the results of conventional angiography are accurate: There is no
additional gold standard with which angiography can be verified,
unlike appendicitis, for example, for which the accuracy of a
sonographic diagnosis can be verified by surgical exploration.
The best that can be done is to evaluate the reliability of the evalu-
ations obtained with conventional angiography. However,
because angiography often serves as the gold standard to evaluate
other noninvasive tests, this evaluation becomes crucial. It is,
thus, somewhat surprising that reliability has been so infrequently

assessed, and never with the benefit of
modern computing power and statistical
techniques.11 One explanation could be
that in a study dedicated to the diagnostic
accuracy of a new technique, there is little
incentive to put the gold standard con-
ventional angiography to a severe test.

We thus endeavored to address this
gap by assembling a large number of cases
and recruiting a large number of clini-
cians, hoping to establish that the best test
of vessel narrowing was actually reliable.
However, the reliability of the diagnosis
of severe vasospasm remains borderline
for a number of methodologic and practi-
cal clinical reasons. Variability in intracra-
nial vessel diameters is inevitably present
across individuals, and baseline catheter
angiograms in the same patient are not
always available for comparison (ie, for
clipped aneurysms which are treated on

FIG 2. Illustrative cases of maximal agreement and maximal disagree-
ment. Two cases showing A) maximal agreement (17/17 readers rated
vasospasm to be “severe” with 50% narrowing threshold), B) maximal
disagreement (only 8/17 readers rated vasospasm to be “severe”).

FIG 3. Total number of dichotomized assessments of severe vasospasm and choice for endo-
vascular treatment. Along the x-axis, the graph shows patients primarily ordered according to
increasing proportion of severe vasospasm votes. Patients are secondarily ordered within each
bracket according to number of votes for endovascular treatment. Circles show patients who
received angioplasty in real life. Note that perfect agreement occurs only at the tails of the
distribution: cases 1–92 (all no) and 212–221 (all yes).
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the basis of CT angiography). The determination of spasm can
sometimes be made only by comparison with a noninvasive test
or through a comparison with ipsilateral or contralateral presum-
ably uninvolved arteries. Well-defined, precise measurement pro-
tocols, including which vessels should be measured (and how),
remain elusive.

Second, whether readers can reliably differentiate 25% or 30%
vessel narrowing is questionable, and even if precise and reliable
measures were possible, there is no consensus on what baseline
reference values should be used on which or how many vessels.
The reasons for the various grading scales and the exact proce-
dural methodology are frequently not clearly stated or validated,
with some authors choosing to measure vessel diameter with cali-
pers, while others use simple visual assessment.

Our findings have a number of important implications for vas-
ospasm research. Correlative research on alternative (noninvasive)
diagnostic tests such as transcranial Doppler,13 CTA,10,17,18 or
MRA18 that commonly use conventional angiography as the com-
parative benchmark examination should bear in mind the subopti-
mal reliability of the gold standard diagnostic test. All by itself, the
lack of reliability of the diagnoses may explain how pharmacologic
treatments such as nimodipine could be shown to be clinically
effective despite the lack of a measurable effect on angiographic
vessel narrowing;19 this explanation further reinforces the notion
that hard clinical outcomes should be selected for clinical trials on
vasospasm.19-23

The most important questions following conventional angiog-
raphy pertain to the clinical relevance of the interpretation. The
clinical decision of whether to proceed with endovascular man-
agement of vasospasm is based primarily on the clinical and neu-
rologic status, but it is also closely related to the judged degree of
angiographic vasospasm, particularly for sedated or comatose
patients. Currently, the use of conventional angiography is often
restricted to patients already identified by noninvasive tests, and
interpretation is often biased toward intervening. We attempted,
in this survey, to eliminate any decisional variability due to differ-
ences in clinical status by not mentioning when the patients were
already being treated with vasoactive drugs and by asking res-
ponders to consider, for each case, that the patient was sympto-
matic without another cause. This word choice may have
influenced readers to proceed with endovascular treatment even
when the degree of vasospasm was judged not severe. The word-
ing of the questions may also have influenced results because the
choice of whether to proceed with endovascular management
could have been variously interpreted as including infusion of
vasoactive medications or balloon angioplasty, which may have
different thresholds for decisions to treat.

Limitations of this work include the artificially constructed
portfolio and the self-selected readers. Different cases and readers
could have produced different results. The choice of 50% and
two-thirds thresholds for severe vasospasm were arbitrarily deter-
mined after a review of the literature. We did not ask readers to
differentiate focal from diffuse vasospasm or to fastidiously evalu-
ate spasm in more distal vessels such as the M2, A2, or P2 seg-
ments because we were mostly interested in an evaluation of
vessel segments that are more reliably examined by noninvasive
methods such as transcranial Doppler and CTA and are safely

treatable with balloon angioplasty. The representative images
evaluated by the raters were only 3 still images; rating the entire
dynamic angiographic study on a PACS system may have led to
different results. Finally, evaluating a portfolio of images and
making a case-by-case evaluation of real patients are different
contexts, and we can only hope that readers took the same
amount of time and care to respond as they would in a normal
clinical setting.

To improve the ability to make meaningful comparisons
regarding the degree of vessel narrowing in future research,
standardization of thresholds and nomenclatures is desirable. We
propose that core labs using angiographic vasospasm as an end
point measure should use senior raters using a dichotomized
assessment (presence or absence of severe vasospasm defined as
.50% luminal narrowing) limited to the supraclinoid ICA and
M1 segments.

CONCLUSIONS
Cerebral vasospasm research would benefit from standardization
of definitions and thresholds. Dichotomized decisions by experi-
enced readers are required for the reliable angiographic diagnosis
of cerebral vasospasm.

Disclosures: Anne-Christine Januel—UNRELATED: Consultancy: Congress reporting
for Balt. Jean-Christophe Gentric—UNRELATED: Consultancy: Balt, Medtronic,
MicroVention, Stryker; Stock/Stock Options: INTRADYS.
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Aneurysm Treatment in Acute SAH with Hydrophilic-Coated
Flow Diverters under Single-Antiplatelet Therapy: A 3-Center

Experience
D. Lobsien, C. Clajus, D. Behme, M. Ernst, C.H. Riedel, O. Abu-Fares, F.G. Götz, D. Fiorella, and J. Klisch

ABSTRACT

BACKGROUND AND PURPOSE: In certain clinical circumstances, dual-antiplatelet therapy can be problematic in patients with acute SAH.
In some aneurysms, however, flow-diverting stents are the ideal therapeutic option. We report our experience with ruptured intracranial
aneurysms treated with flow diverters with hydrophilic coating (p48 MW HPC and p64 MW HPC) under single-antiplatelet therapy.

MATERIALS ANDMETHODS: Patients were treated with either flow-diverter placement alone or a flow diverter and additional coil-
ing. Due to the severity of the hemorrhage, the potential for periprocedural rehemorrhage, and the potential for additional surgical
interventions, a single-antiplatelet regimen was used in all patients.

RESULTS: Thirteen aneurysms were treated in 10 patients. The median age was 62 years; 5 patients were male. All had acute SAH
due to aneurysm rupture. Four blood-blister, 2 dissecting, and 7 berrylike aneurysms were treated. Seven aneurysms were adjunc-
tively coiled. Eight of the 10 patients received a single-antiplatelet protocol of aspirin, 1 patient was treated with prasugrel only,
and 1 patient was treated with tirofiban first and then switched to the aspirin single-antiplatelet protocol. One device-related com-
plication occurred, a thrombosis of an overstented branch. All stents, however, remained open at DSA, CTA, or MRA follow-up.

CONCLUSIONS: The implantation of flow diverters with reduced thrombogenicity due to hydrophilic surface coating under single-
antiplatelet therapy seems to be an option in carefully selected cases of SAH due to aneurysm rupture.

ABBREVIATION: PO ¼ orally

The endovascular treatment of unruptured intracranial aneur-
ysms with flow diverters has become a routine procedure.1-4

The use of flow diverters for the treatment of ruptured aneurysms
is considerably more complex due to the requirement for dual-
antiplatelet therapy.5 However, for selected ruptured aneurysms,
flow diverters might still be considered the treatment of choice
when other strategies are too risky or simply not possible. This
scenario can occur in wide-neck sidewall, fusiform, or blister

aneurysms. Therefore, a modified flow diverter that could be
safely implanted with single-antiplatelet therapy would represent
a major advance.6,7

Three flow diverters with coatings or surface modifications
designed to reduce thrombogenicity, the Pipeline Embolization
Device with SHIELD technology (PED Shield, Medtronic) and
the p48 MW HPC or p64 MW HPC with hydrophilic coating
(phenox), currently have Conformitè Europëenne mark clear-
ance. Although instructions for use recommend standard dual-
antiplatelet therapy after the implantation of these devices, for
the latter 2, the instructions for use indicate that single-antiplate-
let therapy is on-label if justified by the clinical circumstances.6,8

In the present study, we report our experience using the p48
MWHPC and the p64 MW HPC with single-antiplatelet therapy
for the treatment of ruptured intracranial aneurysms in the set-
ting of acute SAH.

MATERIALS AND METHODS
We retrospectively included patients from prospectively collected
data bases from 3 different centers (Institute for diagnostic and
interventional Neuroradiology, Helios Klinikum Erfurt, Erfurt
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Germany; Institute for diagnostic and interventional Neuroradiology,
Hanover Medical School, Hanover, Germany; and Institute for
diagnostic and interventional Neuroradiology, University Medical
Center Göttingen, Göttingen, Germany) from August 2018 to June
2020 because the devices were unavailable before that time period.
Patients had to have an acute SAH and had to be treated in the
acute phase (,48 hours) after diagnosis of the SAH with a HPC
coated flow diverter. The flow-diversion treatment could be
accompanied by additional coiling or intrasaccular flow disruption
but not by other stents, flow diverters, or bifurcation stents.
Patients had to be kept on single-antiplatelet therapy. Patency of
the stent had to be documented by either DSA, MR imaging, or
CT. All therapeutic decisions had to be made in interdisciplinary
teams consisting of interventional neuroradiologists and neurosur-
geons experienced in endovascular therapy using careful evaluation
of the available therapeutic options in the individual situations.
Full informed consent was obtained from the patient or legal rep-
resentative in each case.

Implanted Devices
The devices used in this study were the p48 MW HPC and the
p64 MW HPC flow diverters. These stents consist of braided
drawn nitinol tubing, platinum-filled and coated with the recently
developed hydrophilic coating polymer (pHPC; phenox). The
p48 MW HPC consists of 48 wires; the p64 MW HPC, 64 wires.
Both stents can be inserted over a standard 0.021-inch microcath-
eter. They do not require a specific detachment system but are
deployed by pushing the device out of the microcatheter under
fluoroscopic control. A distinct marker indicates the point at
which the device can be fully retrieved.

Procedures
All procedures were performed with the patient under general
anesthesia in the setting of acute SAH on 3 different dedicated
biplane angiography machines (Axiom Artis and Artis Q;
Siemens). Arterial access was usually established via a standard
6F or 8F sheath in the right groin and a standard 6F or 8F guiding
catheter in the individual target vessel, internal carotid artery or a
vertebral artery. The aneurysm was identified on conventional
angiograms, procedures were planned on 3D angiograms, and the
p48 MWHPC or p64 MWHPC was chosen according to the sizing
recommendations provided by the manufacturer. All flow diverters
were deployed over a Rebar 18 microcatheter (Medtronic) as recom-
mended by the manufacturer, which was brought into place over
various microguidewires. In 7 aneurysms, additional coils were
placed, as detailed in the Online Supplemental Data and below.

Medical Regimen during Procedure and Postprocedure
Four different medical regimens were chosen at the discretion of
the operators.

Regimen 1. Six patients received 5000 IU of heparin IV and 250
or 500mg of aspirin IV during the procedure after microcatheter
positioning. After the procedure, the patients were given enoxa-
parin, 40mg twice daily, and 250mg of aspirin IV twice daily for
the duration of the stay in the intensive care unit. Afterward, they
were switched to 100mg of aspirin orally (PO) per day, and the
enoxaparin was withdrawn. SAH leads to an activated platelet

aggregation, which explains the increased dosage of aspirin and
IV application.9

Regimen 2.One of the patients received 5000 IU of heparin IV af-
ter microcatheter positioning and before flow-diverter placement.
A body weight–adapted continuous IV infusion of tirofiban was
started after stent deployment. The patient was kept on tirofiban
for 24hours and was then switched to prasugrel 10mg PO per
day after a loading dose of 60mg PO with an overlap of 4 hours
accompanied by enoxaparin, 40mg twice a day, for the duration
of the stay in the intensive care unit.

Regimen 3. One patient who received 2 flow diverters in 2 differ-
ent locations received 5000 IU of heparin IV and 250 mg of aspi-
rin IV before placement of the flow diverter. During the
procedure, a body weight–adapted bolus of tirofiban was given
due to suspected thrombus formation. Another 250mg of aspirin
IV and 2500 IU of heparin IV were given before placement of the
second flow diverter.

Regimen 4. In 2 patients, the interventions were performed with
aspirin, 250mg IV, and 5000 IU of heparin IV before stent place-
ment. After stent placement, a continuous body weight–adapted
IV infusion of eptifibatide was started for 8 hours. This was
changed to prasugrel starting with a loading dose of 60mg orally
with an overlap of 2 hours. In 1 patient, the prasugrel was
switched to ticagrelor after 2 days.

Response testing was not performed and, therefore, not
included in the analysis. Details of the medical regimen for each
patient included in the study are listed in the Online
Supplemental Data.

Follow-up
All patients were followed with CT with CTA or, alternatively,
MR imaging with MRA or DSA to prove the patency of the flow
diverters. The methods chosen depended on the condition of
each patient and the clinical situation.

RESULTS
From August 2018 to June 2020, ten patients were included of
260 screened patients treated endovascularly in the setting of
acute SAH due to rupture of an intracranial aneurysm at the 3
different centers. All patients were treated within 24 hours of di-
agnosis of acute hemorrhage and within 48hours of the onset of
acute SAH-like headache. The median age of patients was
62 years (range, 50–76 years); 5 patients were men. The median
Hunt and Hess grade was 2 (range, 1–4). Two patients were
treated with 1 p64 MW HPC each; 8 patients were treated with 9
p48 MW HPCs. In 1 patient, 2 p48 MW HPCs were placed in 2
different aneurysms. In 7 aneurysms, additional coiling was used.
Altogether, 13 aneurysms were treated. Of these aneurysms, 2
were classified as dissecting aneurysms; 7, as berry aneurysms;
and 4, as blood-blister aneurysms. Eight patients were treated
with the aspirin regimen (regimen 1), 1 patient was treated with
the prasugrel regime, 1 patient was treated with the tirofiban/as-
pirin regimen (regimens 2 and 3, as described above under
Materials and Methods).
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The median time on single-antiplatelet therapy until last avail-
able follow-up was 13.5 days (range, 3–194 days). Four patients
were controlled with MR imaging/MRA, 1 patient was controlled
with CT/CTA, and 5 patients were controlled with DSA. One de-
vice-related complication occurred (explained in detail below).
There were 2 intraprocedural but not flow-diverter-related compli-
cations: 1 aneurysm rupture due to attempted placement of a
Woven EndoBridge endosaccular flow disruptor (MicroVention),
which was then coiled and secured with a p48 MW HPC flow di-
verter afterward to cover an adjacent blood-blister-like aneurysm
as well. This patient died 3 days later due to the sequelae of the
SAH (patient 2, Online Supplemental Data). In 1 aneurysm, which
was treated with a p48 MWHPC and adjunctive coiling, a coil dis-
location occurred, which led to a superior cerebellar artery infarc-
tion. In both cases, the flow diverter remained open on control
(patient 4, Online Supplemental Data). Further detailed results and
patient characteristics are given in the Online Supplemental Data.
Four sample patients are detailed in Figs 1–4.

Device-Related Complications
One patient (patient 9, Online Supplemental Data) with a broad-
based berry-type aneurysm sitting asymmetrically on the inferior
trunk of the left MCA right after the bifurcation was treated with
a p48 MW HPC, applying regimen 1 (mentioned above under
Materials and Methods). The patient initially was Hunt and Hess
grade 1 and therefore clinically well, other than a significant

headache, with no neurologic deficits. The procedure was per-
formed successfully, and the patient awoke from anesthesia with
still no neurologic deficits. A scheduled angiogram 24 hours after
the procedure showed the flow diverter perfectly patent.
However, after removal of the arterial sheath, groin compression
and application of the pressure dressing, the patient suddenly
developed an aphasia and a right hemiparesis up to an NIHSS of
about 15 during about 10minutes. In an immediately performed
angiogram of the left internal carotid artery, a thrombosis of the
overstented superior branch of the left MCA was noted, with the
flow-diverting device being perfectly patent. A body weight–
adapted bolus of tirofiban with consecutive body weight–adapted
continuous infusion of tirofiban accompanied by an elevation of
the mean arterial blood pressure was initiated; and the thrombus
was resolved, and the hemiparesis and aphasia recovered com-
pletely. The patient was then switched to a dual-antiplatelet ther-
apy with aspirin, 100mg PO, and prasugrel, 10mg PO. The
patient remained stable under this therapy for about 10 days
when he began to develop severe vasospasm in the left MCA ter-
ritory, which was treated noninvasively as well as by an intra-ar-
terial medical vasodilation treatment, but which finally led to
significant infarction in the left MCA and anterior cerebral artery
territory. The flow diverter remained patent throughout all of the
controls. The reason for the initial acute thrombosis of the over-
stented superior trunk is not clear, but it was presumably due to a
vaso-vagal reaction during the groin compression and a

FIG 1. A, Initial NCCT showing the SAH. B, Axial MIP of the MRA. The suspected intracranial aneurysm of the anterior communicating artery
(AcomA) and the posterior communicating artery (PcomA)/P1 can be seen (white arrows). C, DSA from the treatment. Left vertebral artery injec-
tion; a detailed view of the basilar artery head is shown. The blood-blister-like aneurysm of the P1 segment of the left posterior cerebral artery
with the PcomA is demonstrated (white arrow), corresponding to the MRA, though smaller-appearing. D, Microcatheter injection. The tip of the
microcatheter is in the distal left ICA, coming from the posterior via the PcomA. The left carotid-bifurcation is demonstrated (arrow). E, DSA af-
ter flow-diverter placement, reaching from the beginning of the P1 segment of the left posterior cerebral artery to the left PcomA, covering the
left P1/PcomA angle (arrows pointing to the ends of the flow diverter). The aneurysm is no longer seen. F, Right ICA injection. The blood-blister-
like aneurysm on the AcomA is identified, corresponding to the MRA. G, Unsubtracted view right after the deployment of the flow diverter
from the A2 segment of the left anterior cerebral artery into the A1 segment of the right anterior cerebral artery. The delivering wire and the
microcatheter are still in place. H, DSA after flow-diverter detachment. The aneurysm is covered but still filling with contrast (arrows indicate
the ends of the flow diverter). I, Control angiogram left vertebral artery injection. The P1/PcomA aneurysm is occluded; the flow diverter is pat-
ent. J, Control angiogram of the right common carotid artery injection. The AcomA aneurysm is closed. The flow diverter is patent but shows a
proximal shortening into the left A2 segment, just covering the site of the aneurysm (this is patient 1, Online Supplemental Data).
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subsequent drop of blood pressure, which led to an overshoot of
flow diversion and an initiation of the thrombosis in the superior
trunk (Fig 2).

DISCUSSION
In our retrospective 3-center study, we present 10 patients with
acute aneurysmal SAH treated with novel hydrophilic-coated
flow diverters and a postprocedural single-antiplatelet therapy.
The main observation is that all flow diverters remained patent
with no ischemic events attributable to in-stent thrombosis of the
flow diverters. However, 1 patient had a thrombotic complication
in an overstented branch attributable to a blood pressure drop
and overshoot of the flow-diverting effect of the flow diverter.

The rationale for the above-mentioned treatments is that the
treatment of patients with acute aneurysmal SAH with flow
diverters is complicated. Dual-antiplatelet therapy can result in
hemorrhagic complications, elevating the risk of any subsequent
surgical procedures and potentially increasing the risk and sever-
ity of aneurysm rerupture.5,10,11

Several publications, however, have evaluated the safety of
flow-diverter treatment for ruptured intracranial aneurysms
(Table). Recently, Ten Brinck et al12 reported a series of 44
patients with acute SAH treated with standard flow diverters.
The mean time from SAH to treatment was 3 days. In 9 cases,

additional coiling was used. Dual-antiplatelet therapy was
used in all cases. Twenty-five (44%) periprocedural complica-
tions occurred in 20 different patients, 5 of which were intra-
procedural, including 6 ischemic strokes (not related to
vasospasm), 10 intracranial hemorrhages (2 ventricular shunt
hematomas, 1 subdural hematoma), and 4 other non-CNS
hemorrhages (gastrointestinal bleeds and retroperitoneal
hematomas). Periprocedural stroke resulted in permanent
neurologic deficits in 12 patients (27%). They concluded that
flow-diverter treatment of ruptured intracranial aneurysms is
associated with a high rate of periprocedural complications.12

A review by Cagnazzo et al,13 in 2018, evaluated the topic in a
meta-analysis that systemically reviewed studies from 2006 to
2018 addressing occlusion rates, complications, rebleeding, and
factors influencing the outcome. They included 223 patients from
20 studies in their analysis. The mean interval between SAH and
treatment was 6.7 days. Most patients were treated with a single
flow diverter (75%) and some without additional coiling (81%).
Most of the treatment targets were either blister, dissecting, or
fusiform aneurysms; only 18% were saccular. A complete occlu-
sion rate of 88.9% was reported, with immediate angiographic
occlusion in 32%. The overall complication rate was 17.8%, with
the highest rate of complications observed with saccular (23%)
and posterior circulation aneurysms (27%). Ischemic complica-
tions occurred in 8%, and hemorrhagic events, in 7%. The rate of

FIG 2. A, SAH primarily in the left Sylvian fissure on NCCT. The patient was Hunt and Hess 1 at that time, B, Aneurysm on the inferior trunk of
the MCA, broad-based (white arrow). C, Implantation of a p48-MW-HPC flow-diverting stent from M1 into M2 (white arrows pointing to stent
endings). D, DSA control 24 hours later. The flow diverter is patent; some stasis in the aneurysm is seen (white arrow). E, DSA control about
15minutes later. Acute thrombosis developed on the superior trunk (white arrow). The flow diverter is patent. The patient had acute aphasia
and hemiparesis after application of a pressure dressing in the groin. F, After therapy with IV tirofiban, the thrombosis disappeared (white
arrow). The neurologic deficits resolved completely. G, After approximately 10 days, severe vasospam developed (white arrow). H, The vaso-
spam, unfortunately, despite intense therapy, led to severe infarction of the left MCA and anterior cerebral artery territory (white arrow) (this is
patient 9, Online Supplemental Data).
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acute in-stent thrombosis was 4%. They reported a treatment-
related mortality of 4.5% and a good neurologic outcome in 83%.
Aspirin and clopidogrel were used in most cases (67.7%), with tir-
ofiban, prasugrel, and abciximab used less frequently. The aneu-
rysm rebleeding rate was 3%. They concluded that in their study,
flow-diversion treatment led to a high complete occlusion rate;
however, with a relatively high complication rate, especially in
the posterior circulation.

Overall, the existing literature demonstrates that the treatment
of acutely ruptured intracranial aneurysms with flow diverters is
feasible and effective in achieving aneurysm occlusion but carries
a substantial risk of periprocedural hemorrhagic and thrombotic
complications. Fewer thrombogenic devices may obviate the
requirement for dual-antiplatelet therapy and reduce the risk of
periprocedural ischemic events. To this end, several surface mod-
ifications have been proposed to reduce the thrombogenicity of
flow diverters.6

The PED Shield is covered with a 3-nm-thick layer of co-
valently bonded phosphorylcholine to reduce contact plate-
let activation.10,14,15 In a study by Girdhar et al,15 the PED
Shield showed a lower thrombogenicity compared with
other flow diverters. However, the PED Shield is supposed
to be used under dual-antiplatelet therapy. The use of the
PED Shield for recently ruptured aneurysms is off-label.8,9

To date, there are 1 case report and 1 case series that
reported the use of the PED Shield under single-antiplatelet
therapy. Hanel et al,10 in 2017, treated a patient with an
acute SAH due to a fusiform aneurysm of the dominant

vertebral artery with 2 overlapping flow diverters and addi-
tional coiling of the aneurysm. The patient was preloaded
with 325 mg of aspirin 2 hours before treatment. After the
treatment, the patient was maintained on 81mg of aspirin
per day. For 24 hours after the procedure, the flow-diverter
construct remained open, as proved by angiography. A third
angiography after 10 days, however, demonstrated an occlu-
sion of the flow diverter. It can be argued that the aspirin
dose was way too low; therefore, an insufficient effect was
achieved.6

In the retrospective multicenter study by Manning et al,16

in 2019, fourteen patients were treated with the PED with
Shield Technology for intracranial aneurysms with acute
SAH. In all patients a single antiplatelet therapy with aspirin
was used, with dosage at the discretion of the operator as well
as a single dose of glycoprotein IIb/IIIa inhibitors. The time
to treatment was 1 day. PED Shield placement was successful
in all patients. Twelve patients received additional coiling.
Complete aneurysm occlusion was achieved in 86%. Three
symptomatic complications (4 in total) occurred; treatment
mortality and morbidity were 7.1% and 7.1%. All of the
symptomatic complications (2 hemorrhagic) were associated
with postinterventional heparin use. In the last 5 patients
with a twice-daily aspirin dosing regimen (twice, 100–150mg
daily), no complications occurred.

The p48 MWHPC is coated with a 10-nm thick glycan-based
pHPC.15 The pHPC aims to replicate the properties of carbo-
hydrates on the endothelial surface (“surface coat”), thereby

FIG 3. A, NCCT showing the SAH. B, Right vertebral artery injection. A faint extravasation around the P1/P2 segment of the right posterior cere-
bral artery is noted (arrow). C, Late-phase right vertebral artery injection, oblique view. The extravasation is demonstrated on the late phase
(arrows). D, 3D DSA. A small outpouching at the proximal P2 segment is noted, consistent with a blood-blister-like aneurysm (arrow). E,
Unsubtracted view from the treatment. The flow diverter and delivery wire are still in place. F, Final DSA run of the treatment. The flow diverter
remains patent. G, Control angiography at 6 months. The flow diverter is unchanged and patent (H) (this is patient 3, Online Supplemental Data).
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reducing the thrombogenicity of the device.6,17 To date, there
are 2 case reports on single-antiplatelet regimens in pHPC-
coated neuoroendovascular devices, 1 in the setting of acute
SAH.6,18 Henkes et al,6 in 2019, reported a ruptured MCA

bifurcation aneurysm treated endovascularly with a pHPC-
coated bifurcation stent (pCONUS; phenox) and subsequent
coiling. Before treatment, the patient was preloaded with
500mg of aspirin IV. For a postprocedural regimen, they

FIG 4. A, NCCT depicts an acute basal SAH. B, DSA on the day of the SAH shows no aneurysm. C, SAH rebleeding on day 5 after the initial
bleed. D, NCCT now demonstrates an unusual aneurysm interpreted as a dissecting aneurysm of a basilar artery perforator (arrow). E,
Treatment of the aneurysm with a hydrophilic-coated flow diverter; unsubtracted image right after deployment (arrows indicate the ends of
the flow diverter). F, Subtracted image from the treatment. Slow filling of the aneurysm can be still seen (late arterial phase, arrows at the ends
of the flow diverter). G, Five days after the treatment, CTA demonstrates that the flow diverter is patent (arrows). H, T2-weighted axial MR
imaging 11 days after treatment. A small infarction in the territory of the aneurysm carrying the perforator can be seen (arrow). No infarcts due
to the flow diverter are noted (this is patient 5, Online Supplemental Data).

Recent studies of FD treatment in acute SAH in specific conditions

Authors
Publication

Date Aneurysm Type

No. of
Patients/
Mean Age Treatments

Results/
Occlusion Rates Complications

Maus et al24 2018 Dissecting
vertebrobasilar

1556 yr 15 IAs, 22 FDSs,
treatment
within 12 h of
SAH onset

36% Directly
occluded;
100% occluded
on FU

3 (Ischemia,
vessel
perforation,
ongoing active
bleeding)

Bhogal et al22 2018 Small IA (1–4 mm) 760 yr 7 IAs, 8 FDSs,
treatment
within 6.3 days
from SAH
(median)

100% Occluded
on FU

None

Lozupone et al23 2018 8 BBAs, 9
dissecting IAs

174 yr 17 IAs, 21 FDs,
treatment
within 4.2 days
(median)

12 of 15 Patients
followed-up

12% Mortality;
12% morbidity

AlMatter et al21 2019 Saccular (18),
fusiform (5),
BBA (7),
dissecting (15)

4558. 8 yr 45 IAs, FDSs as
sole or adjunct
device,
treatment
within 30 days
after SAH

94.6% Complete
occlusion on
follow-up
among
survivors

13.3%; 2.2%
Morbidity;
4.4% mortality

Note:—IA indicates intracranial aneurysm; FDS, flow-diverting stent; FU, follow-up; BBA, blood-blister-like aneurysm; FD, flow diverter.
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chose to administer 500mg of aspirin IV twice daily for the
following days. On DSA after 13 days, the stent remained pat-
ent and the aneurysm was occluded. Clinically the condition
of the patient improved to mild headaches and impaired
short-term memory at a 3-month control.6

Schüngel et al18 treated a patient with recurrent astrocytoma
and an incidental broad-based anterior cerebral artery aneurysm.
Because the aneurysm was increasing in size, it was treated elec-
tively with a p48 MWHPC flow diverter with planned dual-anti-
platelet therapy for 6 months. However, after discharge, the
patient stopped taking the dual-antiplatelet medication and
switched to a phytopharmaceutical medication he designed on
his own (primarily consisting of garlic oil). On DSA 3 months af-
ter the intervention, the stent was open, with only a mild in stent
stenosis.

Very recently Bhogal et al,19 in 2020, published a small retro-
spective series in which they reported their experience in aneu-
rysm treatment with the p48 MW HPC and single-antiplatelet
therapy. They treated 5 patients with 4 saccular aneurysms and 1
dissecting aneurysm. All patients were premedicated with 10mg
of prasugrel per day at least 5 days before the treatment and
were kept on this medication afterward. One patient switched
to 75mg of aspirin per day after 2 weeks on her own volition.
Angiographic follow-up was available in 4 patients at 8.5
months (range, 6–12 months). Three aneurysms were com-
pletely occluded. No thromboembolic complications occurred.
One patient developed a localized hematoma from the treated dis-
secting aneurysm that was managed conservatively without any
clinical sequelae.19

Also, very recently, Aguilar-Perez et al,20 in 2020, reported
their experience with the p48 MW HPC flow diverter in 8
patients with SAH due to ruptured intracranial aneurysms on
single-antiplatelet therapy. They included patients up to 6 days
after acute SAH. Mainly dissecting aneurysms were included. All
stents could be successfully placed. They identified transient
thrombus formation in 50% of their patients. In the follow-up pe-
riod, 1 patient developed an in-stent thrombosis after 3 days,
which resolved after a switch to dual-antiplatelet therapy. They
recorded no rebleeding. Two of their patients died due to vaso-
spasm. They used 2 single-antiplatelet regimens. They started
with either 100mg of aspirin or 10mg of prasugrel PO 3 days
before the procedure or with a loading dose of 500mg of aspirin
IV or 30mg of prasugrel PO 3hours before the procedure. They
heparinized the patients during the procedure. After the proce-
dure, they kept the patients on either 500mg of aspirin IV or
10mg of prasugrel PO. They concluded that their above-men-
tioned treatment is an option in selected cases but has to be
applied with great caution because thromboembolic complica-
tions can be a problem.20

CONCLUSIONS
Hydrophilic-coated devices (like p48 MW HPC or the p46
MW HPC) may be used with single-antiplatelet therapy in
selected clinical situations in which dual-antiplatelet therapy
might be hazardous. This strategy is primarily relevant in the
setting of ruptured aneurysms, which are unsuitable for
standard endovascular or surgical treatments. Which drug

should be used for single-antiplatelet therapy, however,
remains to be determined. Aspirin is a possible option, but
other drugs like prasugrel might have advantages. In any
case, the proper dosage in the acute phase after SAH also
remains an issue. Prospective studies are underway to define
the safety and effectiveness of this strategy.
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ORIGINAL RESEARCH
INTERVENTIONAL

Postinterventional Assessment after Stent and Flow-Diverter
Implantation Using CT: Influence of Spectral Image

Reconstructions and Different Device Types
C. Zaeske, T. Hickethier, J. Borggrefe, L. Goertz, R. Dettmeyer, M. Schlamann, N. Abdullayev, and C. Kabbasch

ABSTRACT

BACKGROUND AND PURPOSE: CTA provides a noninvasive alternative technique to DSA in the follow-up after endovascular aneu-
rysm treatment to evaluate aneurysm occlusion and exclude intraluminal narrowing after stent or flow-diverter implantation; how-
ever, assessability may be impeded by stent material artifacts. The objective of this in vitro study was to compare the visual
assessability of different conventional stents and flow diverters as well as different reconstructions of dual-layer CT images.

MATERIALS AND METHODS: Four conventional intracranial stents and 4 flow diverters were implanted in identical aneurysm phan-
toms. Conventional and monoenergetic images (40, 50, 60, 90, 120, 180 keV) were acquired to evaluate attenuation alteration, visible
lumen diameter, and SNR. Image quality was rated subjectively by 2 independent radiologists using a 4-point Likert scale.

RESULTS: Low kiloelectron volt (40–60 keV) monoenergetic reconstructions showed an improved SNR and an improved lumen den-
sity ratio compared with high kiloelectron volt reconstructions (90–180 keV) and conventional reconstructions, however without
reaching significance compared with the latter. Assessment of the adjacent aneurysm and subjective evaluation was not affected
by the imaging technique and stent type. Artifact susceptibility varied with the device used and increased among flow diverters.

CONCLUSIONS: Low kiloelectron volt reconstructions improved the assessment of the stent lumen in comparison with high
kiloelectron volt reconstructions. No significant improvement in image quality could be shown compared with conventional images.
For some devices, iodine-specific reconstructions led to severe artifacts and are therefore not recommended. There was no rele-
vant improvement in the assessability of the adjacent aneurysm.

ABBREVIATIONS: ID ¼ iodine density; INW ¼ iodine no water

Intracranial stent implantation is a well-established technique
for endovascular treatment of intracranial aneurysms, stenoses,

and dissections. In the context of stent-assisted coiling, the stent
serves as a scaffold that creates a physical barrier between the an-
eurysm neck and parent vessel to prevent coil migration or pro-
trusion, which can lead to thromboembolic complications.1

Moreover, the stent can preserve vessel patency and provides
more stable aneurysm occlusion, requiring retreatment less fre-
quently than coiling alone.1,2 Flow diverters are stents with spe-
cial architectural properties that were developed to facilitate the

treatment of complex sidewall aneurysms and reduce the rate of
associated complications.3 In contrast to the merely supportive
use of the stent in the context of stent-assisted coiling, the flow di-
verter functions as a stand-alone device that leads to consecutive
aneurysm closure by flow diversion in the parent vessel and con-
secutive aneurysm thrombosis across time.3

Despite relevant technical improvements across the years,
complications can occur after stent-assisted coiling and flow-di-
verter implantation, the most important of which are aneurysm
remnants, aneurysm recanalization, and in-stent constriction.4,5

DSA represents the criterion standard to evaluate vessel pat-
ency and aneurysm occlusion.5 However, DSA is an invasive
procedure with a low-but-not-negligible complication rate.5 A
noninvasive and time-saving option for follow-up imaging with
lower radiation exposure would therefore be desirable. In con-
trast, CTA is noninvasive and less time-consuming and has a
lower radiation exposure; however, stent-associated artifacts
hamper the assessment of the adjacent vessel and aneurysm
sac, resulting in a lower diagnostic sensitivity for in-stent stenosis
and aneurysm remnants.5 These artifacts result from various
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mechanisms, including beam-hardening, scatter effects, and
Poisson noise, with beam-hardening being considered the
main factor.6 In this context, the extent of the artifacts
depends, in particular, on the individual stent type, stent mate-
rial, and the corresponding x-ray attenuation. By implication,
reduction of stent-associated artifacts would presumably
increase the diagnostic sensitivity of CTA so that it could be
ultimately used as an alternative diagnostic tool to DSA.
Previous studies on various medical implants have shown that
monoenergetic reconstructions of modern dual-layer CT sys-
tems can reduce artifacts significantly.6,7

In contrast to conventional CT, in which the characterization
of tissues is based on the respective attenuation of the x-ray spec-
trum of a certain energy level, dual-energy CT determines the
attenuation properties of each tissue at 2 different energy levels,
allowing a variety of additional image analyses. One of these addi-
tional images is monoenergetic reconstruction, for which many
different energy levels can be used. This allows the calculation of
the optimal contrasted image data for a particular diagnostic
need. The, dual-layer CT is a special variant of the dual-energy
CT, in which the spectral separation takes place at the level of the
detectors so that the dual-energy information is available for each
examination, and it shows a high degree of temporal and spatial
correlation.8 Although a large number of clinical applications
have already been described, scientific data on the influence of
dual-layer CT on different neuroradiologic stents and its poten-
tial to improve image quality of the CTA by artifact reduction are
not yet available.

The objective of this in vitro study was to compare the visual
assessability of the aneurysm and stent lumen after implantation
of different conventional stents and flow diverters using dual-
layer CT image reconstructions.

MATERIALS AND METHODS
Evaluated Devices and Experimental Setup
In preparation for the study, 8 devices (4 flow diverters, 4 conven-
tional stents) were implanted in 8 identical aneurysm phantoms
(Fig 1), allowing a comparative analysis of the stent types.

The aneurysm phantoms consisted of a parent vessel with
a seated, unilobular, saccular aneurysm with a wall thickness
of 0.3mm. They were manufactured from synthetic resin (Elastic
50A; Formlabs) using a 3D printer, which resulted in density val-
ues comparable with those of human vessels in native cranial CT
(approximately 30 HU).9 The diameter of the parent vessel of the
aneurysm phantom was 4mm with a length of 40mm, and the
aneurysm measured 15 � 10 � 10mm. The characteristics of
the stent types used are shown in Tables 1 and 2 and depicted in
Fig 1.

After we manually implanted the devices, the aneurysm phan-
toms were filled with contrast medium (300mg iohexol/mL,
Accupaque 300; GE Healthcare Buchler GmbH & Co.KG), which
was titrated with saline solution to a density value of 280 HU at
120 kV(peak), according to the typically expected vessel density
values of an intracranial CTA,10 and they were sealed at both
ends. The models were then positioned in a human skull speci-
men in a stable position in the area of the sella turcica to simulate
artifacts of the skull. This setup was positioned on the CT scanner
table in the gantry orthogonal to the z-axis and centered in the
middle of the isocenter of the scanner (Online Supplemental
Data).

The term “stented” vessel is used to refer to the vessel area in
which the device was positioned, regardless of whether a flow di-
verter or stent was inserted. The term “native” vessel refers to an
unstented and artifact-free vessel section.

CT Acquisition Parameters
CT data were acquired on a 64–detector row spectral detector CT
scanner (IQon Spectral CT; Philips Healthcare). The same insti-
tutional CT protocol used for craniocervical angiography in
patients was used for data acquisition (section collimation, 64 �

FIG 1. CT of the examined devices. Left column: flow diverters. Right
column: conventional stents. The windowing was adjusted according
to the lowest artifact interference of all stents (same settings for all
devices).

Table 1: Details of the flow diverters used in this study
Flow Diverter Abbreviation Diameter 3 Length [mm] Manufacturer Main Material Metal Coverage

Derivo DED 4 � 24 Acandis Nitinol, platinum 35%–38%
p64 p64 4 � 40 Phenox Nitinol 34%
Pipeline Flex with
Shield technology

PED 4 � 20 Medtronic Cobalt chromium,
platinum

30%–35%

Surpass Streamline SUR 4 � 40 Stryker Cobalt chromium 30%

Table 2: Details of the stents used in this study
Stent Abbreviation Diameter 3 Length [mm] Manufacturer Main Material Metal Coverage

Accero ACO 4 � 20 Acandis Nitinol platinum 15%–19%
Acclino Flex Plus ACC 4 � 35 Acandis Nitinol 6%–9%
Enterprise 2 ENT 4 � 30 Codman Nitinol 10%
Neuroform Atlas NFA 4 � 24 Stryker Nitinol 6%–9%
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0.625mm; rotation time, 0.27 seconds; voltage, 120 kV; tube
current–time product, 180 mAs; and resulting CT dose index
volume, 16.3 mGy). From the acquired raw data, images were
reconstructed using a section thickness of 0.67mm and an in-
crement of 0.35mm with a (statistical) hybrid iterative recon-
struction algorithm (iDose4; Philips Healthcare) using the
iteration level 3, kernel B. Conventional polyenergetic images
(120 kVp), virtual monoenergetic images with different energy
levels (40, 50, 60, 90, 120, 180 keV), as well as iodine no water
(INW) and iodine density (ID) reconstructions were calculated
(Fig 2).

Because contrast conditions vary considerably among the dif-
ferent monoenergetic images, individually adjusted window set-
tings for each reconstruction were necessary. Window level and
window width were chosen in a joint evaluation session by the 2
readers for an optimized assessment of the stent lumen. With this
method, the reviewers jointly determined the most suitable win-
dow settings for each type of reconstruction and used them for all
similar reconstructions of the different devices. Both subjective
and objective evaluations were performed using the specific a pri-
ori-determined window settings.

CT Data Analysis
The quantitative data analysis was performed on a separate off-
line workstation (IntelliSpace Portal; Philips Healthcare).

In the objective analysis, we evaluated the following
parameters:

• Lumen width ratio: defined as the visible lumen width of the
stented vessel divided by the visible lumen width of the native
vessel and measuring the extent of artifact-related restrictions
of the assessable vessel lumen

• Lumen density ratio: defined as the density of the stented ves-
sel divided by the density of the native vessel and measuring
the extent of artifact-related distortions of the vessel density
values. In the case of iodine-specific reconstructions, this pa-
rameter is referred to as the lumen iodine content ratio
because no density is measured in iodine-specific reconstruc-
tions (see below)

• Aneurysm density ratio: defined as the density of the aneu-
rysm divided by the density of the native vessel and measuring

the extent of artifact-related distortions of the aneurysm den-
sity values

• Aneurysm neck density ratio: defined as the density of the
aneurysm neck adjacent to the stented vessel divided by the
density of the native vessel and measuring the extent of arti-
fact-related distortions of the aneurysm neck density values

• SNR: defined as the ratio of the density of the native vessel di-
vided by the image noise (see below for definition of image
noise) and measuring the general contrast conditions of the
respective reconstruction.

The diameters of the native vessel and the stented vessel
were determined for each reconstruction with the previously
defined window settings by 2 independent readers and then
averaged. The measurements were performed in standardized
positions in longitudinal reformations along the centerline of
the vessel.

Density measurements with the largest possible ROI (which,
however, did not include artifacts or other interfering factors)
were performed for all reconstructions and devices at predefined
positions as follows: 1) inside the lumen of the aneurysm, 2) in
the region of the aneurysm neck (immediately adjacent to the de-
vice), 3) within the native vessel lumen, and 4) within the stented
vessel lumen (Online Supplemental Data). The corresponding
ratios were used to achieve results as comparable as possible with
the native vessel as a reference.

With regard to the density ratios, a separate evaluation of the
iodine-specific reconstructions was performed because these
reconstructions do not measure the density in Hounsfield units,
but the iodine content. In INW reconstructions on the one hand,
all waterlike substances are suppressed and the measured values
are expressed as iodine concentration in milligrams/milliliter. In
iodine density reconstructions on the other hand, all pixels that
do not contain iodine are suppressed and the iodine concentra-
tion is also given in milligrams/milliliter.11

To define image noise, we performed standardized density
measurements in an area without any content adjacent to the
stent. The obtained SD in this ROI was then defined as image
noise.

To allow a first comparison with clinical results, we compared
image data from clinical examinations of 2 patients, one with an
implanted flow diverter (Derivo embolization device [DED];
Acandis) and one with an implanted conventional stent
(Neurform Atlas Stent System [NFA]; Stryker), with the in vitro
results of our study with respect to the lumen density ratio and
SNR (in both cases the adjacent aneurysm was additionally
treated so that it could not be included in the evaluation).

Subjective Analysis
The subjective assessability of the vessel lumen and the aneurysm
neck was performed independently by 2 blinded readers. A 4-
point Likert scale was used to assess the aneurysm neck: 1) aneu-
rysm neck not definable due to artifacts, no assessment possible;
2) aneurysm neck, in principle, definable, but density appears dis-
torted, limited assessment possible; 3) aneurysm neck definable,
residual artifacts, contrast medium intake assessable; 4) aneurysm
neck definable, no artifacts, unrestricted assessment. We also
assessed the vessel lumen: 1) vessel lumen not definable due to

FIG 2. Composition of different reconstructions of the DED. The
windowing was adjusted according to the lowest artifact interference
and the most comparable vessel appearance (adjusted settings
depending on the type of reconstruction; see Materials and Methods,
CT Acquisition Parameters).
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artifacts; 2) vessel lumen, in principle, definable, but density
appears to be clearly falsified/not assessable; 3) vessel lumen de-
finable, contrast assessable, residual artifacts; and 4) vessel lumen
definable, contrast assessable, no artifacts.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism,
Version 8.0.0 for Windows (GraphPad Software). A 2-tailed P
value , .05 was considered statistically significant. Parametric
results are presented as mean [SD].

Normal distribution was tested using the Shapiro-Wilk test.
Variances between the devices concerning the continuous data
were compared using an ANOVA for matched parametric data
with the Greenhouse-Geisser correction to compensate the vari-
ability of differences and then using post hoc testing for multiple
comparisons by means of the Tukey test. For matched, nonpara-
metric data, we used the Friedman test, with subsequent post hoc
testing for multiple comparisons by means of the Dunn test. In
the comparison of the iodine-specific reconstructions, we used
the Wilcoxon matched-pairs signed rank test.

With regard to the subjective reading, the corresponding
weighted Cohen k was calculated to assess the interobserver
agreement. The Cohen k was rated on the following scale: k ,

0, no agreement; k ¼ 0.0–0.2, slight agreement; k ¼ 0.21–0.40,
fair agreement; k ¼ 0.41–0.60, moderate agreement; k ¼ 0.61–
0.80, substantial agreement; k ¼ 0.81–1.00, almost perfect
agreement.12

RESULTS
Reconstructions: Objective Reading
Lumen Width Ratio. Reconstructions with 40 and 50 keV had the
highest lumen width ratio, with an assessable proportion of about
70% (mean lumen width ratio: 40 keV, 0.73 [SD, 0.21] keV;
50 keV, 0.73 [SD, 0.18] keV); however, the significance was not
reached in the comparison with other monoenergetic reconstruc-
tions and the conventional polyenergetic images. Significant dif-
ferences were found between the 40–60 keV reconstructions and
the INW and ID reconstructions (40 keV versus INW, P ¼ .001;
50 keV versus INW, P ¼ .006; 60 keV versus INW, P ¼ .003;
40 keV versus ID, P ¼ .01; 50 keV versus ID, P ¼ .04; 60 keV

versus ID, P ¼ .02). For a more
detailed description of the results, see
the Online Supplemental Data.

Lumen Density Ratio. Low kiloelec-
tron volt monoenergetic reconstruc-
tions (40–60 keV) had a lumen density
ratio of almost 1.0, which corresponds
to an almost undistorted representa-
tion of the vessel lumen. Increasing
kiloelectron volt values correlated with
a higher lumen density ratio, which
indicates an increasing distortion of
the density of the vessel lumen (Fig 3
and Online Supplemental Data).
There were no statistically significant
differences in comparison with the

conventional polyenergetic images.
Significant differences were found with regard to the monoe-

nergetic reconstructions when comparing the 40-keV reconstruc-
tions with the 90-keV (P ¼ .03), 120-keV (P ¼ .001), and 180-
keV reconstructions (P, .001); the 50-keV reconstructions with
the 180-keV reconstructions (P ¼ .006); and the 60-keV recon-
structions with the 180-keV reconstructions (P ¼ .02). The con-
ventional, polyenergetic images showed results comparable with
the monoenergetic reconstructions in a range between 60 and
90 keV.

Aneurysm and Aneurysm Neck Density Ratio. There were no
significant differences regarding the aneurysm and aneurysm
neck density ratios. Monoenergetic and polyenergetic reconstruc-
tions both resulted in values around 1.0 (exemplarily for 40 keV;
mean aneurysm density ratio, 1.07 [SD, 0.09]; mean aneurysm
neck density ratio, 1.09 [SD, 0.09]). For a more detailed descrip-
tion of the results, see the Online Supplemental Data.

SNR. Low-energy monoenergetic reconstructions were associated
with higher signal-to-noise ratios with a continuous decrease of
the values at higher kiloelectron volt levels and the lowest value at
180 keV. The SNRs of the polyenergetic conventional images
were within the range of the 50- and 60-keV monoenergetic
reconstructions. Because the image noise in the INW and ID
reconstructions each resulted in values of zero, no reasonable
SNR could be calculated here. Results are graphically illustrated
in Fig 4. All of the results can be found in the Online
Supplemental Data.

The differences reached a significance level in comparison
with the following reconstructions: 40 keV versus 90 keV (P ¼
.004), 40 keV versus 120 keV (P, .001), 40 keV versus 180 keV
(P, .001), 50 keV versus 120 keV (P ¼ .005), and 50 keV versus
180 keV (P¼ .003).

Iodine-Specific Reconstructions. With regard to the lumen io-
dine content ratio, the INW reconstructions showed a mean
value of 0.96 [SD, 0.13]; and the ID reconstructions, a mean value
of 0.54 [SD, 0.50] without reaching a statistically significant level.

The values of the aneurysm iodine content ratio and the aneu-
rysm neck iodine content ratio showed similar mean values of

FIG 3. Graphic illustration of the different lumen density ratios/lumen iodine content ratios.
Asterisksmark statistical significance (*P, .05, **P, .01, ***P, .001).
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INW and ID reconstructions, respectively (aneurysm iodine con-
tent ratio: INW, 1.07 [SD, 0.07]; ID, 1.08 [SD, 0.09]; aneurysm
neck iodine content ratio: INW, 1.08 [SD, 0.07]; ID, 1.09 [SD,
0.09], without significant differences between the reconstructions,
either.

Reconstructions: Subjective Reading
The interobserver agreement yielded a weighted Cohen k of 0.97
for the assessment of the stented vessel and a weighted Cohen k

of 0.97 for the assessment of the aneurysm neck.
Subjective assessability of the vessel lumen and the aneurysm

neck was best at 40 keV (vessel lumen, 3.5 [SD, 0.53]; aneurysm
neck, 3.69 [SD, 0.46]), and decreased with increasing kiloelectron
volt (180 keV: vessel lumen, 3.13 [SD, 0.99]; aneurysm neck, 3.00
[SD, 0.93]). The worst results were obtained for the iodine-spe-
cific reconstructions (INW: vessel lumen, 2.38 [SD, 1.51]; aneu-
rysm neck, 2.5 [SD, 1.41]; ID: vessel lumen, 2.50 [SD, 1.41];
aneurysm neck, 2.6 [SD, 1.41]). For a more detailed description
of the results, see the Online Supplemental Data.

However, no statistical significance was reached when com-
paring the subjective assessability of the vessel lumen in the dif-
ferent image reconstructions. With regard to the assessability of
the aneurysm neck, a significance level was achieved with the ini-
tial Friedman test (P, .001) but could then no longer be demon-
strated for a specific comparison in the post hoc multiple
comparisons.

Devices: Objective Reading
Lumen Width Ratio. A comparison of the different devices in
the 40 -keV reconstructions, for which vessels and aneurysms
showed the best assessability in the previously performed analy-
sis of different reconstructions, revealed that the different devi-
ces lead to artifacts of a varying extent. The lowest artifacts
with a subsequently high lumen width ratio were found for the
Acclino Flex Plus stent (ACC; Acandis), Enterprise stent (ENT;
Codman), and NFA (ACC, 0.98; ENT, 0.95; NFA, 0.97). In con-
trast, the highest amount of artifacts with a consecutively low
lumen-width ratio found for the devices DED and Pipeline
Embolization Device (PED; Medtronic) were DED at 0.50 and
PED at 0.50. The other devices ranged between the above-

mentioned results (Accero stent [ACO], Acandis), 0.68; p64,
Phenox, 0.60; and Surpass Streamline flow diverter [SUR],
Stryker, 0.62).

Lumen Density Ratio. When comparing the devices at 40 keV,
most lumen density ratios were close to 1.0 without relevant dif-
ferences and only minor deviations for the PED (1.20) and SUR
(1.50) devices.

However, the lumen density ratios for the other kiloelectron
volt levels showed significant deviations, with a strong increase in
kiloelectron volt values, especially for the SUR device (40 keV:
2.04/180 keV: 5.68) and a moderate increase for the ACO
(40 keV: 0.95/180 keV: 3.61), DED (40 keV: 1.36/180 keV: 3.61),
p64 (40 keV: 1.26/180 keV: 2.30), and PED (40 keV: 1.47/180 keV:
2.99). For the other devices, there was no or only a very small
increase (ACC, 40 keV: 0.99/180 keV: 1.49; ENT, 40 keV: 1.00/
180 keV: 1.00; NFA, 40 keV: 0.99/180 keV: 1.41). A graphic illus-
tration of the different devices regarding the lumen density ratio
in the 40-keV reconstruction can be found in the Online
Supplemental Data.

Aneurysm and Aneurysm Neck Density Ratios. Aneurysm and
aneurysm neck density ratios were comparable among the recon-
structions and individual stent types with values around 1.0,
respectively.

Iodine-Specific Reconstructions. With regard to the lumen io-
dine content ratio, there were strong fluctuations depending on
the device. For the INW reconstructions, these were slightly less
pronounced, with fluctuations between 0.69 (ACO) and 1.09
(SUR). For the ID reconstructions, these were more evident, with
fluctuations between 0.00 (ACO, DED, SUR) and 1.06 (p64). The
devices previously described as less susceptible to artifacts were
again showing values close to 1.0 in both iodine-specific recon-
structions (INW: ACC, 0.9; ENT, 1.00; NFA, 0.98; ID: ACC, 0.97;
ENT, 1.00; NFA, 0.97). Regarding aneurysm and aneurysm neck
iodine content, INW as well as ID reconstructions showed values
around 1.0 for each of the devices without considerable deviation.

Devices: Subjective Reading
The assessability of the vessel lumen in the 40-keV reconstruction
was rated as good or very good (4 points: ACC, ACO, ENT,
NFA, p64; 3 points: DED, PED, SUR). Corresponding to the
results of the objective evaluation, the INW and ID reconstruc-
tions in combination with certain devices showed significant lim-
itations in the subjective image quality (ACO, PED, SUR [INW
only]), while with other devices (ACC, ENT, NFA), the lumen
and aneurysm could be assessed well. The comparison of the dif-
ferent devices with regard to the assessability of the aneurysm
neck has led to comparable results and was, therefore, not ana-
lyzed separately.

Clinical Findings. A preliminary analysis of clinical data from
routine imaging for a flow diverter (DED) and a conventional
stent (NFA) showed a course of the lumen density ratio for the
flow diverter comparable with that of the in vitro data, with the
lowest lumen density ratio at 40 keV and an increase with
increasing kiloelectron volt values (Online Supplemental Data).

FIG 4. Graphic illustration of the SNR. Asterisksmark statistical signif-
icance (*P, .05, **P, .01, ***P, .001, ****P, .0001).
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When we compared the flow diverter and conventional stent, the
values obtained for the conventional stent showed significantly
less variation among the different reconstructions, which corre-
sponds to the in vitro results of the comparison among the differ-
ent devices. Regarding a preliminary analysis of the SNR, a
comparable course of the clinical and in vitro data was also
observed (Online Supplemental Data) with the best SNR at
40 keV and a decrease of SNR with increasing kiloelectron volt
values.

DISCUSSION
The results of this study provide, so far, unavailable information
of dual-layer CT imaging of vessels after implantation of intracra-
nial stents and flow diverters. On the one hand, novel data on the
benefit of spectral reconstructions of a dual-layer CT could be
obtained, and on the other hand, new insights into the influence
of different implanted devices on the assessment of the parent
vessels and adjacent aneurysms were achieved.

Reconstructions
Our results indicated that monoenergetic reconstructions (with-
out iodine-specific reconstructions) provide better image quality
and consequently superior assessment of the stent lumen in the
low kiloelectron volt range. This finding was demonstrated by a
significantly higher lumen density ratio of low kiloelectron volt
reconstructions (40–60 keV) compared with high kiloelectron
volt reconstructions (90–180 keV). Likewise, the low kiloelectron
volt reconstructions (40–50 keV) had a significantly better SNR
compared with the higher kiloelectron volt reconstructions (90–
180 keV). An analysis of the lumen width ratio and the subjective
assessment of the vessel lumen did not reach the defined signifi-
cance level; however, it showed a similar trend. In the comparison
of monoenergetic and conventional polyenergetic images, signifi-
cance could not be reached. However, there were pronounced
differences among the different devices and their potential for ar-
tifact reduction, so further subgroup analyses with larger case
numbers and a classification depending on the artifact suscepti-
bility should verify the potential for artifact reduction for particu-
larly artifact-susceptible devices. This point is discussed in more
detail in the paragraph “Devices.”

A preliminary analysis of clinical data supports the results
regarding the comparison of different reconstructions in terms of
lumen density ratio and SNR. Again, the analyzed flow diverters
showed the best lumen density ratio and SNR at 40 keV, with a
consecutive increase of the lumen density ratio and a decrease of
the SNR with rising kiloelectron volt values. It could also be
shown that regarding the lumen density ratio, different devices
have a different potential for improvement of image quality,
shown by considerably less variation in the comparison with dif-
ferent monoenergetic reconstructions in the case of the conven-
tional stent. This is also compatible with the in vitro findings,
which are discussed in more detail in the section “Devices.”

The findings of a better image quality at lower kiloelectron
volt reconstructions seem to contradict the results of a previous
study,11 which described better artifact reduction and less image
noise at higher kiloelectron volt reconstructions; however, the
clinical context must be considered here. Because higher

kiloelectron volt reconstructions are associated with not only
fewer artifacts but a higher distance to the iodine k-edge at
33 keV, this finding leads to a decreased SNR as well as a
decreased contrast of the vessel lumen, resulting in a reduced
assessability of possible in-stent stenosis in comparison with low
kiloelectron volt reconstructions. In accordance with these find-
ings, Hickethier et al6 already described a reduced contrast-to-
noise ratio between nonstenosed and stenosed stent sections and
an associated reduced assessability with increasing kiloelectron
volt numbers.

Regarding the evaluation of the adjacent aneurysm, both the
objective and the subjective reading showed no significant differ-
ences between the different reconstructions, so an additional ben-
efit in the clinical evaluation of the aneurysm perfusions or
reperfusion seems unlikely.

The iodine-specific reconstructions of some devices allowed
an assessment of similar quality as the best monoenergetic and
conventional reconstructions and could thus increase the diag-
nostic certainty as supplementary image information.13 With
other devices, however, they proved to be more susceptible to
artifacts than the monoenergetic images, so they cannot be gener-
ally recommended. If more artifacts occurred, this increase led to
significantly worse lumen width ratios and distortions of the
lumen-iodine content ratio compared with the low kiloelectron
volt reconstructions. This scenario could indicate that the corre-
sponding algorithm cannot reliably distinguish iodine and other
molecules of higher density in small structures.14 Overall, the ID
reconstruction, in particular, proved to be less reliable than the
INW reconstruction, explaining why the latter should be pre-
ferred for this purpose.

Devices
On the basis of the results of the different devices that were eval-
uated here, they can be divided into 3 categories: devices that
hardly cause artifacts (ACC, ENT, NFA), devices that lead to
moderate artifacts (ACO, p64, SUR), and devices with strongly
associated artifacts (DED, PED). Among other things, this find-
ing can be explained by the fact, that most of the artifact prone
devices are flow diverters (with the exception of ACO). For the
purpose of flow diversion, these must have special architectural
properties and be more tightly woven than conventional stents,
probably having the disadvantage of inducing stronger artifacts.

The specific architectural properties of flow diverters are
defined by the porosity (ratio of open, metal-free area to total
stent area) and metal coverage (ratio of metal covered area to
total stent area).15 In accordance with our results, the less arti-
fact-prone devices are laser-cut stents with low metal coverage
(ACC, 6%–9%; ENT, 10%; NFA, 6%–9%),16 while the more arti-
fact-prone devices showed a higher metal coverage, with slightly
increased values for the remaining conventional stent (ACO,
15%–19%) and considerably increased values of approximately
30% in the case of the examined flow diverters (DED, 35%–38%;
p64, 34%; PED, 30%–35%; SUR, 30%).15,17-19

The material could further contribute to artifact generation.
The less artifact-susceptible devices (ACC, NFA, ENT) and the
p64, ACO, and DED devices mainly consist of nitinol, which is
known to be associated with low radiopacity.20 In contrast, SUR
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and PED contain mainly cobalt chromium with a higher radio-
pacity. In the case of the more artifact-prone devices (DED,
PED) as well as the ACO with medium artifact susceptibility,
however, an additional use of platinum is said to enhance the
fluoroscopic visibility. This characteristic could further contrib-
ute to an increased susceptibility to artifacts.

As already suggested by the comparison of the reconstruc-
tions, the monoenergetic 40-keV reconstruction proved to be the
most suitable for all evaluated devices. For the higher energy
reconstructions, the decrease in image quality varied, depending
on the individual device. This decrease was particularly pro-
nounced for the SUR device. However, this could also indicate
that there is a special potential for artifact reduction or improve-
ment of image quality in this device through the use of particu-
larly suitable reconstructions.

As with the poly- and monoenergetic images, the iodine-
specific reconstructions produced artifacts of varying intensity
depending on the respective device. Good results were obtained
with the devices ACC, NFA, ENT, and p64, while the PED has al-
ready shown considerable limitations; for the other devices
(ACO, DED, SUR), the iodine content ratio could not be deter-
mined at all. This result is also consistent with the artifact suscep-
tibility of the different devices, depending on the respective
monoenergetic energy level described above.

Overall, there were more pronounced differences when
comparing the devices than when comparing different recon-
structions. However, 50% of the devices investigated were
conventional stents, which had a low susceptibility to arti-
facts and a correspondingly low potential for artifact reduc-
tion, which may have led to a reduced overall effect of
monoenergetic reconstructions on the improvement of image
quality and artifact reduction. Further subgroup analyses
with larger numbers of cases should, therefore, be conducted
in the future.

Limitations
The limitations of the study include the in vitro setting, so
potential influences of the surrounding brain parenchyma on
the imaging of the aneurysm and the device cannot be
addressed. Because there are no recommendations for the
windowing of monoenergetic reconstructions in cranial
CTAs, these were determined for each reconstruction in a
standardized process. In doing so, an attempt was made to do
this determination in as standardized and objective a manner
as possible, but a certain influence on the results of the lumen
width ratio and the subjective results cannot be excluded with
certainty. However, this influence is definitely smaller than if
unadjusted window settings had been used.

Although preliminary clinical data are included in the study,
a larger and more detailed clinical analysis should follow to
evaluate the clinical translation. In addition, our model included
an untreated aneurysm, so possible differences in the sensitivity
of detecting an aneurysm remnant or reperfusion, eg, after an-
eurysm coiling, cannot be evaluated. Also, with regard to the
detection of possible in-stent stenoses, only indirect conclu-
sions can be drawn because a comparison with stenosed vas-
cular phantoms has not been performed. Although our study

already shows promising results, a clinical trial to validate
our results is warranted.

CONCLUSIONS
This study provides the first structured data on postinterven-
tional noninvasive imaging of neurointerventional stent devi-
ces by CTA using spectral image results of a dual-layer CT.
Low-energy monoenergetic reconstructions offer better image
quality in comparison with high-energy monoenergetic
reconstructions. However, in comparison with conventional
images, no significant improvements in image quality could
be shown for monoenergetic reconstructions, at least if the
individual artifact susceptibility of the devices is not factored
in. In this respect, the comparison of the different devices
identified ones with low (ACC, ENT, NFA), medium (ACO,
p64, SUR), and high (DED, PED) artifact susceptibility. The
flow diverters generally proved to be more susceptible to arti-
facts than conventional stents. The first in vivo data from clin-
ical examination, which were assessed analogous to the study
evaluations, seem to support our achieved in vitro results.
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Widening the Indications for Intrasaccular Flow Disruption:
WEB 17 in the Treatment of Aneurysm Locations Different

from Those in the Good Clinical Practice Trials
S. Zimmer, V. Maus, C. Maurer, A. Berlis, W. Weber, and S. Fischer

ABSTRACT

BACKGROUND AND PURPOSE: The safety and efficacy of the Woven EndoBridge (WEB) device has been shown in multiple good
clinical practice trials, whereas aneurysm locations in these trials were restricted to bifurcation aneurysms located at the circle of
Willis (MCA bifurcation, ICA bifurcation, anterior communicating artery, basilar artery tip). Our aim was to evaluate angiographic
and clinical results with the WEB 17 in aneurysm locations that were excluded from the good clinical practice trials, assuming that
the angiographic and clinical results are similar to those of the good clinical practice trials for aneurysms in traditional locations.

MATERIALS AND METHODS: We performed retrospective analysis of immediate and follow-up results of aneurysms in locations
outside the good clinical practice trials in which the WEB 17 was used on an intention-to-treat approach.

RESULTS: Between June 2017 and May 2020, forty-seven aneurysms in 44 patients met the inclusion criteria. Aneurysm locations
were the ICA posterior communicating artery in 19 (40.3%), the ICA paraophthalmic or choroidal locations in 4 (8.6%), anterior cere-
bral artery A2 segment in 13 (27.7%), MCA M1 segment in 2 (4.3%), posterior cerebral artery P2 segment in 2 (4.3%), PICA in 3 (6.4%),
and the superior cerebellar artery in 4 (8.4%) cases. The procedure-related morbidity and mortality rates in the entire series were
0.0%. The early and late (,12 and .12 months) complete occlusion rates were 63.9% (23/36) and 77.8% (14/18), respectively.

CONCLUSIONS: The WEB 17 is safe and effective in aneurysm locations different from the traditional bifurcation aneurysms
included in the good clinical practice trials. Further studies will help to define the entire spectrum of aneurysm morphologies and
locations suitable for the WEB 17.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; bif ¼ bifurcation; BOSS ¼ Bicêtre Occlusion Scale Score; GCP ¼ good clinical practice; PcomA ¼ poste-
rior communicating artery; RROC ¼ Raymond-Roy Occlusion Classification

Intrasaccular flow disruption has emerged as an effective and
safe endovascular treatment option for complex intracranial

aneurysms that may be otherwise difficult to treat. Positive results
from numerous retrospective and prospective studies involving
the Woven EndoBridge (WEB; MicroVention) have contributed
to the growing popularity of the WEB for intrasaccular flow dis-
ruption. The WEB device was initially intended for the treatment
of broad-based bifurcation aneurysms because these aneurysms
are difficult to treat without additional neck-bridging devices or
stents. Therefore, in most studies using the WEB, bifurcation

aneurysms were analyzed.1-5 Experience with the WEB is increas-
ing with a rapidly growing number of cases since its introduction
in 2011, while the device simultaneously underwent several revi-
sions and innovations with the addition of smaller sizes of both
the device and the delivery microcatheter. The visibility of the de-
vice was enhanced, and the number of wires making up the de-
vice was reduced without affecting of the hemodynamic efficacy.
While the first-generation systems required comparatively large
and difficult-to-navigate microcatheters for delivery (0.033 and
0.027 inch), the latest systems are compatible with 0.017-inch
microcatheters. Recent studies regarding the WEB 17 supported
an expansion of indications toward smaller and more distal
aneurysms.6-9 In addition, the use of the WEB in aneurysm loca-
tions distinct from the traditional bifurcation locations is becom-
ing more recognized in clinical practice.

In this retrospective study, we sought to evaluate the angio-
graphic and clinical results in the endovascular treatment of
aneurysms in locations that were excluded from previous studies
with the WEB device. We hypothesized that the angiographic and
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clinical results in this specific subgroup of aneurysms are compara-
ble with those of traditional bifurcation-type aneurysms, possibly
widening the applications for intrasaccular flow disruption.

MATERIALS AND METHODS
Study Design and Data Analysis
We retrospectively reviewed the institutional data bases of 2 neu-
roendovascular centers regarding the endovascular treatment of
ruptured and unruptured intracranial aneurysms treated with the
WEB 17 device between June 2017 and May 2020. Aneurysm
locations that met the inclusion criteria of good clinical practice
(GCP) studies of the WEB device were excluded.1-3,10 The
excluded locations were the MCA bifurcation (bif), the anterior
communicating artery, the ICA bif, and the tip of the basilar ar-
tery. The remaining aneurysm locations treated with the WEB 17
system were the following: the ICA at the paraophthalmic seg-
ment, the posterior communicating artery (PcomA) or the origin
of the anterior choroidal artery (ICA choroid), the MCA M1, the
A2 segment of the anterior cerebral artery (ACA A2), the P2 seg-
ment of the posterior cerebral artery (P2), the PICA, and the
superior cerebellar artery. The aneurysms meeting the location
criteria were included in further analysis according to the study
design presented by Pierot et al,11 who, with this approach, ana-
lyzed predecessor versions of the WEB device in 2017. Minor
subsets of our study population were previously included in an
overall analysis of the WEB 17 system.8

The decision for endovascular treatment of unruptured
aneurysms was reached by consensus in a weekly interdiscipli-
nary board meeting at each participating center, while the final
treatment strategy was determined by the operator. In patients
with rupture, the treatment decision was made by the responsible
neuroradiologist and neurosurgeon. Only cases in which the
WEB 17 was considered on an intention-to-treat approach with-
out adjunctive devices were included. Because this was a retro-
spective observational analysis, inclusion or exclusion criteria
were not prospectively defined. A dome-to-neck ratio of,2 indi-
cated a broad-based anatomy as an indication for treatment, but
morphologies with a defined neck were not excluded if the con-
figuration of the aneurysm appeared suitable for treatment with
the WEB device. Alternative treatment strategies included stand-
ard coiling, remodeling, stent-assisted coiling, or flow diversion.
Treatment with the WEB is increasingly considered as a first-line
approach in broad-based aneurysms whenever possible to avoid
long-term dual-antiplatelet therapy as needed for stent-assisted
coiling or flow diversion. Absolute criteria against treatment with
the WEB 17 were an aneurysm morphology or size unsuitable for
the given range of WEB 17 devices (maximum diameter,,2.0
or.6.5mm) according to the manufacturer’s sizing guide, an
incorporation of branches into the aneurysmal sac, or a neck di-
ameter larger than the maximum fundus diameter.7,8

We included the following clinical and angiographic data: de-
mographic patient data; clinical status on admission, at discharge,
and at each follow-up visit measured by the mRS; aneurysm loca-
tion; rupture status; fundus and neck size; dome-to-neck ratio;
type and size of the WEB 17 device deployed; technical success
(navigation and deployment of the WEB); rate of unplanned
additional devices applied for “bail out” adjunctive treatments

(eg, stents, coils); occlusion rates at each follow-up visit (sched-
uled 3–6 and 12months after treatment); and complications.

Occlusion rates were initially evaluated according to the
Bicêtre Occlusion Scale Score (BOSS), which is scaled as follows:
0¼no residual flow inside the aneurysm or the WEB; 00 = opaci-
fication of the proximal recess of WEB; 1¼ residual flow inside
the WEB; 2¼neck remnant; 3¼ aneurysm remnant; and
11 3¼ contrast media depicted inside and around the device.12

In the final descriptive analysis, these results were “translated” to
the 3-point Raymond-Roy Occlusion Classification (RROC).
BOSS grades 0 and 00 were classified as complete occlusion (RROC
grade I), whereas BOSS grades 1 and 2 were recorded as neck rem-
nants (RROC grade II). Correspondingly, BOSS grades 3 and
11 3 describe an aneurysm remnant (RROC grade III).11-13

Angiographic results were independently analyzed and classi-
fied in a blinded fashion by 2 experienced neurointerventional-
ists. In cases of inconsistency concerning the final result, a
decision was made by consensus.

Procedure-related complications that resulted in a clinical
sequelae of at least 1 point on the mRS scale defined the proce-
dure-related morbidity and mortality.

WEB Treatment
The technical specifications of the WEB 17 device were previ-
ously described.7,8 Sizing of the WEB 17 device resulted from
calibrated measurements of the aneurysm height and width in 2
orthogonal projections assisted by the manufacturer’s sizing cal-
culator based on the principle of slightly oversizing the device
width with compensatory undersizing of its height.7,8

Procedures were exclusively performed on a biplane angio-
graphic system with the patient under general anesthesia via
transfemoral access. All devices were implanted using a VIA 17
microcatheter (MicroVention). In elective cases, patients were
placed on a dual-antiplatelet therapy in preparation for the proce-
dure according to the standards at the 2 centers. Ruptured aneur-
ysms were treated without dual-antiplatelet therapy. All procedures
were performed with 5000 IU of heparin given intravenously at the
beginning of the procedure.

Statistical Analysis
The statistical analysis of all variables was performed independ-
ently using Excel (Microsoft). Continuous variables are given as
the median and range, and independent variables are described
as percentages.

Ethics Statement
The study has been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and its
later amendments. The study received approval from the local
ethics committee. A separate informed consent from each patient
before inclusion in this retrospective study was not required
according to the guidelines of the responsible ethics committee.

RESULTS
Patient and Aneurysm Population
Between June 2017 and May 2020, a total of 198 intracranial
aneurysms were treated with the WEB 17 device. Of those, 47
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aneurysms in 44 patients (median age, 55 years; range, 39–78
years; 32 women) met the defined inclusion criteria of aneurysm
locations treated with the WEB 17 device. Of the 47 aneurysms,
32 (68.1%) were found incidentally, 13 (27.7%) were treated in
the acute (within 48hours) phase of SAH from the target aneu-
rysm, and 2 (4.3%) were remnants of previously coiled aneur-
ysms. Thirty-eight (80.9%) aneurysms were located in the
anterior circulation, and 9/47 (19.1%) were posterior circulation
aneurysms. The median aneurysm fundus diameter was 3.0mm
(range, 2.0–6.5mm), and the median neck width was 2.0mm
(range, 2.0–6.0mm). Most aneurysms (41/47, 87.2%) had a
dome-to-neck ratio of,2.

Table 1 summarizes the locations and morphologic features of
the treated aneurysms.

Procedural Details and Complications
Treatment was successfully performed with the WEB 17 in all
cases, meaning that a switch to an alternative treatment strategy
due to a failed attempt to implant the WEB 17 did not occur. In 1
case, coils were used in addition to the WEB as part of the treat-
ment strategy. This was an incidental ICA PcomA aneurysm with
an upper lobule that was occluded with coils using a previously
placed microcatheter after implantation of a WEB (WEB Single-
Layer [SL] 7� 3) into the aneurysm fundus.

The overall rate of complications in the entire series was
6.4% (3/47) to date. In 2 cases, a Neuroform Atlas Stent
(Stryker) was placed as a bailout treatment to stabilize the
WEB device and preserve the parent artery. One was a rup-
tured ICA choroidal aneurysm that was catheterized with the
VIA 17 microcatheter, and a WEB device (WEB SL 5 � 3)
was positioned within the aneurysm without problems, even
though the angle between the longitudinal axis of the aneu-
rysm and the parent artery was comparatively high (about
90°). Once the device was detached, it partly dislocated into
the ICA. The operator performed a mild percutaneous trans-
arterial angioplasty with a compliant balloon followed by im-
plantation of a Neuroform Atlas stent to secure the WEB
device and preserve the ICA. The postinterventional CT did
not show any ischemic lesions, and the patient was dis-
charged with an mRS score of 1 that was most likely related
to the SAH.

In the second case, a ruptured ACA A2 aneurysm was treated
with a WEB (WEB SL 3.5� 2) with the base of the device slightly
protruding into the parent artery. There was no evidence of flow

disturbance or formation of thrombus; however, the operator
decided to deploy the Neuroform Atlas stent to stabilize the WEB
device. The third complication was a ruptured ACA A2 aneu-
rysm treated with a WEB (WEB SL 3.5 � 2) initially without
problems. Following detachment of the device, the angiographic
run showed a thrombotic occlusion of a small branch originating
in close vicinity of the aneurysm. The occlusion resolved within
30minutes after 500mg of acetylsalicylic acid was given intrave-
nously and the systolic blood pressure was moderately elevated.

All 3 patients remained without clinical sequelae, resulting in
procedure-related morbidity and mortality of 0.0% in the entire
series. Of the 13 patients who presented with an SAH from the
target aneurysm, one died during hospitalization.

Immediate and Follow-up Angiographic Results
Of the 47 aneurysms treated, 15 (31.9%) showed an immediate
complete occlusion (RROC I) directly after implantation of the
WEB 17 device, while the remaining 32 aneurysms (68.1%)
showed a beginning stagnation of contrast media within the an-
eurysm (RROC II and III).

To date, a single follow-up angiography performed within the
first 12months after treatment is available for 36 aneurysms in
34 patients, obtained after a median of 4 months (range, 1–
10months). Of those, 23/36 (63.9%) aneurysms showed complete
occlusion (RROC I) and 13/36 (36.1%) had a neck remnant
(RROC II). Of the 13 aneurysms with a neck remnant, 9 were
ICA PcomA aneurysms, while the median fundus size was
4.0mm (range, 2.0 �6.5mm). There were 2 cases in which a
“crushing” of the WEB was observed.

A second follow-up angiography performed after the first
12months was completed for 18 aneurysms in 17 patients after a
median of 15.5months (range, 12–24months). The rate of com-
plete occlusion (RROC I) was 77.8% (14/18 aneurysms) with
22.2% (4/18) showing a neck remnant (RROC II).

A summary of the follow-up results is given in Table 2.
Two cases of a ruptured MCA M1 and an incidental ICA

PcomA aneurysm treated with the WEB 17 device alone and in
combination with coils are presented in Figs 1 and 2.

DISCUSSION
Intrasaccular flow disruption is currently a well-established treat-
ment option for broad-based intracranial aneurysms. The effec-
tiveness of the WEB device as the most widely used flow

Table 1: Angiographic characteristics of the WEB 17-treated aneurysms
No. Neck (Median) (mm) Dome (Median) (mm) DN-Ratio

Total 47 100% 2.0 3.0 1.5
Anterior circulation 38 80.9% 2.0 3.0 1.5
ICA PcomA 19 40.3% 2.0 4.0 1.5
ACA A2 13 27.7% 2.0 3.0 1.0
MCA M1 2 4.3% 2.5 2.0 0.8
ICA o 2 4.3% 2.5 3.5 1.3
ICA choroid 2 4.3% 2.5 4.5 1.8

Posterior circulation 9 19.1% 3.0 3.0 1.0
PCA P2 2 4.3% 2.0 4.0 1.3
PICA 3 6.4% 2.0 3.0 1.0
SUCA 4 8.4% 2.5 3.5 1.2

Note:—PCA indicates posterior cerebral artery; ICA o, paraophthalmic segment of the ICA; SUCA, superior cerebellar artery; DN-Ratio, dome-to-neck ratio.
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disruptor was demonstrated in several prospective GCP studies.
The inclusion criteria of the WEBCAST, WEBCAST 2, French
Observatory, and WEB-IT studies for aneurysm location were re-
stricted to bifurcation aneurysms of the MCA, anterior commu-
nicating artery, ICA bif, and basilar artery tip, and most
aneurysms treated in those studies were broad-based. The com-
plete aneurysm occlusion rate of aneurysms treated with WEB at
1 year in the WEBCAST, WEBCAST 2, and French Observatory
studies was 52.9%, with similar results reported for the WEB-IT
study (58.3%).1-3 Following these results, the WEB device
received FDA approval for broad-based, saccular aneurysms in
the aforementioned locations.

The introduction of the WEB 17 system, not yet available for
the mentioned studies, was a further step toward a lower device
profile with an enhanced controllability, mainly due to the com-
patibility with a 0.017-inch microcatheter. Initial results with the
WEB 17 device support an expansion of indications toward more
distally located, smaller aneurysms.7,8 This trend is evident in the
inclusion criteria of an ongoing GCP study on the WEB 17 de-
vice, with no defined location excluded in contrast to the previous
GCP studies.14

We sought to evaluate the safety and efficacy of the WEB
17 system in the specific subgroup of aneurysm locations that
were excluded from prior GCP studies. Our hypothesis was
that the angiographic success and safety profile would be
comparable with those of bifurcation-type aneurysms in the
“traditional” locations. Our short- and long-term complete
occlusion rates of 63.9% and 77.8% with a procedure-related

morbidity and mortality of 0.0% are in line with the results of
prior GCP studies.

The restriction to bifurcation aneurysms in the initial GCP tri-
als conducted with the predecessor versions of the WEB device is
mainly explained by the smaller angle between the parent artery
and the aneurysm in bifurcation anatomies compared with side-
wall aneurysms, where the angle is usually higher. Correct posi-
tioning of the WEB device with good apposition to the
aneurysmal wall, including an exact reconstruction of the neck
area, results from a controlled forward pushing of the partially
unfolded device.15 This maneuver as well as the initial catheteri-
zation becomes more challenging in anatomies with a higher
angle between the aneurysm and the parent artery because the
forward force applied to the microcatheter is vectored along the
parent artery. The possibility of using a 0.017- inch microcath-
eter facilitates the catheterization in highly curved anatomies.
Furthermore, the deviation of the (preshaped) microcatheter
induced by the application of the WEB device is lower with the
WEB 17 system due to the lower profile compared with the pred-
ecessor version. Thus, the transmission of force along a higher
angle might be more efficient due to the softer structure of the
WEB 17 system.

To date, there are only limited data on the WEB device in an-
eurysm locations outside the traditional study indications, and
the existing literature is restricted to the predicate versions of the
WEB. Pierot et al,11 in 2017, were the first to present 20 patients
with 20 aneurysms in “atypical locations” treated with the WEB
device. Five of those were ruptured, and most were aneurysms of

Table 2: Immediate and follow-up results of the treated aneurysms according to the BOSS classification12

BOSS
Classification

RROC
Grades

Immediate
(n)

Ratio
BOSS (%)

Ratio
RROC (%)

FU1
(n)

Ratio
BOSS (%)

Ratio
RROC (%)

FU2
(n)

Ratio
BOSS (%)

Ratio
RROC (%)

47 36 18
0 I 14 29.8 31.9 20 55.6 63.9 13 72.2 77.8
00 1 2.1 3 8.3 1 5.6
1 II 28 59.6 59.6 4 11.1 36.1 1 5.6 22.2
2 0 0.0 9 25.0 3 16.6
3 III 1 2.1 8.5 0 0.0 0.0 0 0.0 0.0
11 3 3 6.4 0 0 0 0.0

Note:—FU1 indicates first follow-up angiography; FU2, second follow-up angiography.
BOSS classification12: 0, No residual flow inside the aneurysm or the WEB; 0 0 , opacification of the proximal recess of the WEB; 1, residual flow inside the WEB; 2, neck
remnant; 3, aneurysm remnant; 11 3, contrast media depicted inside and around the device. BOSS results were transferred into the RROC.13 RROC classification: RROC I,
complete occlusion (BOSS 0 and 0 0 ); RROC II, neck remnant (BOSS 1 and 2); RROC III, aneurysm remnant (BOSS 3 and 11 3).

FIG 1. A, Acutely ruptured aneurysm of the MCA M1 segment in a 40-year-old female patient, right anterior oblique view, cranial angulation. B,
Stasis of contrast media within the aneurysm after placement of a 3.5 � 2 mm WEB SL device, right anterior oblique view, cranial angulation. C,
Prompt occlusion of the aneurysm after detachment of the WEB device, right anterior oblique view, cranial angulation. D, Twelve-month fol-
low-up angiography reveals a stable and complete occlusion of the MCA M1 aneurysm.
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the anterior circulation (9 paraophthalmic segments of the
ICA, 4 ICA PcomAs; 5 of ACA A2). The mean aneurysm
width was 5.4 mm, while 50.0% were broad-based (neck
diameter, $4.0 mm). Implantation of the WEB using VIA
0.021-, 0.027-, or 0.033-inch microcatheters was successful in
all aneurysms without adjunctive devices needed. The treat-
ment-related morbidity and mortality at discharge were 0.0%.
The complete occlusion rate after the mean follow-up period
of 7.4 months in 17 aneurysms was 82.4%. Most interesting,
this rate is superior to the 52.2% and 58.3% complete occlu-
sion rates achieved in aneurysms in typical locations within
the above-mentioned GCP studies. Furthermore, these results
are slightly superior to the rate of complete occlusion found
in our series, even though a direct comparison is generally
difficult due to the heterogeneity of the populations treated
with different versions of the WEB device.

In another series of 20 ICA aneurysms (10 paraophthalmic
segments of the ICA, 9 ICA PcomAs, 1 ICA choroid) treated
with the WEB device, implantation of the WEB failed in 2 aneur-
ysms (both paraophthalmic ICAs), likely due to the sharp angle
between the aneurysm and the ICA. In 7 cases, additional devices
(coils/stents) were used, while 60% of the aneurysms were wide-
neck (neck diameter,$4.0mm, or dome-to-neck ratio, ,2), and
the aneurysms were larger (mean aneurysm width, 8.1mm) com-
pared with our cohort, which is explained by the different ver-
sions of the WEB devices used. The procedure-related morbidity
and mortality rates in this series were 0.0%, with a complete
occlusion rate of 76.5% after a mean follow-up period of
9.6months.16

The most recent series of the WEB
device in off-label locations was pre-
sented by Zanaty et al,17 in 2020. Eleven
patients with 12 aneurysms were treated
using predecessor WEB devices without
the VIA 0.017- inch microcatheter.
Again, most were ICA aneurysms, and
aneurysms were larger compared with
those in our series (mean width, 8.0mm;
mean neck, 5.0mm). Adjunctive devices
were necessary in 3 cases (additional coil-
ing in 2; stent in 1). They observed no
procedure-related clinical sequelae, and
the early complete and adequate occlu-
sion rates were 33.3% and 66.7%,
respectively.

Of the 13 cases with a neck remnant
at the early follow-up angiography in our
series, most (n¼ 9) were ICA PcomA
aneurysms that were slightly larger than
the aneurysms in the entire group.
Besides the plausible factor of size,
another possible explanation for the
higher rate of ICA PcomA aneurysms
might be found in the tight angle
between the aneurysm and the parent ar-
tery in those aneurysms, which might
impede an ideal position of the WEB

with its hemodynamically active bottom vectored toward the par-
ent artery. This theory might furthermore explain the 2 cases of
crushing of the WEB device. However, these explanations remain
hypothetic because factors determining recurrence or incomplete
occlusion at the early follow-up examination were not analyzed in
detail in our study due to the small sample size.

The aneurysms treated in our series were mainly small
(fundus range, 2.0–6.5mm; median, 3.0 mm). This feature is
explained by the miniaturization of the device compared with
predecessor systems as analyzed by different authors. König
et al,18 in their comparative analysis of aneurysms treated
with the WEB 17 versus the WEB 21 system, found that the
WEB 17 expands the treatment indications toward smaller and
more distally located aneurysms with a similar and, to some extent,
lower complication rate. These findings are in line with those of
Goertz et al,19 who found a potentially lower thromboembolic
event rate without compromising the initial occlusion rate with the
WEB 17.

Endovascular coiling of small and very small (#3.0mm)
aneurysms is challenging compared with larger aneurysms. This
issue is mainly related to the higher risk of rupture caused by an
unexpected movement of the microcatheter.20,21 Endovascular
coiling of aneurysmsof #3.0mm is more prone to failure com-
pared with larger aneurysms following a study of Pierot et al.22

Compliant balloons or stents are helpful tools to increase the pack-
ing density in smaller aneurysms, while balloons are further useful
devices in cases of an acute aneurysm rupture.20,23,24 However
additional devices are associated with a higher periprocedural com-
plication rate in small aneurysms, and recanalization rates were

FIG 2. A, Incidental finding of a “bean-shaped” ICA PcomA aneurysm in a 44-year-old male
patient, right anterior oblique view, caudal angulation. B, Placement of an Excelsior SL 10 micro-
catheter (Stryker) inside the upper lobe of the aneurysm followed by a WEB SL 7 � 3 placed
within the aneurysm fundus, fluoroscopy, right anterior oblique view, caudal angulation. C, Coil
occlusion of the upper lobe of the aneurysm not completely covered by the WEB device, right
anterior oblique view, caudal angulation. D, Three-month follow-up angiography demonstrates a
crushing of the WEB device, fluoroscopy, right anterior oblique view, caudal angulation. E,
Evidence of a neck remnant due to the crushing of the WEB device on the 3-month follow-up
angiography, right anterior oblique view, caudal angulation.
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found to be higher in the group of stent-assisted coiling of small
aneurysms according to the meta-analysis of Yamaki et al.21

The results of ours and previous studies underline the effective-
ness of the WEB 17 in the treatment of small (atypically located)
broad-based aneurysms, which is primarily related to the softness
of the device, which might reduce the incidence of intraprocedural
ruptures. Furthermore, does the “single device concept” compared
with remodeling or stent-assisted coiling potentially reduce proce-
dure time and with this the probability of adverse events.

Limitations
Our study has limitations that are mainly the consequence of the
retrospective nature, without a stringent definition of inclusion
and exclusion criteria. Furthermore, the angiographic results
were graded without an independent assessment, and only mid-
term follow-up data are available to date. However, to the best of
our knowledge, this is the largest series of aneurysms in alterna-
tive locations treated with the WEB 17 device.

CONCLUSIONS
Treatment of aneurysms with the WEB 17 in locations different
from those included in the GCP trials is safe and effective. Our
results represent a further step toward an expansion of indications
for intrasaccular flow disruption. Additional studies are needed to
define the ideal indication for the WEB 17 system in alternative
locations among the existing potential treatment options.
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Mechanical Thrombectomy in Nighttime Hours: Is There a
Difference in 90-Day Clinical Outcome for Patients with

Ischemic Stroke?
A. Benali, M. Moynier, C. Dargazanli, J. Deverdun, F. Cagnazzo, I. Mourand, A. Bonafe, C. Arquizan, I. Derraz,

N. Menjot de Champfleur, F. Molino, A. Ducros, E. Le Bars, and V. Costalat

ABSTRACT

BACKGROUND AND PURPOSE: Few data are available regarding the influence of the timing of ischemic stroke management, such
as daytime and nighttime hours, on the delay of mechanical thrombectomy, the effectiveness of revascularization, and clinical out-
comes. We aimed to investigate whether admission during nighttime hours could impact the clinical outcome (mRS at 90 days) of
patients with acute ischemic stroke treated by mechanical thrombectomy.

MATERIALS AND METHODS: We retrospectively analyzed 169 patients (112 treated during daytime hours and 57 treated during
nighttime hours) with acute ischemic stroke in the anterior cerebral circulation. The main outcome was the rate of patients achiev-
ing functional independence at 90 days (mRS #2), depending on admission time.

RESULTS: In patients admitted during nighttime hours, the rate of mRS # 2 at 90 days was significantly higher (51% versus 35%,
P¼ .05) compared with those admitted in daytime hours. Patients in daytime and nighttime hours were comparable regarding
admission and treatment characteristics. However, patients in nighttime hours tended to have a higher median NIHSS score at
admission (P¼ .08) and to be younger (P¼ .08), especially among the mothership group (P¼ .09). The multivariate logistic regression
analysis confirmed that patients in nighttime hours had better functional outcomes at 90 days than those in daytime hours (P ¼
.018; 95% CI, 0.064–0.770; OR¼ 0.221).

CONCLUSIONS: In a highly organized stroke care network, mechanical thrombectomy is quite effective in the nighttime hours
among acute ischemic stroke presentations. Unexpectedly, we found that those patients achieved favorable clinical outcomes
more frequently than those treated during daytime hours. Larger series are needed to confirm these results.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; CSC ¼ comprehensive stroke center; END ¼ early neurologic deterioration; ENI ¼ early neurologic improve-
ment; IQR ¼ interquartile range; MT ¼ mechanical thrombectomy; mTICI ¼ modified TICI; sICH ¼ symptomatic intracranial hemorrhage

B lood flow restoration is the principal therapeutic goal in acute
ischemic stroke (AIS). IV rtPA is recommended for all eligible

patients within 4.5 hours of of symptoms onset. For patients with
AIS with acute large-vessel occlusion, mechanical thrombectomy
(MT) is highly beneficial and recommended as a standard of care.1

Functional outcomes are better when theMT is performed early after
stroke onset.2

The impact of admission hours on short-term prognosis of
patients with AIS is still controversial. Some series investigated
whether patients with AIS admitted during off-hours (Monday to
Friday between 6 PM and 8 AM and weekends) had different out-
comes compared with patients admitted during on-hours. One
study reported that patients in off-hours had higher short-term
mortality, greater disability at discharge, and worse outcomes at
90days than patients admitted during working hours.3 Conversely,
another study suggested that rates of poor 90-day outcomes
(mRS.2) were similar between off- and on-hours admissions.4

Furthermore, in a recent large cohort of Dutch patients, the over-
all outcome was not influenced by time of admission.5 Results of these
studies may be influenced by local stroke center organization and
may not be generalized to other centers with different organizations.

The only study focusing on the outcomes after MT performed
during on-versus-off hours was a recent analysis of the Multicenter
Randomized CLinical trial of Endovascular treatment for Acute is-
chemic stroke in the Netherlands (MR CLEAN) registry group
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(https://mrclean-trial.org/), which showed comparable functional
outcomes and complication rates among the 2 groups.6

Accordingly, outcomes after MT performed during working
hours versus off-hours have not been accurately examined and
require further research.

Night presentation and sleep deprivation have been reported
as potential risk factors for patients presenting with unplanned
critical illness and requiring rapid diagnostics and interventions.7

This can cause worse outcome in these patients, that can be
attributed to increased complications, fatigue, and differential
staffing.8 Accordingly, our hypothesis was that performance of
the workflow and operators could be impacted during the night,
reflecting worse outcomes after MT performed during nighttime
hours. In addition, our institution (Millau hospital, Mende hospi-
tal and Perpignan hospital) receives patients with stroke from a
200-km perimeter; therefore, delay in transportation may nega-
tively influence outcomes. We hypothesized that transport delays
could be higher during nighttime hours compared with daytime
hours due to less availability of helicopter transport at night. We
aimed to investigate whether admission during nighttime hours
could impact the clinical outcomes (in-hospital mortality and
mRS at 90 days) of patients with AIS treated by MT.

MATERIALS AND METHODS
Population
Since 2015, a neuroradiologic data base (Commission Nationale
de l’Informatique et des Libertés 1724786; https://www.cnil.fr/en/

home) includes, prospectively, all patients admitted to our
comprehensive stroke center (CSC). The patients were man-
aged directly in the CSC (mothership patients) or first admit-
ted to 1 of the 4 primary stroke centers with or without IV
rtPA before transfer for MT (patients experiencing drip and
ship). These primary stroke centers are a distant 50–200 km
from our CSC.

Three hundred forty patients admitted to our stroke unit
from January 2017 to December 2018 were studied. In this retro-
spective cohort study, patients were included if they fulfilled the 4
following inclusion criteria: 1) 18 years of age or older, 2) pread-
mission mRS of #2, 3) symptom onset or last time seen well to
CSC admissionof ,12hours, and 4) anterior circulation occlu-
sion (middle cerebral artery M1 or M2 segment, internal carotid
artery, or tandem occlusion) visible on MR imaging at admission.
As shown in Fig 1, our inclusion criteria were observed in 169
patients. We excluded from this study patients with a CT scan at
admission (n¼ 91) to keep 1 imaging technique and compare
infarct volume on the basis of only MR imaging.9 Patients pre-
senting with posterior occlusion, a preadmission mRS.2, or lost
to follow-up (n¼ 80) were also excluded from the study.

All patients admitted in the CSC between 6:00 PM and 8:00 AM

the next morning were grouped as the patients in nighttime
hours. All patients admitted to the CSC between 8:00 AM and
6:00 PM were grouped as the patients in daytime hours. The whole
medical staff was present during the daytime. During the night-
time hours, medical staff was reduced and composed of 1

FIG 1. Flow chart: exclusion and inclusion criteria.
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neuroradiologist resident, 1 senior stroke neurologist, a neurol-
ogy resident on duty, and 2 technicians.

Scores and Parameters Evaluation
Clinical and Imaging Evaluation. Stroke severity was assessed by
the NIHSS on CSC admission by a stroke neurologist. The fol-
lowing data were collected prospectively with a structured ques-
tionnaire: age, sex, cardiovascular risk factors (hypertension,
dyslipidemia, diabetes mellitus, and smoking), time of symptom
onset, NIHSS at CSC admission and at 24hours, vital signs before
treatment, imaging findings, use of IV rtPA, and clinical
outcomes.

All patients underwent multimodal 1.5T (Aera; Siemens) or
3T (Skyra; Siemens) MR imaging before treatment, with a stand-
ardized protocol. Infarct volume was estimated in milliliters on
DWI using RApid processing of PerfusIon and Diffusion
(RAPID; iSchemaView).10

The ASPECTS on DWI was calculated by a neuroradiologist
blinded to the results of the MT.

Timing. Delays were calculated in minutes. For all the calculated
delays, admission was defined by the CSC admission except for
admission to imaging. For mothership patients, admission was
defined by CSC admission to imaging. Otherwise, for patients
experiencing drip and ship, this delay was defined by primary
stroke center admission to imaging except if a second imaging
was performed in the CSC. In this case, the CSC admission to
imaging was used. The other studied delays were the following:
symptom to CSC admission, imaging to reperfusion, CSC admis-
sion to groin puncture, CSC admission to reperfusion, groin
puncture to reperfusion, and symptom to reperfusion. All the
crucial points for calculating these delays are shown in Fig 2.

IV rtPA and Endovascular Therapy. IV rtPA was administered
according to the current guidelines.11

MT was performed via a femoral artery approach with the
patient under general anesthesia or local anesthesia with sedation.
Reperfusion was graded using the modified TICI (mTICI)
score.12 Successful reperfusion was defined as mTICI2b, 3; and
first-pass success was defined as a good reperfusion (TICI 2b or
3) after a 1-pass device was used for MT.

Stroke subtypes were classified according to the Trial of Org
10172 in Acute Stroke Treatment (TOAST) classification.13

Measures and Main Outcome. Follow-up imaging was per-
formed between 16 and 30hours after MT to assess intracranial
hemorrhage. Symptomatic intracranial hemorrhage (sICH) was
defined as any hemorrhage occurring within 24hours associated
with an increase of$4 points in the NIHSS score or that caused
death.11 Early neurologic improvement (ENI) was defined as an
improvement of at least 8 points between the NIHSS score at
CSC admission and the NIHSS score at 24 hours (compared with
baseline) after MT.14 Early neurologic deterioration (END) was
defined as a loss of 4 points in the NIHSS score between NIHSS
at CSC admission and NIHSS at 24hours.15 Finally, in-hospital
mortality was defined as the rate of patient death during
hospitalization.

Functional outcome was assessed by a neurologist using the
mRS at 90 days, during the clinical visit, or by a study nurse using
a standardized telephone interview. Favorable functional out-
come was defined as a mRS# 2.

Statistical Analysis
Continuous variables were reported as median (interquartile
range [IQR]). Univariate statistical analysis was performed using
the Mann-Whitney U test for continuous variables and the Fisher
exact test for categoric variables.

All statistical analyses were performed using MedCalc,
Version 18.10 (MedCalc Software). Patients in daytime- and
nighttime-hour groups were used in a logistic regression as inde-
pendent predictors of the follow-up outcome, defined as good

FIG 2. Pathways for management of patients with acute ischemic stroke from symptom onset to mechanical thrombectomy.
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(mRS # 2) or bad (mRS. 2) outcome. Variables either known
to be potential confounding factors or identified as the most sig-
nificantly different in the univariate analysis were included in the
logistic regression. Regarding our sample size, we chose to limit
the number of covariables to 8. A stepwise method was used with
an a-to-enter and a-to-exit set at .2 and .001, respectively. Eight
variables, age, sex, NIHSS score at CSC admission, IV rtPA, dys-
lipidemia, atrial fibrillation, hypertension, and CSC admission to
groin puncture were thus included in the model.

Finally, specificities of mothership patients and those in the
drip and ship group were investigated using a subgroup analysis.
For an optimal comparability, a backward method was used to
compare patients in daytime and nighttime hours among moth-
ership patients as well as those in the drip and ship group on the
basis of the 8 previous variables. Data were adjusted by the
NIHSS score at CSC admission, atrial fibrillation, IV rtPA, and
CSC admission-to-groin puncture delay for mothership group
and by the NIHSS score at CSC admission, dyslipidemia, and
hypertension for patients in the drip and ship group.

The statistical threshold was set to P, .05 for all analyses.

RESULTS
Altogether, 169 patients (50% of men; mean age, 75 years; IQR,
63–83 years), of whom 44% (74/169) were transferred from
another center, were included. Patient characteristics are reported
in the Online Supplemental Data. The median NIHSS score at
CSC admission was 17 (IQR ¼ 11–20), and the median
ASPECTS was 7 (IQR ¼ 5–8). MT was performed within a me-
dian delay of 355minutes (IQR ¼ 248–544 minutes) from symp-
tom onset. General anesthesia was used in 55% of patients (93/169).
Good reperfusion (TICI 2b, 3) was achieved in 74% (125/169).
Overall, at 90days, 40% (68/169) of patients had an mRS# 2.

Daytime-versus-Nighttime Hours
Patient Characteristics. Of 169 patients, 112 (66%) were treated
during daytime hours, and 57 (34%), during nighttime hours. No
significant difference was found between the nighttime- and day-
time-hour groups regarding demographics and cardiovascular
risks factors, though patients in daytime hours were slightly older
(77 versus 74 years, P¼ .08) and tended to have more dyslipide-
mia (41% versus 28%, P¼ .09) (Online Supplemental Data).

The daytime- and nighttime-hour groups were comparable in
terms of pre-MT (biologic parameters, occlusion site, ASPECTS,
and infarct volume) and treatment characteristics (general anes-
thesia; successful first-pass recanalization; rate of TICI 2b, 3; rate
of complications). Patients in nighttime hours tended to have a
higher median NIHSS score at CSC admission, 18 (IQR ¼ 14–
22), than those in daytime hours, 16 (IQR¼ 10–20) (P¼ .08).

Procedural Timing and Reperfusion. All timing variables were
comparable among daytime- and nighttime-hour groups, except
the delay from CSC admission to groin puncture, which was sig-
nificantly longer in the nighttime-hour group compared with the
daytime-hour group (94minutes; range, 78–123 minutes) versus
(82 minutes; range, 61–105.25 minutes) (P¼ .009) (Online
Supplemental Data).

Outcomes: Comparison between Patients in Nighttime and
Daytime Hours. The in-hospital mortality rate was higher in the
daytime-hour group (19/112¼ 17%) than in the nighttime-hour
group (3/57¼ 5%, P¼ .05; OR¼3.6544; 95% CI, 1.007–20.1601).
ENI and END were similar between the 2 groups (P¼ .34). At
90 days, patients in nighttime hours had significantly higher rates
of favorable outcome (29/57¼ 51%) compared with those in day-
time hours (39/112¼ 35%) (2-sided Wilcoxon test, P ¼ .05; OR
¼ 1.9308; 95% CI, 0.9619–3.9002) (Online Supplemental Data).
After we adjusted for age, sex, NIHSS at CSC admission, dyslipi-
demia, atrial fibrillation, hypertension, IV rtPA, CSC admission
to groin puncture, and delay in a logistic regression model, the
nighttime-hour MT appeared to have an even higher significant
impact on the 90-day outcome (logistic regression, P¼ .018;
OR¼ 0.221; 95% CI, 0.064–0.770; Online Supplemental Data).

Subgroup Analysis: Mothership—Daytime-Versus-Nighttime
Hours. In the subgroup of 95 mothership patients (Table 1),
among those in nighttime hours, there was a trend toward a
lower median age (69 versus 78 years, P¼ .09) and higher rates of
successful first-pass recanalization (45% versus 26%, P¼ .09),
whereas the median NIHSS score (20; IQR ¼ 6–22) versus 15
(IQR ¼ 10–20; P¼ .03) and CSC admission-to-groin puncture
delay (115 versus 86minutes, P¼ .001) were higher. In-hospital
mortality was lower among patients in nighttime hours (3% ver-
sus 26%, P¼ .01), while 45% of patients in nighttime hours
gained independence at 90 days compared with 36% in daytime
hours. In logistic regression using the backward method, a model
adjusted by atrial fibrillation, IV rtPA, and CSC admission-to-
groin puncture delay showed that nighttime-hour MT appeared
to have a higher significant impact on the 90-day outcome (P ¼
.018; OR¼ 0.221; 95% CI, 0.064–0.770; Online Supplemental
Data).

Drip and Ship: Daytime-versus-Nighttime Hours. In the sub-
group of 74 patients experiencing drip and ship (Table 2), the
rate of favorable outcome at 90 days was significantly higher in
those in nighttime-versus-daytime hours (57% versus 33%,
P¼ .05; OR¼2.716; 95% CI, 0.9401–8.1342). In a logistic regres-
sion using the backward method, a model adjusted by NIHSS at
CSC admission, dyslipidemia, and hypertension showed that
nighttime-hour MT appeared to have a higher significant impact
on the 90-day outcome (P ¼ .024; OR ¼ 0.246; 95% CI, 0.073–
0.831; Online Supplemental Data). None of the other parameters
differed between the daytime-and nighttime-hour groups.

Nighttime-Hour Group: Characteristics of Patients with mRS #
2 and mRS .2. In the subgroup of 57 patients with nighttime
hours, among the patients with an mRS# 2 at 90 days, there was
a younger median age (69 versus 79 years, P¼ .05) with a lower
median NIHSS score at CSC admission (16 [IQR, 9–20] versus 19
[IQR ¼ 17–23], P¼ .01). Also, the rate of first-pass success was
significantly higher (52% versus 21%, P¼ .03). The rate of favor-
able revascularization mTICI$ 2b was significantly higher in
patients with mRS#2 (97% versus 57%, P, .001, Table 3).

There was a trend toward a lower median CSC admission-to-
reperfusion delay among patient with mRS # 2 (147 minutes
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[IQR ¼ 123–188 minutes] versus 178 minutes [IQR ¼ 153–207
minutes], P¼ .09).

DISCUSSION
Our study investigated outcomes after MT between patients with
AIS admitted during nighttime hours compared with those

admitted during daytime hours. These results are important
because 30% of patients with strokes are admitted during night-
time hours, and both performance of the operators and efficiency
of the workflow can be comparable with daytime hours. On the
basis of our results, it seems that the nighttime-hour period is not
an obstacle to the best treatment-management of patients with
AIS and should not be regarded as a dangerous time for patients

Table 1: Mothership patients—characteristics and comparison between patients in nighttime and daytime hours—univariate
analysisa

All (N= 95) Nighttime Hours (n= 29) Daytime Hours (n= 66) P Value
Age (yr) 76 (62–84) 69 (59–83) 78 (71–84) .09
Men 46 (48) 15 (52) 31 (47) .82
Hypertension 60 (63) 17 (59) 43 (65) .64
Diabetes mellitus 14 (15) 5 (17) 9 (14) .75
Dyslipidemia 38 (40) 10 (34) 28 (42) .50
Atrial fibrillation 29 (31) 12 (41) 17 (26) .20
Smoking 21 (22) 9 (31) 12 (18) .20
Tandem occlusion 14 (15) 4 (14) 10 (15) 1.00
NIHSS at admission 18 (11–21.5) 20 (6–22) 15 (10–20) .03
IV rtPA 57 (60) 10 (34) 28 (42) .50
ASPECTS 7 (5–7) 7 (5–7) 7 (5–8) 1.00
Infarct volume (mL) 18.8 (8.4–41) 29.8 (12–45.5) 18.3 (6.3–34) .20
General anesthesia 41 (43) 14 (48) 27 (41) .51
First-pass success 30 (32) 13 (45) 17 (26) .09
mTICI. 2b 63 (66) 21 (72) 42 (64) .50
Symptom onset to CSC admission (min) 170 (89.5–404) 170 (98–406) 170 (82–392) .61
CSC admission to groin puncture (min) 93 (72–118) 115 (88–132.5) 86 (66–111) .001
CSC admission to reperfusion (min) 168 (129–202) 176 (144–203) 168 (128–199) .55
Groin puncture to reperfusion (min) 60 (43–90) 49 (33–81) 64 (43–95) .11
ENI 28 (29) 10 (33) 18 (28) .48
END 42 (44) 12 (41) 30 (46) .82
sICH 8 (8) 1 (3) 7 (11) .43
In-hospital mortality 18 (19) 1 (3) 17 (26) .01
mRS #2 at 90 days 37 (39) 13 (45) 24 (36) .50

a Categoric variables are expressed as number (%), and continuous variables, as median (IQR).

Table 2: Patients subject to drip and ship—characteristics and comparison between patients in nighttime and daytime hours—uni-
variate analysisa

All (N= 74) Nighttime Hours (n= 28) Daytime Hours (n= 46) P Value
Age (yr) 73 (64.3–82) 71 (63–82) 75 (64.5–82) .60
Men 39 (53) 15 (54) 24 (52) 1.00
Hypertension 53 (72) 17 (61) 36 (78) .12
Diabetes mellitus 14 (19) 4 (14) 10 (22) .55
Dyslipidemia 24 (32) 6 (21) 18 (39) .13
Atrial fibrillation 25 (34) 11 (39) 14 (30) .46
Smoking 23 (31) 6 (21) 17 (37) .20
Tandem occlusion 16 (22) 6 (21) 10 (22) 1.00
NIHSS at admission 16 (11–19.8) 16 (9–19) 16 (11.5–20) .90
IV rtPA 39 (53) 17 (61) 22 (48) .34
ASPECTS 7 (6–8) 7 (6–8) 7 (6–8) .70
Infarct volume (mL) 24.9 (10.7–6.8) 15.4 (9.7–36.7) 26.2 (11.3–4.1) .20
General anesthesia 39 (53) 13 (46) 26 (57) .47
First-pass success 24 (32) 8 (29) 16 (35) .62
mTICI. 2b 61 (82) 23 (82) 38 (82) 1.00
Symptom onset to CSC admission (min) 298 (256–481) 277 (228–374) 302 (271–531) .20
CSC admission to groin puncture (min) 71 (55–99) 85 (66–105) 67 (54–92) .11
CSC admission to reperfusion (min) 152 (101–200) 164 (101–189) 147 (107–210) .90
Groin puncture to reperfusion (min) 70 (47–106) 68 (47–78) 75.5 (49–125) .21
ENI 28 (38) 12 (43) 16 (35) .62
END 14 (19) 4 (14) 10 (22) .55
sICH 8 (11) 2 (7) 6 (13) .70
In-hospital mortality 5 (7) 2 (7) 3 (7) 1.00
mRS #2 at 90 days 31 (42) 16 (57) 15 (33) .05

a Categoric variables are expressed as numbers (%), and continuous variables, as median (IQR).
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treated with MT in a highly organized stroke care network. Most
interesting, patients treated during nighttime hours had a better
outcome at 90 days than those treated during daytime hours. The
topic is still controversial; a recent analysis from the MR CLEAN
Registry of the workflow intervals of MT for patients presenting
during off-hours (including weekends) and on-hours (8 AM–6 PM

during weeks) showed no significant difference in functional out-
come among these 2 groups, as well as similar reperfusion and
complication rates.6 On the contrary, a systematic review and
meta-analysis of 21 studies performed by Sorita et al,3 in 2014, in
the pre-MT era showed that patients with AIS in off-hours had
both higher short-term mortality and greater disability at dis-
charge. Putative explanations included a less experienced staff,
less available diagnostic procedures, variations in the processes of
care, and a decreased likelihood of delivering IV rtPA or intra-ar-
terial thrombolysis.

In our population, increased CSC admission-to-groin punc-
ture delay during nighttime hours has been observed, possibly rely-
ing on the time required for the neuroradiologist on call to get to
the hospital. However, this increased delay does not have a pejora-
tive impact on patient outcome at 90 days. Besides CSC admission-
to-groin puncture delay, patients in nighttime and daytime hours
experienced similar stroke management, with similar symptom
onset-to-groin puncture and groin puncture-to-reperfusion delays.
The organization of stroke management appears equally as effi-
cient whether during daytime or nighttime hours.

Not considering stroke management, a plausible explanation
for the better neurologic outcome after nighttime MT would be
the intrinsic variability of our patients between the samples in
terms of stroke characteristics and clinical variables. The former
does not differ between patients in nighttime and daytime hours
regarding neither the ASPECTS, the infarct volume, nor the tech-
nical characteristic–related complications. However, the latter

shows some slight age (P¼ .08) differences. Patients in nighttime
hours are slightly younger than those in daytime hours (3 years),
especially among the mothership group (9 years). Age is an im-
portant factor influencing the probability of achieving a good
outcome among patients with AIS. In a recent study, Jayaraman
et al16 quantified the interaction between age and outcomes after
MT. The authors found a deleterious influence of age: With each
1-year advance in age, the increase in the mRS change worsened
among recanalized patients (TICI 2b, 3) and approached the
value of mRS change in the TICI 0-2a group.16 Age could then
explain, at least partially, the better outcome among the patients
in nighttime hours.

However, adjusting statistical analysis by age is not sufficient
to remove the observed outcome differences between groups.
This issue suggests a more complex, multifactorial explanation.
For more insight, we conducted a subgroup analysis, comparing
characteristics of patients in nighttime hours between good (mRS
# 2) and poor (mRS. 2) outcome groups. First-pass success,
favorable recanalization (mTICI $ 2), and a low NIHSS score at
CSC admission appear to be predictors of good outcome. The
NIHSS score at admission is known to be strongly associated
with outcome.17 Most interesting, except for age, patients do not
clearly differ in terms of history characteristics, supporting our
hypothesis that age is an important variable.

Impact of Drip and Ship versus Mothership Patients
The drip and ship scenario implies additional delays before per-
forming MT, which might reduce the chance of success.2 We,
thus, investigated mothership patients and those experiencing
drip and ship, independently. Mourand et al18 reported no signif-
icant difference in 90-day outcomes when comparing mothership
patients with those in the drip and ship group independent of
admission time.

Table 3: Characteristics and comparison between good outcome (mRS 0–2) and bad outcome (mRS 3–6) among patients in night-
time hours—predictive factors of favorable outcomea

All (N= 57) mRS (0–2) (n= 29) mRS (3–6) (n= 28) P Value
Age (yr) 70 (60–83) 69 (58–73) 79 (62–85.5) .05
Men 30 (53) 17 (59) 13 (46) .43
Hypertension 34 (60) 16 (55) 18 (64) .60
Diabetes mellitus 9 (16) 4 (14) 5 (18) .73
Dyslipidemia 16 (28) 8 (28) 8 (29) 1.00
Atrial fibrillation 23 (40) 10 (34) 13 (46) .42
Smoking 20 (35) 11 (38) 9 (32) .78
Tandem occlusion 10 (18) 4 (14) 6 (21) .50
NIHSS at admission 18 (14–22) 16 (9–20) 19 (17–23) .01
IV rtPA 27 (47) 15 (52) 12 (43) .60
ASPECTS 7 (5–8) 7 (5–7) 7 (5.75–8) .43
Infarct volume 23 (11–45) 23 (11–47) 25 (10.5–37.3) .73
General anesthesia 29 (51) 13 (45) 16 (57) .43
First-pass success 21(37) 15 (52) 6 (21) .03
mTICI.2 44 (77) 28 (97) 16 (57) .0004
CSC admission to groin puncture (min) 94 (78–123) 87 (77–110) 108 (84�135.5) .11
Symptom to groin puncture (min) 361 (272–487) 360 (272–485) 261 (273–494) .82
Groin puncture to reperfusion (min) 56.5 (39–76) 51 (38–69) 64 (42–80) .43
CSC admission to reperfusion (min) 168 (128–195) 147 (123–188) 178 (153–207) .09
ENI 22 (39) 13 (45) 9 (32) .42
END 12 (25) 3 (10) 9 (32) .06
sICH 3 0 (0) 3 (11) .11
In-hospital mortality 3 0 (0) 3 (11) .11

a Categoric variables are expressed as numbers (%), and continuous variables, as median (IQR).
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In our series, the proportion of patients having functional in-
dependence at 90 days was higher among patients in nighttime
compared with daytime hours, both with the mothership and the
drip and ship strategy. However, the latter was associated with a
significantly higher rate of mRS# 2 among patients in nighttime
hours. Although it is difficult to explain why patients in nighttime
hours treated in a drip and ship strategy had a good outcome
more frequently compared with the mothership strategy, we can
underline some differences between the 2 groups: The NIHSS
score was lower (20 versus 16) among patients in nighttime hours
treated in the drip and ship group; the rate of IV rtPA was lower
among mothership patients (34% versus 61%); and the rate of
ENI was higher in the drip and ship group (43% versus 33%). All
these differences may, in part, explain why patients in nighttime
compared with daytime hours gained independence more fre-
quently at 90 days after the drip and ship strategy compared with
the mothership strategy. However, bias related to the small sam-
ple size of the subgroups should be evaluated. In conclusion, we
can demonstrate with this analysis that although potential con-
founders related to selection bias should be considered, workflow
is quite efficient in the nighttime, leading to good treatment
results among patients with AIS.

Limitations
Our study has some limitations. Although prospectively collected,
our results were retrospectively analyzed. It is a single-center
cohort study, a representation of the 2017–2018 clinical practices
of our CSC. As in similar works, generalization to other centers
can be difficult and highly depends on the management of each
local patient.

Our work was focused on patients who underwent MT; thus,
we have no access to information on patients not retained for it.
We cannot exclude the hypothesis that during nighttime hours,
patients are more carefully selected for MT due to reduced medi-
cal team availability. Such observations could explain a part of
the nighttime-hour/daytime-hour differences but should be
obvious when comparing characteristics of patients in daytime
and nighttime hours, which is not clearly the case, except for age.

CONCLUSIONS
In a highly organized stroke care network, MT is effective both in
nighttime- and daytime-hour AIS presentations. Nighttime-hour
management does not lead to deleterious effects on outcome at
90 days, and treatment times are similar between daytime hours
and nighttime hours. Unexpectedly, we found that patients
treated during nighttime hours achieved a favorable clinical out-
come more frequently at 90 days and had less in-hospital mortal-
ity than those treated during daytime hours. There was a
difference in age between the groups. It might partially explain
this observation and introduce a potential sample bias. Our
results provide an important insight for later studies aiming to
improve clinical practices in AIS care organization.
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Endovascular Treatment of Ruptured Intracranial Blister
Aneurysms: A Systematic Review and Meta-analysis

A. Scerrati, J. Visani, M.E. Flacco, L. Ricciardi, S. Trungu, A. Raco, F. Dones, P. De Bonis, and C.L. Sturiale

ABSTRACT

BACKGROUND: Endovascular treatment of blister aneurysms is a promising approach, even though they are vascular lesions chal-
lenging to treat due to their angioarchitectural characteristics.

PURPOSE:Our aim was to investigate clinical and radiologic outcomes after endovascular treatment of ruptured blister aneurysms.

DATA SOURCES: PubMed, Ovid MEDLINE, Ovid EMBASE, Scopus, and the Web of Science were screened.

STUDY SELECTION: We performed a comprehensive review of the literature from 2010 to 2019 reporting series of patients with
blister aneurysms treated with an endovascular approach.

DATA ANALYSIS: Event rates were pooled across studies using a random effects meta-analysis.

DATA SYNTHESIS: A total of 32 studies reporting on 684 patients (707 aneurysms) were included. Stent placement, stent-assisted
coiling, and flow diversion were the most commonly described treatments (282, 256, and 155 patients, respectively). The long-term
complete occlusion rate was 76.9% (95% CI, 69.2%–83.9%). The perioperative complication rate was 8.9%, and clinical outcome at
final follow-up was mRS,2 in 76.6% (95% CI, 68.2%–84.2%) of patients. The mortality rate was 4.7% (95% CI, 2.30%–7.80%). Among
the different techniques, stent-assisted coiling is the one that had the higher rate of immediate occlusion (63.4%); however, the
occlusion rate at the final follow-up was comparable among the different techniques.

LIMITATIONS: Different techniques were described and data were reported in a nonhomogeneous way, possibly representing a
bias in the present study.

CONCLUSIONS: This study suggests that endovascular treatment of blister aneurysms is associated with good long-term occlusion rates and
reasonable complication and mortality rates. There is no consensus on the best endovascular techniques in blister aneurysm management.

ABBREVIATION: HH ¼ Hunt and Hess

B lister aneurysms are uncommon vascular anomalies, respon-
sible for 0.5%–2% of all SAH caused by ruptured intracranial

aneurysms.1,2 Their etiology has not been completely clarified

yet, though wall stress or shear stress of vessels has been proposed
as having a role in their pathogenesis.3,4

Due to their angioarchitectural characteristics, such as a frag-
ile wall and poorly defined neck, blister aneurysm treatment is
challenging with either surgical or endovascular approaches.
Surgery has been associated with controversial results in terms of
surgical and clinical outcomes, demonstrating a high rate of
aneurysmal recurrence, subsequent hemorrhages, and complica-
tions.5-7 On the other hand, endovascular treatment, which has
been progressively validated as effective for saccular aneurysm
management, could represent a valid therapeutic alternative for
blister aneurysms. Endovascular treatment options include sim-
ple coiling, stent or balloon-assisted coiling, flow-diversion stent
placement, liquid embolization, and parent vessel sacrifice.
However, there are scarce data on blister aneurysm management
using endovascular techniques.
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This study aimed to systematically review the pertinent litera-
ture investigating clinical-radiologic outcomes and complications
of the different endovascular treatments for blister aneurysms.

MATERIALS AND METHODS
Study Design
This is a systematic review of the literature, designed and con-
ducted according to the Preferred Reporting Items for Systematic
Review and Meta-Analyses (PRISMA) statement. The review
question was formulated according to the PICO criteria, as fol-
lows: (P, patients) In the management of blister aneurysms, (I,
intervention) what is the endovascular treatment, (C, compari-
son) that has reported the best results, (O, outcomes) in terms of
clinical-radiologic outcomes?

Study Selection
PubMed, Ovid MEDLINE, Ovid EMBASE, Scopus, and the Web
of Science were selected as online medical databases to conduct
the present systematic review. The search terms were the following:
“intracranial,” “brain,” “cerebral,” “blister,” “blood-blister,” “blis-
terlike,” “aneurysm,” “coiling,” “coils,” “stent,” “stent placement,”
“endovascular,” “flow diverters” (Medical Subject Headings), com-
bined using the Boolean operators.

Studies reporting data on patients treated with endovascular
techniques for intracranial blister aneurysms were searched.
Inclusion criteria were articles written in English and the avail-
ability of clinical and radiologic data for single patients. We
excluded clinical series reporting data on,5 patients, guidelines,
reviews, commentaries, and letters to the editor.

The first-round search was conducted by 2 reviewers (J.V.
and A.S.) who independently screened titles and abstracts for eli-
gibility. The selected full texts and their reference lists (forward
search) were screened and evaluated for inclusion in the second
round.

In the third round, articles were screened for demographics,
aneurysm location and size, aneurysm rupture status, treatment
modalities, occlusion rates, procedural failure, procedure-related
morbidity and mortality, procedure-related complications, and
clinical outcome. The article was then excluded in case of data
unavailability, incomplete data, improper data reporting, or
unavailability of single-patient data (exclusion with a reason). In
the fourth round, data were retrieved and added to a database for
pooling and statistical analysis (inclusion). Any discordance was
solved by consensus with the senior author (C.L.S.).

Outcomes Measurement
For every patient we collected, we recorded blister location, mor-
phology, rupture status, endovascular treatment technique, post-
operative and last follow-up angiographic outcome (occlusion
rate, rebleeding), perioperative complications (intraoperative
rupture, parent artery occlusion, transient ischemic attack, vaso-
spasm, stroke), perioperative morbidity and mortality, and last
follow-up functional status. We defined treatment failure as the
inability to secure the aneurysm and/or the need for a second ther-
apeutic attempt due to rebleeding or regrowth of the aneurysm.

Clinical outcome was scored according to the mRS.

Statistical Analysis
We performed meta-analyses of proportions to estimate the
pooled rates of each outcome. Proportion meta-analyses were not
used when the frequency of an outcome was reported in ,1% of
the sample (raw proportions and 95% confidence intervals were
reported in such cases), and a random effects model was adopted
to account for the interstudy heterogeneity.

RESULTS
Study Selection and Characteristics
According to our search strategy, 178 articles in English were
retrieved through the electronic literature search.

After 178 read the abstracts, 103 articles were primarily
excluded, while 75 were assessed for eligibility and analyzed in
detail because they met our inclusion criteria.

After full-text reading and a forward search from the bibliog-
raphy of the selected articles, 43 articles were excluded for the fol-
lowing reasons: Twenty were series of ,5 patients, 8 reported
incomplete follow-up, 4 did not include blister aneurysms, and in
11 studies, endovascular treatment was not performed. Thirty-
two articles8-39 (31 retrospective and 1 prospective) published
between 2010 and 2019 reporting patients who underwent endo-
vascular treatment for blister aneurysms were finally included in
this review (Figure).

The last search was launched in January 2020.

Demographic Characteristics
We collected 684 patients with 707 aneurysms. Sex was reported
in 674 patients: 228 men (33.8%) and 446 women (66.2%). The
mean age was 50.4 years (the SD was reported in a minority of
series).

Blister Characteristics
We collected data about a total of 707 blister aneurysms: Six hun-
dred eighty-seven (98.7%) originated from the ICA; 9, from the
basilar artery; 3 (0.4%), from the MCA; 3 (0.4%), from the poste-
rior cerebral artery; 2 (0.3%), from the vertebral artery; 2 (0.3%)
from the anterior communicating artery; and 1 (0.1%), from the
anterior communicating artery.

Mean size was available for 119 of 707 aneurysms (16.8%):
One hundred ten aneurysms were large, up to 5mm; and 9 were
between 6 and 10mm.

All aneurysms were ruptured. Fisher grading at the onset was
available for 255 of 268 (95.1%) patients: 21 (4.8%) grade 1; 54
(17.3%) grade 2; 123 (40.1%) grade 3; 57 (19.0%) grade 4.

The Hunt and Hess (HH) grade was reported in 631 of 684
(92.3%) patients: Eighty-seven (10.7%) were HH 1; 248 (24.8%)
were HH 2; 184 (20.3%) were HH 3; 88 (9.5%) were HH 4; and
24 (1.0%) were HH 5 (Online Supplemental Data).

Type of Endovascular Procedure
The type of procedure was reported in 705 of 707 blister aneur-
ysms (99.7%). A simple coiling was used in 6 cases. A traditional
stand-alone stent placement was performed in 282 procedures,
whereas stent-assisted coiling was preferred in 256 procedures.
Stand-alone flow diversion was the treatment of choice in 145
cases, while in 16 patients, coiling combined with flow diversion
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or an occlusion with glue or parent artery occlusion was per-
formed (Online Supplemental Data).

Radiologic Outcome
Immediate radiologic outcome was reported in 498 of 684
(72.8%) patients: The complete occlusion rate was 50.6% (95%
CI, 38.2%–62.9%); near-complete was 11.6% (95% CI, 5.7%–
18.7%); partial was 24.4% (95% CI, 14.8%,–35.2%); and failure
was reported in 7 patients (0%; 95% CI, 0.0%–1.05).

Radiologic outcome at follow-up was reported in 345 of 684
(50.4%) patients: The complete occlusion rate was 76.9% (95%
CI, 69.2%–83.9%); near-complete was 1.6% (95% CI, 0.17%–
3.89%); partial occlusion was 1.1% (95% CI, 0.03%–2.97%); and
failure was reported in 2.3% (95% CI, 0.41%–5.22%) of patients
(Online Supplemental Data).

In 23 studies, the evaluation of the occlusion rate was
empirically based on the author’s own description on
DSA.8,10,12-18,20,22-24,27-32,34,35,37-39 In 6 studies, authors used

the Roy-Raymond scale,16,19,25,26,33,36 and in 2 studies, they
used the simplified Roy-Raymond scale.9,21 Only 1 study
used the O’Kelly-Marotta and the Roy-Raymond scales.11

Clinical Outcome and Complications
Details are reported in the Online Supplemental Data: Clinical
outcome at discharge was reported in a minority of patients and
expressed as the Glasgow Outcome Scale score. Clinical outcome
at follow-up was, instead, reported in 674 of 684 (98.5%) patients:
76.6% (95% CI, 68.2%–84.2%) of patients had an mRS of less
than 2; and 7.6% (95% CI, 3.09%–13.3%) of patients had an
mRS. 2.

The mean follow-up time was reported in 25 of 32 included
articles (406 patients) and was about 12.4months.

Concerning complications, an intraoperative hemorrhage
occurred in 27/684 procedures (1.3%; 95% CI, 0.31%–2.85%);
vasospasm, in 45/684 (2.7%; 95% CI, 0.14%–7.33%); and throm-
bosis, in 20/684 (0.7%; 95% CI, 0.00%–2.63%), while

FIGURE. Search strategy. BBA indicates Blister aneurysms; EVT, endovascular treatment.
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perioperative stroke occurred in 29/684 (1.4%; 95% CI, 0.33%–
2.90%). Perioperative death occurred in 40/684 patients (2.8%;
95% CI, 0.93%–5.24%). The overall mortality rate at final follow-
up was 50/684 patients (4.8%; 95% CI, 2.30%–7.80%).

Outcome Comparison among the Different Endovascular
Treatments
We compared patients’ clinical and radiologic outcomes accord-
ing to the main different modalities of endovascular management
(Online Supplemental Data). Because only a minority of cases
were treated with simple coiling (0.8%) or parent artery occlusion
(0.14%), we decided to compare 3 groups: stand-alone stent
placement, stent-assisted coiling, and flow diversion (associated
or not with coiling).

The ICA was confirmed as the most common location for
blister aneurysm origin (687/707 aneurysms). Blister aneurysms
were preferably treated with stand-alone stent placement in 249
cases, followed by a stent-assisted coiling in 179 and flow divert-
ers in 135. Nevertheless, blister aneurysms originating from the
anterior cerebral artery, anterior communicating artery, middle
cerebral artery, and posterior cerebral artery were exclusively
treated with flow diversion. In basilar artery blister aneurysms, 4
cases were treated with flow diversion, and 1, with stent-assisted
coiling.

Hunt and Hess grading was not discriminating for the choice
of the treatment technique, except for the flow-diverter position-
ing, which was more often preferred in patients with better clini-
cal conditions on admission (26.2% of HH 1) compared with
stent placement (4% of HH 1) and stent-assisted coiling (3.9% of
HH 1).

Patients treated with stand-alone stent placement presented
with a higher rate of good outcome (mRS 0–2) at follow-up
(94.8%) compared with those treated with stent-assisted coiling
(85%) and flow diverters (76.5%), as well as a lower mortality rate
(1.6% versus 3.7% versus 4.4%).

Regarding the complications, vasospasm was most frequently
reported with stent-assisted coiling (10.6%) compared with stent
placement and flow diversion (0% and 0.1% of cases, respec-
tively). The hemorrhage rate was, instead, very low in all groups
(between 0% and 0.6%). The 3 cases of intraoperative bleeding
occurred in only cases of flow-diverter positioning without asso-
ciated coiling.

The perioperative death rate was.2 times higher in the flow-
diverter group (5.2%) compared with stand-alone stent place-
ment (2.1%) and stent-assisted coiling (0%) groups. Stent-assisted
coiling was reported as having a higher rate of immediate com-
plete occlusion (63.4%) compared with stand-alone stent place-
ment (42%) and flow diverters (53.7%).

The same trend was confirmed at radiologic follow-up when
stent-assisted coiling reached a rate of complete occlusion of
80.3%; stand-alone stent placement, 77.1%; and flow diverters,
75.6%. Noticeably, the rate of complete occlusion at radiologic
follow-up appeared to be significantly increased in the stent
placement and flow-diverter groups if compared with the imme-
diate outcome.

Finally, the quality of each study was evaluated by the
Newcastle-Ottawa grading scale (Table).

DISCUSSION
In this study, we systematically reviewed clinical and radiologic
data regarding the endovascular treatment of intracranial blister
aneurysms. Most of the patients reported in literature were
women, and the more common clinical presentation was Hunt
and Hess grade 2 or 3.

Blister aneurysms appeared in .85% of cases with small
aneurysms (up to 5mm) and in almost 99% of patients when the
aneurysm originated from the internal carotid artery.

Seven different procedures are reported for treatment of blis-
ter aneurysms, highlighting the continuing technical evolution
and the increasing number of new devices available for endovas-
cular management of these challenging vascular pathologies (or
lesions or anomalies). In fact, neither the pathophysiologic mech-
anisms at the base of blister aneurysm formation nor their opti-
mal treatment has been established yet.

Because blister aneurysms are presumed to be a type of vascu-
lar dissection or pseudoaneurysm, their treatment should not
focus solely on the aneurysm sac but should also address the
reconstruction of the wall of the affected vessel.

Endovascular procedures were initially faced with skepticism
because of the reported risk of incomplete aneurysm occlusion in
the acute phase and rupture during traditional coiling and

Newcastle-Ottawa grading scale for the quality of the study
evaluation

Article Selection Comparability Outcome
Kaschner et al8 *** *
Fang et al9 * *
Kim MJ et al10 *** **
Capocci et al11 *** **
Hellstern et al12 *** *
Parthasarathy et al13 *** ***
Mokin et al14 *** *
Hao et al15 *** ***
Xu et al16 *** * **
Ren et al17 *** * **
Cerejo et al18 *** **
Yang et al19 *** ***
Ryan et al20 *** ***
Zhu et al21 **** ** ***
Brown et al22 *** **
Fang et al23 *** **
Linfante et al24 *** **
Yu et al25 *** **
Song et al26 *** *
Ashour et al27 *** *
Chinchure et al28 *** *
Yoon et al29 *** *
Chalouhi et al30 *** *
Gonzales et al31 *** *
Lim et al32 *** **
Walsh et al33 *** *
Cinar et al34 *** *
Lee et al35 *** **
Aydin et al36 *** ***
Ihn et al37 ** **
Fang et al38 ** **
Fang et al39 *** *

Note:—A study can be awarded a maximum of one star for each numbered item
within the Selection and Exposure categories. A maximum of two stars can be
given for Comparability.
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rebleeding at a distance.40 However, the endovascular treatment
of blister aneurysms was completely revolutionized by the introduc-
tion of stents and, in particular, with the advent of flow diversion.

In agreement, our data showed that endovascular treatment
of blister aneurysms is relatively effective and safe. The rate of im-
mediate aneurysm occlusion/near-complete occlusion is about
62%, and the overall rate of complications is about 9%, with a
perioperative mortality rate of,3%. In particular, the risk of per-
ioperative bleeding appeared as significantly lower than after sur-
gical techniques (1.3% vs 29%).41 At radiologic follow-up, the
rate of effective occlusion was .78%, and the overall mortality
rate remained below 5% (Online Supplemental Data).

The improvement of the radiologic outcome can be explained
considering that most patients were treated with stent placement
or a stand-alone flow diverter, which usually guarantees a long-
term effect but not always immediate complete occlusion due to
the specific hemodynamic modification induced.

However, the risk of prolonged use of antithrombotic medica-
tions required in stent-placement procedures needs to be care-
fully considered. Indeed, concerns about the use of dual-
antiplatelet therapy are common.42,43

A systematic review by Skukalek et al44 suggested high-dose
aspirin for .6months to minimize permanent thrombotic com-
plications as well as permanent and transient hemorrhagic com-
plications and loading doses of aspirin and clopidogrel
preprocedurally to potentially decrease the incidence of hemor-
rhagic events.

However, despite the specific type of endovascular approach,
our data showed a good clinical outcome (mRS,2) at final fol-
low-up in more than three-fourths of patients (77%). Although
an overall mortality rate of 4.8% is not negligible, it mainly
reflects the severity of the clinical status at admission rather than
a complication of the treatment.

Coiling and Stent-Assisted Coiling
In our review, 262 patients (32.8%) underwent coiling (6 patients)
or stent-assisted coiling (256 patients). The largest series have
been described by Ren et al,17 Xu et al,16 Zhu et al, 21 and Lim et
al,32 who reported 58, 44, 39, and 31 patients, respectively. Major
concerns about coiling included the high rate of aneurysm
regrowth and of intraprocedural rupture.37,45-49 Indeed, the fre-
quent lack of a real neck and the small size of the blister aneu-
rysm often rapidly led to the use of adjuvants such as stents by
most of the authors, as reported in most of the subsequent litera-
ture. However, in our study, small series for coiling alone
reported a good rate of occlusion.17,22

Indeed, our data showed that stent-assisted coiling was con-
sidered by most of the authors as the first-line treatment (about
32% of all cases), with 83% of complete/near-complete occlusion
at final follow-up and a clinical outcome comparable with that
for the other treatments. The rate of complications was also com-
parable except for the incidence of vasospasm, which was
reported in a significantly higher percentage of cases (about
11%), though these data were not corrected for clinical status at
admission. This could be partially explained by the adjunctive
mechanical stimulus due to the vessel manipulation for stent and
coil release.

In conclusion, pros of coiling/stent-assisted coiling are a good
rate of immediate occlusion and a lower cost; the con is the
higher risk of vasospasm.

Stand-alone Stent Placement
Single or multiple stand-alone stent placements were the second
most common procedure performed, representing the 15.9% of
the included cases. Overlapping stents were sometimes anecdo-
tally reported with the rationale of increasing strut density and
the thickness of the stent, thus remodeling and reinforcing the
arterial wall.32,35 The larger series was described by Fang et al,9

including 213 patients, who reported no difference in periopera-
tive ischemic and mortality rates among different numbers of
stents delivered.

Our data showed the absence of differences in terms of the
number of thrombotic or stroke events in comparison with the
other types of treatment (Online Supplemental Data). Similarly,
the rate of intraoperative hemorrhage was lower compared with
stent-assisted coiling and flow-diverter procedures despite the
need for introducing antithrombotic therapy and the delayed
occlusive effect compared with procedures including coiling.

In conclusion, the advantage of stand-alone stent placement is
a lower risk of intraoperative bleeding, while the disadvantages
are the delayed occlusive effect and the need for long-term antith-
rombotic therapy for the patient.

Flow Diversion
Flow diversion was reported in 155 (27%) patients, but in only 10
patients was it associated with coiling.

Flow diverters are gaining increased attention because of the
possibility of parent vessel reconstruction. They represent new
effective devices for the management of complex aneurysms, but
evidence of their effects on blister aneurysms has not been
completely elucidated. Flow-diverter technology is, in fact, con-
troversial for certain aspects related to its architecture and its
hemodynamic effect, which expose the patient to potential com-
plications due to the delayed occlusive effect not seen with tradi-
tional coiling. Mokin et al14 described the largest series of
patients treated with flow diverters, supporting their use espe-
cially for treatment of carotid blister aneurysms.

Our data showed a good rate of occlusion at final follow-up
(75.6%), but with a higher rate of perioperative death (5.2%)
(Online Supplemental Data).

Overlapping flow diverters were overall reported in a limited
number of cases (19 cases of 156). Cerejo et al18 reported the
higher number (n ¼ 7) of patients treated with overlapping
stents, described in 4 cases of complete occlusion and in 3 cases
of incomplete occlusion. Mokin et al,14 Ryan et al,20 Yoon et al,29

and Chalouhi et al30 reported, instead, mixed series of patients
treated with single or overlapped flow diverters without signifi-
cant differences in the clinical results. On the contrary, other
authors such as Parthasarathy et al,13 Linfante et al,24 and Aydin
et al36 specifically preferred single-device procedures for blister
aneurysm treatment.

The advantages of placing overlapping flow diverters are the
minimization of the risk of postdiversion rerupture and the speed
of the parent vessel endothelialization with definitive exclusion of
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the lesion (Ryan et al20). However, a significant reduction in post-
treatment bleeding has not been demonstrated to date by placing
multiple stents. On the other hand, some risks should be consid-
ered, such as cerebral ischemia due to jailing of perforating ves-
sels, an increased risk of device thrombosis, and procedural
complications related to the additional steps required for place-
ment of multiple devices.29,36

In conclusion, the advantage of flow diversion is a good final
occlusion rate, with the possibility of complete vessel wall healing;
the disadvantages are the higher cost of the devices, the delayed
occlusion, the higher risk of perioperative death, and the need for
a long-term antithrombotic therapy.

Parent Artery Occlusion
Parent artery occlusion with balloons and/or coils as rescue strat-
egy was reported in 3 cases (0.4%) of ruptured blister aneurysms
with SAH, and no complications were reported. However, ischemic
complications due to important internal carotid artery side-branch
occlusion (ophthalmic artery, anterior choroidal artery, and fetal
presentation of the posterior communicating artery) have to be con-
sidered, even if the patient passes the balloon test occlusion.

In conclusion, the advantage of parent artery occlusion is the
immediate aneurysm obliteration and the low cost; the disadvan-
tages are the ischemic complications.

Comparison between Treatments
Our treatment subgroup analyses showed that the higher rate of
immediate occlusion is obtained with the stent-assisted coiling
technique (pooled percentage of 63.4%). However, at final fol-
low-up, the different endovascular techniques show comparable
results in terms of complete occlusion (Online Supplemental
Data). Stand-alone stent placement presents the higher rate of
good clinical outcome with 94.8% of mRS, 2 and the lower rate
of complications in general.

Care must be taken for the incidence of vasospasm after stent-
assisted procedures and for the non-negligible rate of periopera-
tive death during flow diverter releasing.

Anticoagulation/Antiplatelet Treatment
Our data did not show particular complications from anticoagu-
lation/antiplatelet therapy (hemorrhage was reported in 1.34% of
patients, 0.63% in the flow-diverter group), with no statistically
significant differences between groups of treatments.

In flow-diversion procedures, the timing of treatment and the
antiplatelet regimen is still a dilemma; a number of differing pro-
tocols are currently available and reported.

There is uncertainty about not only the type of drug but also
the timing of administration. In the study of Yoon et al,29 throm-
boembolic complications occurred in 27% of patients despite pre-
procedural aspirin and clopidogrel loading (timing not specified)
and monitoring of platelet inhibition. No rebleeding was reported.
Lin et al50 administered the antiplatelet loading 12 hours before the
procedure. In their series of 26 patients treated with a Pipeline
Embolization Device (Medtronic) for a ruptured blister aneurysm,
they reported a lower number of in-stent thromboses (7.6%) and
brain stem ischemia (3.8%). Still, no rebleeding was reported.
Favorable outcome with no incidence of thrombo-embolism or

rebleeding was reported by Chalouhi et al30 and Aydin et al36

when treatment was deferred (.5days). Antiplatelet loading was
performed, respectively, 8 and 12 hours before the procedure.

Therefore, although an increased risk for bleeding theoreti-
cally exists with antiplatelet administration, from our data and
the data in literature, antiplatelet drugs seem not to significantly
affect the risk of intra-/postprocedural bleeding. On the other
hand, the thromboembolic risk seems to be of more concern
(1.81% versus 0.63% risk of hemorrhage in the flow-diverter
group; Online Supplemental Data), even when preprocedural
antiplatelet loading is performed.

Comparison with Previous Systematic Reviews
Compared with previous systematic reviews on this topic,41,51,52

our meta-analysis included a larger number of articles and
patients, pooled data from different endovascular treatments, and
both radiologic and clinical outcome for data analysis.
Furthermore, even newer and more advanced techniques and
devices involved in the endovascular treatment of blister aneur-
ysms have been reported, fostering a current critical update of
their clinical and radiologic outcomes.

Limitations
Our study has several limitations. Clinical and radiologic follow-
up times were variable (6–32months); thus, data are limited by
the heterogeneity of follow-up. Most of the selected articles were
observational, nonrandomized, and noncomparative studies, and
data were collected retrospectively, often lacking in several details.
Moreover, in patients with SAH due to blister aneurysm rupture,
it is difficult to differentiate procedure-related morbidity from
morbidity secondary to complications of SAH.

Also, even though aneurysm topography was reported in all
cases, for a minority of patients, it was not possible to associate
the location with the specific endovascular technique during the
subgroup analysis.

Finally, our results could be influenced by publication bias. In
fact, we could have missed some studies with worse outcomes that
were performed and not published, distorting the evidence base.

However, this study provides useful data to consider when
assessing the effects and risks of endovascular treatment in blister
aneurysms and could represent a stepping stone for future com-
parative or randomized studies in this group of patients.

CONCLUSIONS
Blister aneurysms are complex vascular lesions representing a
treatment challenge for cerebrovascular specialists. Currently, the
endovascular approach represents a valid treatment option due to
its safety and efficacy profile, reaching, at follow-up, a rate of
effective occlusion of about 78%, with a relatively low incidence
of complications, and an overall mortality below 5%.
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Tailored Vessel-Catheter Diameter Ratio in a Direct
Aspiration First-Pass Technique: Is It a Matter of Caliber?

E. Pampana, S. Fabiano, G. De Rubeis, L. Bertaccini, A. Stasolla, A. Vallone, A. Pingi, M. Mangiardi, S. Anticoli,
C. Gasperini, and E. Cotroneo

ABSTRACT

BACKGROUND AND PURPOSE: The aspiration technique has gained a prominent role in mechanical thrombectomy. The thrombec-
tomy goal is successful revascularization (modified TICI$ 2b) and first-pass effect. The purpose of this study was to evaluate the
impact of the vessel-catheter ratio on the modified TICI$ 2b and first-pass effect.

MATERIALS AND METHODS: This was a retrospective, single-center, cohort study. From January 2018 to April 2020, 111/206 (53.9%)
were eligible after applying the exclusion criteria. Culprit vessel diameters were measured by 2 neuroradiologists, and the intraclass
correlation coefficient was calculated. The receiver operating characteristic curve was used for assessing the vessel-catheter ratio
cutoff for modified TICI$ 2b and the first-pass effect. Time to groin puncture and fibrinolysis were weighted using logistic regres-
sion. All possible intervals (interval size, 0.1; sliding interval, 0.01) of the vessel-catheter ratio were plotted, and the best and worst
intervals were compared using the x 2 test.

RESULTS: Modified TICI$ 2b outcome was achieved in 75/111 (67.5%), and first-pass effect was achieved in 53/75 (70.6%). The MCA
diameter was 2.1 mm with an intraclass correlation coefficient of 0.92. The optimal vessel-catheter ratio cutoffs for modified
TICI$ 2b were #1.51 (accuracy ¼ 0.67; 95% CI, 0.58–0.76; P ¼ 0.001), and for first-pass effect, they were significant (#1.33; P ¼ .31).
The modified TICI$ 2b odds ratio and relative risk were 9.2 (95% CI, 2.4–36.2; P ¼ 0.002) and 3.2 (95% CI, 1.2–8.7; P ¼ .024). The
odds ratio remained significant after logistic regression (7.4; 95% CI, 1.7–32.5; P ¼ .008). First-pass effect odds ratio and relative risk
were not significant (2.1 and 1.5; P. .05, respectively). The modified TICI$ 2b best and worst vessel-catheter ratio intervals were
not significantly different (55.6% versus 85.7%, P ¼ .12). The first-pass effect best vessel-catheter ratio interval was significantly
higher compared with the worst one (78.6% versus 40.0%, P ¼ .03).

CONCLUSIONS: The aspiration catheter should be selected according to culprit vessel diameter. The optimal vessel-catheter ratio
cutoffs were #1.51 for modified TICI$ 2b with an odds ratio of 9.2 and a relative risk of 3.2.

ABBREVIATIONS: ADAPT ¼ a direct aspiration first-pass technique; mTICI ¼ modified TICI

Stroke represents the second leading cause of death in the

world;1 however, the case fatality rate has decreased in recent

decades due to primary prevention and treatment improve-

ments.2 After the introduction in various guidelines,3,4 patients

treated with mechanical thrombectomy showed a significant

decrease of disability at 90 days compared with controls (OR ¼

2.49; 95% CI, 1.76–3.53; P, .0001)5 and a reduction of decompres-

sive hemicraniectomy for malignant cerebral edema (range, 11.4%–

4.8%; P, .001).6 Recently, a direct aspiration first-pass technique

(ADAPT) has gained a level of I B-R for mechanical thrombectomy

in the 2019 guidelines for stroke management.3 An modified TICI

(mTICI) of grade 2b/3 is the mechanical thrombectomy goal for

increasing good functional outcome;3,7 in addition, first-pass effects

have earned a prominent role in stroke prognosis.8

Nikoubashman et al9 demonstrated, in an experimental animal

study, that large-bore catheters should have an inner diameter of

.1.016mm for the MCA and .1.524mm for the ICA. Moreover,

Alawieh et al10 showed a higher rate of recanalization and first-pass

effect using larger diameter catheters versus smaller ones (ACE64/

ACE68 [Penumbra] versus 5MAXACE [Penumbra], 85%/81% ver-

sus 61%, P, .05, respectively). However, no differences were found
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in terms of first-pass effect, reperfusion, and clinical outcome

among different large-bore catheters selected (Catalyst 6,

Stryker; Sofia, MicroVention; Navien, Covidien; ACE68,

Penumbra; P. .05).11

The aim of this study was to evaluate the impact of the vessel-
catheter ratio on successful revascularization and first-pass effect
in a tertiary center (Azienda Ospedaliera San Camillo/Forlanini)
for cerebrovascular disease treatment.

MATERIALS AND METHODS
This study was approved by the ethics institutional review board.
Informed consent was waived due to the retrospective nature of
this study.

The manuscript was drafted according to the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.12

This was a retrospective, single-arm, single-center, cohort
study. From January 2018 to April 2020, we evaluated all patients
admitted to the stroke unit of a tertiary hub center who under-
went endovascular thrombectomy according to current guide-
lines.3 The exclusion criteria for the study were the following:
non-MCA and mechanical thrombectomy technique different
from ADAPT. Because there is no definitive indication regarding
which endovascular technique should be used for thrombec-
tomy,3 the choice was left to the interventional neuroradiologist
at the time of the procedure. The clinical details of the cohort are
given in Table 1.

Technical success was defined with a mTICI 2b or 3.3,4 The
first-pass effect would be mTICI$ 2b in 1 passage of the catheter.

The vessel-catheter ratio was calculated as the fraction
between the culprit vessel and the inner diameter of the catheter
used for aspiration because the inner diameter is the “active” part
for aspiration force.13

Vessel-Diameter Measurement
The diameter of the occluded vessel was measured by 2 neurora-
diologists (S.F. and L.B. with 20 and 8 years of experience, respec-
tively) in the straight tract of the closest vessel before the
thrombus on DSA.14 The simple mean between these

measurements was taken for further analysis, and the intraclass
correlation agreement was calculated.

Endovascular Technique
All patients were treated using ADAPT by 5 experienced neuro-
interventional radiologists (.7 years’ experience) in a dedicated
angiosuite (biplane Artis zee; Siemens).

All procedures were performed via arterial access with the
patient under sedation or general anesthesia according to the
present clinical status and stroke severity. ADAPT was performed
through femoral access using a 6F long vascular sheath (Neuro
MAX 088, Penumbra; or AXS Infinity LS, Stryker Neurovascular)
positioned in the ICA of the culprit side. The size of the interme-
diate aspiration catheters was chosen by the neurointerventional
radiologist at the time of the procedure; in 1/111 (0.9%), a distal
aspiration catheter was used. The intermediate catheters used were
both Stryker and Penumbra systems and were divided according to
their inner diameter into the following: 1.37mm (5MAX ACE),
1.47mm (AXS Catalyst 5; Stryker), 1.52mm (AXS Catalyst 6),
1.62mm (AXS Catalyst 7), 1.63mm (ACE64), and 1.73mm
(ACE68). The distal aspiration catheter used has an inner distal
lumen of 1.09 (3MAX; Penumbra). The ADAPT was always per-
formed without a microguidewire inside the lumen and with an aspi-
ration pump (PumpMAX; Penumbra).9 See Table 2 for frequency.

Study Outcome
The primary outcome was to evaluate the cutoff value of the ves-
sel-catheter ratio, maximizing the likelihood of obtaining
mTICI$ 2b. Furthermore, the impact on successful revasculariza-
tion of the adequate vessel-catheter ratio was weighted with fibri-
nolysis and time to groin puncture. Subanalysis was performed for
first-pass effect versus a control group (non-first-pass effect revas-
cularization1mTICI# 2a). The secondary outcome was to evalu-
ate the impact of different cutoff values on the likelihood of
obtaining a successful revascularization and a first-pass effect.

Data Base Preparation
Clinical data were retrospectively derived from a prospective data
base drafted by the stroke unit. The radiologic parameters were
evaluated through Radiology and Imaging Specialists/PACS sys-
tems by 1 neuroradiologist (5 years of experience) not involved in
the procedure. The angiographic measurements of culprit vessel

Table 1: Clinical details
Patients with MCA
Stroke (n = 111)

Age (median) (95% CI) (yr) 73 (71.0–76.8)
Male (No.) (%) 66 (59.5%)
BMI (median and 95% CI) 24.9 (23.8–25.4)
Family history (No.) (%) 82 (7.5%)
Smoking (No.) (%) 20 (18.0%)
Atrial fibrillation (No.) (%) 39 (35.1%)
Arterial hypertension (No.) (%) 64 (57.7%)
Obesity (No.) (%) 13 (11.7%)
Atrial septal defect (No.) (%) 5 (4.5%)
Total cholesterol level (median) (95% CI) 155 (148.0–168.1)
HDL (median) (95% CI) 42 (41.0–45.0)
LDL (median) (95% CI) 108.0 (94.1–115.0)
HbA1c (median) (95% CI) 6.0 (5.9–6.0)
NIHSS score 16.0 (15.0–18.0)

Note:—BMI indicates body mass index; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; HbA1c, glycated hemoglobin.

Table 2: Technical details
Patients with MCA
Stroke (n = 111)

Wake-up stroke (No.) (%) 23 (20.7%)
Time to groin puncture (median) (95% CI) (h) 4.3 (4.1–4.5)
Fibrinolysis (No.) (%) 64 (57.7%)
Catheter inner diameter (No.) (%)
1.09 mm (3MAX) 1 (0.9%)
1.37mm (3MAX) 3 (2.7%)
1.47mm (3MAX) 2 (1.8%)
1.52 mm (3MAX) 29 (26.1%)
1.62.mm (3MAX) 4 (3.6%)
1.63 mm (3MAX) 1 (0.9%)
1.73 mm (3MAX) 71 (64.0%)
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diameter were evaluated by 2 neuroradiologists, and the simple
mean was taken for the analysis.

Statistical Analysis
Normality was tested using the Kolmogorov-Smirnov Z, and con-
tinuous variables were reported accordingly. Ordinal values were
reported as percentages. The intraclass correlation coefficient (for
vessel diameter) was calculated using the intraclass correlation.
mTICI was defined dichotomously in successful (mTICI$ 2b) and
unsuccessful (mTICI# 2a) revascularization. The receiver operat-
ing characteristic curve and Youden index were used for assessing
the optimal cutoff values for the vessel-catheter ratio. The odds ra-
tio, the relative risk, and the number of patients to be treated were
calculated. Logistic regression was used for analyzing the impact on
successful revascularization of the vessel-catheter-ratio, fibrinolysis,
and time to groin puncture The impact of different cutoff values of
the vessel-catheter ratio was evaluated by calculating the percentage
of successful revascularizations and first-pass effects using an inter-
val of 0.1 and an interval increment of 0.01, starting at the lowest
value of the vessel-catheter ratio (1.0) to the highest (1.7); subse-
quently, the percentage was plotted. For both analyses, a subgroup
evaluation was performed using first-pass effect as endpoint.
Statistical analysis was performed, and the graph was plotted using
MedCalc 18.2.1 (MedCalc Software) and Excel (Microsoft). P
values, .05 were considered statistically significant, and all P val-
ues were calculated using a 2-tailed significance level.

RESULTS
Two-hundred six consecutive patients underwent brain angiogra-
phy for mechanical thrombectomy; after applying the exclusion

criteria, 95/206 (46.1%) were further excluded from the analysis.
Thirty-six of 95 (37.9%) of the strokes involved the ICAs, 25/96
(26.3%) had posterior circulation stroke, and in 34/95 (35.8%)
ADAPT was not used as the first-line technique. The final popu-
lation encompassed 111/206 (53.9%) patients with MCA stroke
treated with ADAPT; the clinical details are provided in Table 1.
Twenty-three of 111 (20.7%) were wake-up strokes. The flow-
chart of the study is shown in Fig 1. The rate of mTICI$ 2b was
75/111 (67.5%), and the first-pass effect was 53/75 (70.6%). All
patients with mTICI #2a (36/111 [32.5%]) underwent a rescue
technique. The median vessel diameter was 2.1mm (95% CI, 2.0–
2.1; range, 1.3–3.9; mean, 2.1 [SD, 0.4]); the intraclass correlation
coefficient was 0.92 (95% CI, 0.84–0.97). Technical parameters
are shown in Table 2.

The optimal vessel-catheter ratio cutoff for maximizing the
likelihood of obtaining mTICI$ 2b was #1.51 (accuracy= 0.67;
95% CI, 0.58–0.76; P ¼ 0.001). With a vessel-catheter ratio of
#1.51 as a cutoff, the chances of obtaining mTICI$ 2b were sig-
nificantly higher compared with the vessel-catheter ratio of
.1.51 (OR, 9.2; 95% CI, 2.4–36.2; P ¼ 0.002; relative risk, 3.2;
95% CI, 1.2–8.7; P ¼ 0.02). The number of patients to be treated
to observe a benefit with a vessel-catheter ratio of #1.51 was 2.0
(95% CI, 1.3–4.0). The likelihood of achieving successful revascu-
larization also remained significant after logistic regression both
for all patients and for those with non-wake up stroke (OR = 9.6;
95% CI, 2.4–38.7; P ¼ .0014; OR = 7.3; 95% CI, 1.7–32.1; P ¼
.008, respectively) (see Tables 3 and 4 for details). No significant
cutoff was found for first-pass effect likelihood as outcome,
though the highest Youden index was for vessel-catheter ratio of
#1.33 (accuracy= 0.56; 95% CI, 0.46–0.65; P ¼ .31). With the
vessel-catheter ratio of #1.33, there was a trend toward first-pass
effect likelihood, although not statistically significant (OR = 2.1;
95% CI, 0.93–5.0; P ¼ .07 with a relative risk of 1.5; 95% CI,
0.93–2.5; P ¼ .10, respectively). The ORs of logistic regression
analysis were not statistically significant either (Tables 3 and 4).

The percentage of successful revascularizations of the 0.1
interval ranged from 0.0% to 85.7% (median, 66.7%; 95% CI,
64.6%–70.0%). Considering exclusively the interval below 1.51,
the percentage ranged from 55.6% to 85.7% (median 68.8%; 95%

FIG 1. Study flow chart.

Table 3: Successful revascularization (mTICI‡ 2b)a

Non-Wake-Up
Stroke All Patients

OR P OR P
Cutoff #1.51 7.3 (1.7–32.1) .008 9.6 (2.4–38.7) .0014
Fibrinolysis 1.9 (0.7–5.4) .22 2.1 (0.9–5.3) .10
Time to groin (h) 0.9 (0.8–1.1) .5

a Data are modified treatment in cerebral infarction.

Table 4: First-pass effect

Non-Wake-Up
Stroke All Patients

OR P OR P
Cutoff #1.33 2.1 (0.8–5.6) .14 1.9 (0.8–4.7) .14
Fibrinolysis 2.1 (0.8–5.5) .14 1.7 (0.7–4.0) .23
Time to groin (h) 1.1 (0.9–1.3) .5

548 Pampana Mar 2021 www.ajnr.org



CI, 65.0%–71.4%). No statistically significantly differences were
found between the percentage of the worst interval (1.34–1.44)
and the best one (1.28–1.38; 55.6% versus 85.7%; P ¼ .12, respec-
tively) (Fig 2). The percentage for obtaining a successful revascu-
larization in 1 passage ranged from 0.0% to 80.0%; considering
the interval below 1.33, the percentage ranged from 40.0% to
78.6% (median, 47.4%; 95% CI, 44.7%–52.9%). The percentage
for obtaining first-pass revascularization of the best interval
(range, 1.26–1.36) was significantly higher compared with the
worst one (range, 1.05–1.15; 78.6% versus 40.0%; P ¼ .03, respec-
tively) (Fig 2).

DISCUSSION
The best cutoff of the vessel-catheter ratio to maximize the likeli-
hood for achieving mTICI$ 2b was#1.51 (accuracy¼ 0.67, P ¼
.0012, OR ¼ 9.2), with a percentage of successful revasculariza-
tion spanning 55.6% to 85.7% (vessel-catheter ratio interval, 1.0–
1.51). For the first pass, the optimal cutoff, though not statistically
significant, was 1.33 (accuracy¼ 0.56, P ¼ .31, OR ¼ 2.1), with a
range of first-pass effect from 40.0% to 78.6% (vessel-catheter ra-
tio interval, 1.0–1.33).

Different companies tried to increase the diameter of large-
bore catheters (from 1.37 to 1.82mm)15 for ADAPT, based on
the assumption that “the bigger the catheter is, the better the
result will be,” with the lessening of maneuverability for larger
catheters.9 This paradigm is supported by the concept that a
larger inner diameter increases the aspiration flow rate and there-
fore the likelihood of thrombus aspiration.13 These results are
supported by the present study, which showed a cutoff of the ves-
sel-catheter ratio for reaching mTICI$ 2b of #1.51 with an
OR = 9.2 (95% CI, 2.4–36.2) and a number of patients treated of

2.0 (95% CI, 1.3–4.0). Despite the wide
95% CI, this result remained signifi-
cant after considering the time to
groin puncture and fibrinolysis (Table
3). Most interesting, in the interval of
the vessel-catheter ratio between 1.0
and 1.51, the percentage of successful
revascularizations ranged from 55.6% to
85.7% without statistically significantly
differences (Fig 2). This finding appa-
rently contradicted the above-mentioned
axiom; however, probably, once a suffi-
cient aspiration force was achieved,16 the
following increment did not increase the
chance of thrombus removal. Thus, the
catheter should be selected according to
vessel diameter, keeping in mind reach-
ing at least a vessel-catheter ratio of
#1.51. The ADAPT axiom should move
from “the bigger the better” to “the fitter
the better.”

First-pass effect is a known favorable
prediction factor for ischemic stroke re-
covery (OR ¼ 2.4–3.2).8,17 Large-bore
catheters increased the rate of first-pass
effect in an ADAPT series (53% versus

33%, P ¼ .04), and the ACE68 was an independent predictor of
successful reperfusion and good clinical outcome (OR¼ 1.67 and
6.2, respectively).18 Although not significant, a statistical trend for
first-pass effect was found with a vessel-catheter ratio of #1.33
(accuracy¼ 0.56; 95% CI, 0.46-0.65; P ¼ .31) and an OR ¼ 2.1
(95% CI, 0.93–5.0; P ¼ .07). Considering the interval between 1.0
and 1.33, the percentage of first-pass effect ranged from 40.0% to
78.6%, superior to all of cases in the Contact Aspiration vs Stent
Retriever for Successful Revascularization (ASTER) trial subanalysis
(26.3%),18 and in line with the results of Delgado Almandoz et al
(53%).19 This discrepancy may be explained by the unknown ves-
sel-catheter ratio in these studies. In fact, a significantly better first-
pass effect prevalence was found in the best interval (1.26–1.36)
compared with the worst one (1.05–1.15; 78.6% versus 40.0%; P ¼
.03) (Fig 2).

The reported mean diameter of the MCA is 2.3mm, which is
similar to our finding of 2.1 (SD, 0.4) mm.14 Setting a vessel-cath-
eter ratio of #1.51 (cutoff for mTICI$ 2b) and considering the
reported diameter of 2.3mm, the minimum catheter inner diam-
eter was 1.5mm.

Our study had several limitations. First, this was a single-cen-
ter, nonrandomized study with a control group. Second, the
large-bore catheters used were mostly Catalyst 6 (26.1%) and
ACE68 (64.0%). Third, the sample size was low, especially for a
first-pass effect, as shown by the large 95% CI of our findings,
though the number of patients (n = 111) was in line with those in
monocentric stroke studies.

CONCLUSIONS
The catheter selection for ADAPT should be performed keeping
in mind the goal of a vessel-catheter ratio of#1.51 for increasing

FIG 2. The plot shows the trend of successful revascularization (line with dot) and a first-pass
effect (dotted line with triangle) together with the tendency line among different intervals of
vessel-to-catheter ratios. As observed, after the respective cutoff (#1.51 and #1.33) for
mTICI$ 2b and first-pass effect, the trend remains stable.
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to mTICI$ 2b. For achieving mTICI$ 2b, considering the aver-
age diameter of middle cerebral artery, the inner diameter of the
intermediate catheter should be$1.5mm.
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ORIGINAL RESEARCH
FUNCTIONAL

Glioma-Induced Disruption of Resting-State Functional
Connectivity and Amplitude of Low-Frequency Fluctuations

in the Salience Network
J. Yang, S. Gohel, Z. Zhang, V. Hatzoglou, A.I. Holodny, and B.A. Vachha

ABSTRACT

BACKGROUND AND PURPOSE: Cognitive challenges are prevalent in survivors of glioma, but their neurobiology is incompletely
understood. The purpose of this study was to investigate the effect of glioma presence and tumor characteristics on resting-state
functional connectivity and amplitude of low-frequency fluctuations of the salience network, a key neural network associated with
cognition.

MATERIALS AND METHODS: Sixty-nine patients with glioma (mean age, 48.74 [SD, 14.32] years) who underwent resting-state fMRI
were compared with 31 healthy controls (mean age, 49.68 [SD, 15.54] years). We identified 4 salience network ROIs: left/right dorsal
anterior cingulate cortex and left/right anterior insula. Average salience network resting-state functional connectivity and amplitude
of low-frequency fluctuations within the 4 salience network ROIs were computed.

RESULTS: Patients with gliomas showed decreased overall salience network resting-state functional connectivity (P¼ .001) and
increased amplitude of low-frequency fluctuations in all salience network ROIs (P, .01) except in the left dorsal anterior cingulate
cortex. Compared with controls, patients with left-sided gliomas showed increased amplitude of low-frequency fluctuations in the
right dorsal anterior cingulate cortex (P¼ .002) and right anterior insula (P, .001), and patients with right-sided gliomas showed
increased amplitude of low-frequency fluctuations in the left anterior insula (P¼ .002). Anterior tumors were associated with
decreased salience network resting-state functional connectivity (P, .001) and increased amplitude of low-frequency fluctuations
in the right anterior insula, left anterior insula, and right dorsal anterior cingulate cortex. Patients with high-grade gliomas had
decreased salience network resting-state functional connectivity compared with healthy controls (P, .05). The right anterior insula
showed increased amplitude of low-frequency fluctuations in patients with grade II and IV gliomas compared with controls
(P, .01).

CONCLUSIONS: By demonstrating decreased resting-state functional connectivity and an increased amplitude of low-frequency
fluctuations related to the salience network in patients with glioma, this study adds to our understanding of the neurobiology
underpinning observable cognitive deficits in these patients. In addition to more conventional functional connectivity, amplitude of
low-frequency fluctuations is a promising functional-imaging biomarker of tumor-induced vascular and neural pathology.

ABBREVIATIONS: ALFF ¼ amplitude of low-frequency fluctuations; BOLD ¼ blood oxygen level–dependent; PCG ¼ precentral gyri; RSFC ¼ resting-state
functional connectivity; rsfMRI ¼ resting-state fMRI; SN ¼ salience network

Detrimental effects of cancer on cognitive function and, con-
sequently, on the quality of life are emerging as a key focus

of cancer survivorship both in research and clinical practice.1,2

Brain tumors have been shown to affect memory, processing, and
attention in patients; however, their underlying neurobiology is
incompletely understood.3 Using resting-state functional MR
imaging (rsfMRI) to evaluate changes in cognitive resting-state
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networks may provide a better understanding of the pathology
underlying the observable cognitive disruptions in gliomas, the
most common primary brain tumor in adults.

A “triple network model” of neurocognitive pathology has
been proposed, which encompasses the default mode network,
involved in mind wandering; the central executive network,
involved in decision-making; and the salience network (SN),
implicated in modulating activation of the default mode network
and central executive network by detecting the presence of salient
stimuli.4-8 While previous rsfMRI research has largely focused on
tumor-induced changes in the default mode network,9,10 our
study examined the less-studied SN, a network rooted in the ante-
rior insula and the dorsal anterior cingulate cortex.6

Prior studies evaluating gliomas and SN resting-state func-
tional connectivity (RSFC) provided conflicting results in small
patient samples: Maesawa et al10 found no significant differences
in the SN in 12 patients, while Liu et al11 more recently found
decreased SN connectivity in 13 patients. Gliomas impact the in-
tegrity of the neurovascular unit to varying degrees, resulting in
neurovascular uncoupling that has been reported to confound
fMRI interpretations in patients with brain tumors.12-14

Additionally, research has reported neuronal plasticity mani-
fested by structural reorganization and functional remodeling of
neural networks in patients with gliomas with possible alterations
in clinically observable cognitive manifestations.15-17 An rsfMRI
metric, the amplitude of low-frequency fluctuations (ALFF), has
recently shown promise as a biomarker for brain plasticity and
hemodynamic characterization, including neurovascular uncou-
pling in patients with gliomas.15-19

The purpose of this study was to investigate the effect of gli-
oma presence and tumor characteristics on overall RSFC and re-
gional normalized ALFF within the SN in a large patient
population. We hypothesized that there would be decreased aver-
age SN RSFC and altered ALFF in patients with gliomas com-
pared with healthy controls. Recent studies have acknowledged
that gliomas have variable effects on network integrity based on
lesion location and proximity to network ROIs,20-22 and unilat-
eral gliomas can be associated with plasticity in both the ipsilat-
eral and contralateral hemispheres.11,17 Research also supports
differences in resting-state network reorganization in aggressive
high-grade gliomas compared with slower-growing low-grade
gliomas.20,23 Therefore, we also hypothesized that there would be
differences in average SN RSFC and regional ALFF in patients
based on the anterior-versus-posterior location, hemispheric side,
and grade of glioma.

MATERIALS AND METHODS
Study Sample
This observational, retrospective case-control study was approved
by the Memorial Sloan Kettering Cancer Center institutional
review board and was compliant with the Health Insurance
Portability and Accountability Act. The re-quirement for written
informed consent was waived due to the retrospective nature of
the study. Sixty-nine patients with brain tumors referred for pre-
surgical functional mapping by fMRI between January 2016 and
April 2018 who met inclusion/exclusion criteria were included in
the study. Inclusion criteria were the following: 1) older than

18 years of age, and 2) the presence of supratentorial, unilateral
intra-axial gliomas confirmed by pathology after an operation.
Patients were excluded from the study for the following reasons:
1) No rsfMRI was performed, or there was incomplete rsfMRI
data; 2) histopathology confirmed nonglial tumors; and 3) there
were documented pre-existing neuropsychological, neurodege-
nerative, or psychiatric comorbidities. For comparison, 31 age-
and sex-matched healthy controls were selected from the Nathan
Kline Institute–Rockland Sample enhanced, open-access data
repository.24

Image Acquisition
Patients underwent rsfMRI with a 3T imaging unit (750 W; GE
Healthcare) and a gradient-echo echo-planar imaging sequence
(TR/TE, 2500/30 ms; 64 � 64 matrix; 4-mm section thickness;
80° flip angle; 7-minute acquisitions). Images in control subjects
were obtained using a 3TMagnetom Trio, A Tim System imaging
unit (Siemens) and an echo-planar imaging sequence (TR/TE,
2500/30 ms; 72 � 72 matrix; 3-mm section thickness; 10-minute
acquisitions). T1-weighted anatomic images for patients and con-
trol subjects were obtained with spoiled gradient recalled and
high-resolution 3D MPRAGE sequences. Similar to control sub-
jects, before each rsfMRI scan, patients were instructed to keep
their eyes open and stay awake. Because patients underwent both
rsfMRI and task-based fMRI during the same scan sessions as
part of presurgical work-up, the order of sequence acquisition
was randomized to minimize confounds.

rsfMRI Preprocessing
In the current study, we implemented a data-processing scheme
similar to earlier published methods.21 Analysis was performed
using Statistical Parametric Mapping, Version 12 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12) and Analysis of Functional
Neuro Images (AFNI, Version 18.0.21; http://afni.nimh.nih.gov/
afni).25 Briefly, we removed the first 5 time points of fMRI data
to allow T1-relaxation effects followed by head-motion correction
and coregistration. These steps were followed by segmentation of
each subject’s anatomic images into gray matter, white matter,
and CSF images. Deformation fields were derived to transfer
functional images into Montreal Neurological Institute standard
space using segment procedures in SPM12 software. Finally, we
used this subject-specific deformation field to transform the func-
tional images into standard space images. Each of the functional
images normalized to standard space was then manually
inspected using consensus viewing by a neuroradiologist and a
neuroimaging consultant with up to 10 years of fMRI experience
to ensure that there were no major distortions due to mass effect
from large tumors. A general linear model–based regression
approach was implemented using 24 motion regressors (6 motion
parameters derived in the motion-correction step, 6 squared of
the original motion parameters, 6 one-time-point delayed version
of the motion parameters, and finally 6 squared of the delayed-
motion parameters) to remove the effects of motion-related noise
from the blood oxygen level–dependent (BOLD) fMRI data.26

Because most tumors infiltrated the boundaries of gray mat-
ter, white matter, and CSF and given the differential locations of
tumors, no regressors from the CSF or white matter region were
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included in the regression model, to avoid eliminating signals of
interest. Following regression, temporal filtering between the fre-
quency bands of 0.01 and 0.1Hz and spatial smoothing with a 6-
mm full width at half maximum Gaussian filter was applied.
Using the head-motion parameters, we calculated subject-specific
measures of mean frame-wise displacement.27 Because both
patients and healthy controls demonstrated a mean frame-wise
displacement of,0.5mm and no differences in mean frame-wise
displacement were observed between the patient and healthy con-
trol groups (P¼ .28), data scrubbing was not performed. Only
the first 160 time points from the healthy controls were used to
match the number of time points in patients with glioma.

rsfMRI Data Analysis
Four spatially distinct ROIs within the SN were identified: left
dorsal anterior cingulate cortex (Montreal Neurological Institute
coordinates: �5, 26, 31), right dorsal anterior cingulate cortex
(Montreal Neurological Institute coordinates: 5, 26, 31), left ante-
rior insula (Montreal Neurological Institute coordinates:�34, 17,
�4), and right anterior insula (Montreal Neurological Institute
coordinates: 37, 20, �6).28 For each region, a 6-mm sphere was
created, resulting in 4 ROI masks. For each participant, the mean
BOLD fMRI for each region was extracted from the preprocessed
rsfMRI, and 4� 4 functional connectivity matrices were derived
representing functional integration within the SN. The average
value across the different region-specific RSFC values was then
computed to derive the average SN RSFC for each subject.

Mean normalized ALFF was calculated for each subject.29 The
ALFF measure at each voxel represented the averaged square root
of the power within the frequency window of 0.01–0.1Hz, nor-
malized by the mean within-brain ALFF value for that subject.
The mean normalized ALFF value for each of the 4 SN ROIs
(right dorsal anterior cingulate cortex, left dorsal anterior cingu-
late cortex, right anterior insula, left anterior insula) was
extracted. Identical ROIs were used for analysis of the SN RSFC
and ALFF maps.

To demonstrate that there were no significant differences in
scanner parameters between the patient scans and the Nathan
Kline Institute control scans, we compared BOLD fMRI acti-
vation between patients and healthy controls using the bilat-
eral precentral gyri (PCG) as a reference region. A subset of
15 patients with no tumor infiltration or mass effect in the
bilateral PCG was selected, along with 15 age-matched con-
trols from our healthy control group. A 6-mm spherical ROI
mask was created for both PCG regions (left PCG, Montreal
Neurological Institute coordinates: �44, �6, 49; right PCG
Montreal Neurological Institute coordinates: 44, �11, 38).30

Mean BOLD fMRI signals were extracted from each of the
subject’s preprocessed rsfMRI using these ROI masks, and
RSFC between the right and left PCG BOLD fMRI signal was
calculated. Mean normalized ALFF values were also extracted
for the left and right PCG.

Statistical Analysis
Statistical analyses were performed with Matlab 9.4 and the
Statistics and Machine Learning Toolbox 11.3 (release 2018a;
MathWorks) with statistical significance defined by P, .05.

Independent 2-sample t tests were used to evaluate the overall
effect of glioma presence on the average SN RSFC and ROI-spe-
cific ALFF between patients and healthy controls. ANCOVA
with age, sex, and handedness as covariates was used to analyze
the effect of glioma location (anterior versus posterior), glioma
side (right versus left), and glioma grade on average SN RSFC
and ROI-specific ALFF between patients and healthy controls fol-
lowed by a post hoc Tukey-Kramer test for multiple simultaneous
pair-wise comparisons. To correct for multiple comparisons, we
calculated the Bonferroni-adjusted significance level of .01 to
account for the increased possibility of type I error for the 2-sam-
ple t tests and ANCOVA. Two 1-sided tests were used to calculate
the equivalence among scanner parameters in a subset of patient
and Nathan Kline Institute control scans with the upper and
lower equivalence bounds set at a positive or negative difference
of d¼ 0.5.31

RESULTS
Sample Characteristics
Sixty-nine patients (mean age, 48.74 [SD, 14.32] years; range, 19–
77 years; 45 men) and 31 healthy controls (mean age, 49.68 [SD,
15.54] years; range, 22–68 years; 18 men) were included in this
study. No differences were observed in age (P¼ .7685), sex (x 2 ¼
0.47, P¼ .49), and handedness (x2¼ 0.63, P¼ .43) between the
patient and healthy control groups. The 69 patients were grouped
into the following; 1) patients with anterior (n¼ 53) and poste-
rior (n¼ 16) gliomas; 2) patients with left-sided (n¼ 41) and
right-sided (n¼ 28) gliomas; and 3) patients with grade II
(n¼ 25), III (n¼ 17), and IV (n¼ 27) gliomas. For the purposes
of this study, “anterior” gliomas were located in the frontal or an-
terior temporal lobes and “posterior” gliomas were located in the
parietal, occipital, or posterior temporal lobes, as classified by ra-
diology report review and manually confirmed using consensus
review by 2 neuroradiologists with up to 20 years of experience.
Glioma grade was based on the histopathology of tumor
biopsies categorized by the 2016 World Health Organization
Classification of Central Nervous System Tumors.32

Demographic information and tumor characteristics are
summarized in Table 1.

Of the 69 patients, 41 (59%) patients had newly diagnosed
gliomas (18 with grade II, 8 with grade III, and 15 with grade IV
gliomas) and 28 (41%) had recurrent gliomas (7 with grade II, 9
with grade III, and 12 with grade IV gliomas). Although the aver-
age SN RSFC was slightly lower in patients with recurrent glio-
mas (mean6[SD, 0.556 0.23]) compared with newly diagnosed
gliomas (mean6 SD, 0.566 0.27]), there were no significant dif-
ferences between the 2 groups (P¼ .89). Similarly, there were no
significant differences in regional ALFF between the newly diag-
nosed gliomas and the recurrent gliomas (all, P. .05). When
they were stratified by grade, there were no significant differences
in average SN RSFC or ALFF between recurrent gliomas-versus-
de novo gliomas (all, P. .05).

For the subset of patients with no involvement of the bilateral
PCGs by tumor and their age-matched controls, RSFC between
the right and left PCG and regional ALFF for each of the right
and left PCGs between patient and Nathan Kline Institute control
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scans was equivalent, on the basis of equivalence bounds of �0.5
and 0.5.

Overall Effect of Glioma Presence on the RSFC and ROI-
Specific ALFF of the SN
Patients with gliomas demonstrated lower average SN RSFC
compared with healthy controls (P¼ .001). We observed
increased ALFF in patients with gliomas compared with healthy
controls in the right dorsal anterior cingulate cortex (P , .001),
left anterior insula (P¼ .001), and right anterior insula
(P, .001). Results are reported in Table 2. Maps of RSFC and
ALFF for a representative patient and healthy control are illus-
trated in Fig 1.

Effect of Glioma Anteriority on RSFC and ROI-Specific
ALFF of the SN
We observed a significant effect of anterior-versus-posterior tu-
mor location on average SN RSFC (F[2,94] ¼ 7.09, P¼ .001).
Post hoc Tukey comparison showed lower SN RSFC in patients

with anteriorly located gliomas compared with healthy controls
(P , .001). No significant difference was found in patients with
posteriorly located gliomas (P¼ .44) compared with healthy con-
trols. No significant differences were observed when comparing
the patient subgroup with anteriorly located gliomas with those
with posteriorly located gliomas (P¼ .26).

There was a significant effect of tumor location on ALFF val-
ues for right dorsal anterior cingulate cortex (F[2,94] ¼ 5.89,
P¼ .004), left anterior insula (F[2,94] ¼ 5.18, P¼ .0074), and
right anterior insula (F[2,94] ¼ 10.12, P, .001). Post hoc com-
parisons showed that compared with healthy controls, patients
with anterior tumors demonstrated increased ALFF in the right
dorsal anterior cingulate cortex (P¼ .009), left anterior insula
(P¼ .008), and right anterior insula (P¼ .002), while patients
with posterior tumors demonstrated increased ALFF in the
right dorsal anterior cingulate cortex (P¼ .016) and right an-
terior insula (P , .001). There was no significant difference
in ALFF between patients in the anterior and posterior tumor
groups (Fig 2).

Effect of Glioma Hemispheric Side on RSFC and
ROI-Specific ALFF of the SN
An ANCOVA comparing patients with left-sided gliomas, right-
sided gliomas, and controls showed significant differences in av-
erage SN RSFC (F[2,94] ¼ 5.70, P¼ .005). Post hoc comparisons
showed patients in both left-sided (P¼ .007) and right-sided
(P¼ .02) glioma groups had lower SN RSFC compared with con-
trols. Comparison among the patient subgroups, however,
showed no significant effects of glioma sidedness on average SN
RSFC (P¼ .99).

ANCOVA analysis showed a significant association
between glioma sidedness and ALFF in the right dorsal ante-
rior cingulate cortex (F[2,94] ¼ 6.37, P¼ .003), left anterior
insula (F[2,94] ¼ 6.28, P¼ .003), and right anterior insula
(F[2,94] ¼ 15.09, P, .001). Post hoc comparisons showed
that compared with healthy controls, patients with tumors in
the left hemisphere demonstrated increased ALFF in the right
dorsal anterior cingulate cortex (P¼ .002) and right anterior
insula (P, .001), while patients with right-sided tumors
demonstrated increased ALFF in the left anterior insula
(P¼ .002). Within-group comparison showed increased
ALFF in right anterior insula in patients with left-sided
tumors compared with those with right-sided tumors
(P¼ .004). Results are illustrated in Fig 2.

Effect of Tumor Grade on RSFC and ROI-Specific ALFF of
the SN
Tumor grade was associated with decreased average
SN RSFC (F[3,93]¼ 5.03, P¼ .003). Post hoc compari-
sons showed decreased average SN RSFC in patients
with grade III (P¼ .004) and grade IV tumors
(P¼ .017) compared with healthy controls.

Tumor grade was associated with increased ALFF
within the left anterior insula (F[3,93]¼ 4.48, P¼ .006)
and right anterior insula (F[3,93] ¼ 5.97, P , .001).
Post hoc comparisons showed increased ALFF in the
right anterior insula in patients with grade II

Table 1: Study group and tumor characteristics

Sample Characteristics
Patients
(n = 69)

Healthy Controls
(n = 31)

Sex
Male 45 18
Female 24 13
Age (yr)
Mean 48.74 [SD, 14.32] 49.68 [SD, 15.54]
Range 19–77 22–68

Handednessa

Right 61 29
Left 8 2
Glioma locationb

Anterior 53
Posterior 16
Glioma hemisphere
Left 41
Right 28

Glioma grade
(WHO classification)

Grade II 25
Grade III 17
Grade IV 27
Antiepileptics (yes/no) 55/14
Steroids (yes/no) 33/36

Note:—WHO indicates World Health Organization.
a Handedness was determined by the Edinburgh Handedness Inventory.
b “Anterior” tumors are located in the frontal or anterior temporal lobes.
“Posterior” tumors are located in the parietal or posterior temporal lobes, as clas-
sified by radiology report review.

Table 2: Effect of glioma presence on SN RSFC and regional ALFFa

Analysis Healthy Controls Patients with Gliomas P Values
Average SN RSFC 0.73 [SD, 0.20] 0.56 [SD, 0.25] .001b

ALFF
L-dACC 0.93 [SD, 0.16] 0.98 [SD, 0.22] .21
R-dACC 0.93 [SD, 0.16] 1.08 [SD, 0.22] ,.001b

L-AINS 0.76 [SD, 0.12] 0.90 [SD, 0.23] .001b

R-AINS 0.87 [SD, 0.13] 1.13 [SD, 0.32] ,.001b

Note:—L-dACC indicates left dorsal anterior cingulate cortex; R-dACC, right dorsal anterior
cingulate cortex; R-AINS, right anterior insula; L-AINS, left anterior insula.
a Data are presented as means.
b P, .01 after Bonferroni-correction.

554 Yang Mar 2021 www.ajnr.org



(P¼ .006) and IV (P¼ .003) tumors and trend-level differences
in patients with grade III tumors (P¼ .08) compared with healthy
controls (Fig 3).

DISCUSSION
Our study investigated resting-state fMRI alterations in the SN in
a large sample of patients with gliomas and produced 3 main
findings: First, the average SN RSFC was decreased in patients
with gliomas compared with healthy controls. Second, disrup-
tions in ALFF were found in established SN ROIs. Third, tumor
location and grade produced differential effects on SN functional
connectivity and ALFF.

The SN functions to select meaningful stimuli from an array
of sensory input.33 At a regional level, patients with gliomas
showed disrupted ALFF in 3 of the 4 SN-specific ROIs (right an-
terior insula, left anterior insula, and right dorsal anterior

cingulate cortex) compared with healthy
controls. The most significant change
was seen in the right anterior insula,
which has specifically been proposed as
a “causal outflow hub” driving the
switch between the default mode net-
work and central executive network,
with anterior insula dysfunction and
consequently impaired network switch-
ing implicated in other disorders demon-
strating impaired executive control.4,34,35

Our findings of globally decreased SN
RSFC and compromised integrity of key
SN regions in patients with glioma may
explain several of the clinically docu-
mented cognitive challenges that these
patients experience.3

Consistent with previous research,
ALFF values in the tumor-contralateral
SN ROIs were increased compared with
ipsilateral regions in our study.17,18,36

The relatively increased ALFF in the
lesion-contralateral ROIs could be
explained not only by truly asymmet-
ric neural activity but also by neuro-
vascular uncoupling in the tumor
ipsilateral hemisphere. This tumor-
induced loss of neurovascular autore-
gulation can potentially alter the vas-
cular component of BOLD signal to a
degree that confounds measurement
of neural activity.14,18,37,38 The obser-
vation of increased ALFF in SN ROIs
of patients with tumor compared
with controls and in tumor-contra-
lateral compared with tumor-ipsilat-
eral regions could also be explained
by functional compensation for
injured tissue due to neural plastic-
ity, which may manifest as altered

metabolism or blood flow.17,39 Future studies should inves-
tigate changes in ALFF measured across the whole brain, to
study whether there are paradoxic effects on BOLD activa-
tion in areas proximal or distal to the tumor produced by a
combination of neurovascular uncoupling and functional
compensation.

Not unexpectedly, tumors in the frontal or anterior tempo-
ral lobes of patients, closer to key SN regions, were associated
with lower SN RSFC compared with healthy controls, while
posterior tumors showed no significant differences in connec-
tivity. Higher glioma grades were associated with decreased
overall SN RSFC compared with controls, possibly due to a
combination of factors including true-positive changes due to
increased tumor infiltration and disrupted functional reorgan-
ization,9,20 as well as false-negative signals due to tumor-
induced neurovascular uncoupling that may have artifactually
decreased RSFC due to altered hemodynamics.22,36 These

FIG 1. Map of functional connectivity and amplitude of low-frequency fluctuations in the SN.
Decreased functional connectivity within the SN was seen by placing a seed in the R-dACC in a
representative patient with a left frontal glioblastoma (A) and a healthy control (B). ALFF map of
the same patient (C) and a healthy control (D). Circles represent the 4 SN ROIs. Values in boxes
represent average ALFF values within the specific ROIs. Increased ALFF values were seen in all 4
SN ROIs in the patient compared with the healthy control. R-dACC indicates right dorsal ante-
rior cingulate cortex; L-dACC, left dorsal anterior cingulate cortex; L-AINS, left anterior insula; R-
AINS, right anterior insula; L, left; R, right.
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findings warrant cautious clinical interpretation of rsfMRI
findings in high-grade gliomas.

In the present study, we observed opposite effects of tumor on
measures of resting-state brain function: The RSFC of the SN was
significantly reduced, while ALFF measures were significantly
increased in patients with tumor compared with healthy controls.
While previous research in healthy controls reported a positive
correlation between ALFF values and overall functional connec-
tivity of specific brain regions,40 we suggest the presence of a
complex relationship between regional ALFF values and overall
RSFC in patients with tumors, likely due to a combination of tu-
mor-induced differences in vascularization, blood flow, and
altered neurovascular coupling.15 These results need further
investigation and correlation with perfusion parameters to deter-
mine the role of ALFF as a biomarker of tumor vascularity in
patients with gliomas.

In addition to ALFF, fractional ALFF is a frequency-normal-
ized index of ALFF that corrects for broad-range frequency
variations and suppresses vascular contributions.41 In the
present study, we focused on mean normalized ALFF instead
of fractional ALFF because of its reported increased reliability
within gray matter regions compared with fractional ALFF
and, thus, its potential to be more sensitive to discern group

differences than fractional ALFF.42

However, both indexes reflect differ-
ent aspects of low-frequency oscilla-
tion amplitude with complementary
strengths and weaknesses in the
detection of intrinsic brain activity,42

and future work that includes both
measures of low-frequency oscilla-
tions may be useful to characterize
the glioma-associated neurophysio-
logic alterations.

Our study showed no statistically sig-
nificant differences in average SN RSFC
and ALFF between patients with newly
diagnosed gliomas and those with recur-
rent gliomas, even after stratifying for
differences in tumor grade, though
patients with recurrent gliomas demon-
strated slightly decreased average SN
RSFC compared with those with newly
diagnosed gliomas. Although this coun-
tered our expectation of possible
decreased functional connectivity in
patients with recurrent glioma due to
prior operative and chemoradiation
treatment, the smaller sample size of the
recurrent glioma group may have
reduced the power to detect functional
differences beyond the findings reported
here. In addition, other important fac-
tors such as variability in chemothera-
peutic regimens, differences in duration
and total dosage of radiation therapy,
use of concomitant steroids and antiepi-

leptic drugs, as well as differences in genomic mutation would
need to be accounted for as well. While beyond the scope of the
current study, they merit further exploration in a larger study.

A few limitations to our study warrant further investigation:
First, our healthy control group was obtained from an open-
access data base that had similar-but-not identical acquisition
parameters compared with our patient group. However, pre-
vious research has demonstrated that resting-state networks
are stable across datasets collected using different scanners
and acquisition parameters.43 Additionally, we demonstrated
equivalence in RSFC and ALFF between matched controls
and a subset of our patients with no bilateral PCG tumor
involvement, suggesting that the differences we observed
were largely driven by underlying changes related to tumor
presence, while acknowledging that variance related to differ-
ences in acquisition parameters may potentially confound
interpretation of ALFF regional differences in the tumor
group. Future studies using the same scanner to acquire data
for patient and control groups will help address potential var-
iances due to differences in acquisition parameters. Second,
although our study demonstrated regional alterations in
ALFF, these alterations may not be specific to neurovascular
uncoupling or functional remodeling and may be indicative

FIG 2. Effect of glioma location on amplitude of low-frequency fluctuations in the SN ROIs. Bar
graphs for comparison of mean ALFF values in the L-dACC (A), R-dACC (B), L-AINS (C), and R-
AINS (D) in healthy controls and patients grouped by glioma location. HC indicates healthy con-
trols; L, patients with gliomas in left hemisphere; R, patients with gliomas in right hemisphere;
Ant, patients with anteriorly located gliomas; Post, patients with posteriorly located gliomas; L-
dACC, left dorsal anterior cingulate cortex; R-dACC, right dorsal anterior cingulate cortex; L-
AINS, left anterior insula; R-AINS, right anterior insula. The asterisk indicates P, .05 post hoc
Tukey-Kramer test for multiple comparisons.
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of an inherent property of the tumor itself. Adding a measure
of cerebrovascular reactivity with breath-holding or gas-in-
halation paradigms could further assess the degree of glioma-
associated neurovascular uncoupling,12,44 and future research
is, therefore, warranted on how ALFF and neurovascular
uncoupling should be accounted for in measuring rsfMRI
results. Third, the clinical significance of these group-level
differences at the single-subject level needs validation.
Fourth, most of our patients, irrespective of whether they
were newly diagnosed or had recurrent gliomas, had received
antiepileptic drugs and/or steroids by the time of their
rsfMRI scan, which may have contributed to the functional
alterations; because only 7 patients were treatment-naïve and
due to the variability in dosage and treatment durations
among those who received treatment, we did not conduct fur-
ther analyses on the differential effects of these treatments.
Finally, future studies would also benefit from a neurocogni-
tive measure, which could show how changes in SN func-
tional connectivity correlate with cognitive performance.

CONCLUSIONS
By using both functional connectivity and a frequency-do-
main metric related to the SN, this study adds to the under-
standing of neurobiologic effects on cognitive function in

patients with gliomas. In addition to
more conventional functional con-
nectivity, ALFF is a promising func-
tional imaging biomarker of
vascular and neural pathology and
provides additional data to enable
understanding of tumor-related dis-
turbances of neural networks.
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Computer-Aided Diagnostic System for Thyroid Nodules on
Ultrasonography: Diagnostic Performance Based on the

Thyroid Imaging Reporting and Data System Classification
and Dichotomous Outcomes

M. Han, E.J. Ha, and J.H. Park

ABSTRACT

BACKGROUND AND PURPOSE: Artificial intelligence-based computer-aided diagnostic systems have been introduced for thyroid
cancer diagnosis. Our aim was to compare the diagnostic performance of a commercially available computer-aided diagnostic sys-
tem and radiologist-based assessment for the detection of thyroid cancer based on the Thyroid Imaging Reporting and Data
Systems (TIRADS) and dichotomous outcomes.

MATERIALS AND METHODS: In total, 372 consecutive patients with 454 thyroid nodules were enrolled. The computer-aided diag-
nostic system was set up to render a possible diagnosis in 2 formats, the Korean Society of Thyroid Radiology (K)-TIRADS and the
American Thyroid Association (ATA)-TIRADS-classifications, and dichotomous outcomes (possibly benign or possibly malignant).

RESULTS: The diagnostic sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of the computer-aided
diagnostic system for thyroid cancer were, respectively, 97.6%, 21.6%, 42.0%, 93.9%, and 49.6% for K-TIRADS; 94.6%, 29.6%, 43.9%, 90.4%,
and 53.5% for ATA-TIRADS; and 81.4%, 81.9%, 72.3%, 88.3%, and 81.7% for dichotomous outcomes. The sensitivities of the computer-aided
diagnostic system did not differ significantly from those of the radiologist (all P. .05); the specificities and accuracies were significantly
lower than those of the radiologist (all P, .001). Unnecessary fine-needle aspiration rates were lower for the dichotomous outcome
characterizations, particularly for those performed by the radiologist. The interobserver agreement for the description of K-TIRADS and
ATA-TIRADS classifications was fair-to-moderate, but the dichotomous outcomes were in substantial agreement.

CONCLUSIONS: The diagnostic performance of the computer-aided diagnostic system varies in terms of TIRADS classification and
dichotomous outcomes and relative to radiologist-based assessments. Clinicians should know about the strengths and weaknesses
associated with the diagnosis of thyroid cancer using computer-aided diagnostic systems.

ABBREVIATIONS: AI ¼ artificial intelligence; ATA ¼ American Thyroid Association; CAD ¼ computer-aided diagnosis; FNA ¼ fine-needle aspiration; K ¼
Korean; TIRADS ¼ Thyroid Imaging Reporting and Data System; US ¼ ultrasonography

Artificial intelligence (AI)-based computer-aided diagnostic
(CAD) systems are projected to substantially influence the

field of diagnostic imaging.1,2 In recent years, the application of
AI, particularly deep-learning techniques using convolutional
neural networks, has shown promising results in radiology.
However, because AI technologic innovation does not guarantee

its usefulness in real-world medical practice, rigorous external
clinical validation is necessary to determine its utility.1-3

Several AI-based CAD systems have shown potential in the field
of thyroid imaging.4-7 However, most reports describe proof-of-con-
cept technical feasibility studies and lack robust validation.8 One AI-
based CAD system has recently been integrated into a commercially
available ultrasonography (US) platform for thyroid imaging: the S-
Detect CAD system (Samsung Medison). The system generates 2
outputs: Thyroid Imaging Reporting and Data System (TIRADS)-
based scoring and dichotomous predictions. The dichotomous
prediction is a completely independent diagnosis based on convolu-
tional neural network deep learning techniques. However, commer-
cialized CAD systems have not yet undergone rigorous validation,
and few articles have described the diagnostic performance using di-
chotomous outcomes or compared the sensitivity relative to radiol-
ogist-based assessments.9-12 TIRADS classification has been widely
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used for management of thyroid nodules since 2009;13-15 therefore,
evaluations are also needed to assess whether CAD systems can
identify TIRADS categories and the risk of malignancy for each cate-
gory. Two types of TIRADS have been used to manage thyroid nod-
ules: pattern-based and point-based systems. Of these, the S-Detect
CAD system takes a pattern-based TIRADS approach including the
Korean Society of Thyroid Radiology-TIRADS (K-TIRADS) and
the American Thyroid Association-TIRADS (ATA-TIRADS). A
point-based TIRADS approach including the American College of
Radiology–TIRADS is not yet available.

Therefore, we evaluated the diagnostic performance of the
CAD US system in terms of detecting thyroid cancer based on pat-
tern-based TIRADS (the K-TIRADS and ATA-TIRADS) and di-
chotomous outcome classification methods and compared its
performance with that of an experienced radiologist.

MATERIALS AND METHODS
Patients
After obtaining institutional review board approval, written
informed consent was obtained before US examinations from all
patients. Between October 2018 and April 2019, four hundred
fifty-three consecutive patients with 517 thyroid nodules
($10mm in diameter) who were referred to the department of
radiology of our tertiary hospital for US-guided fine-needle aspi-
ration (FNA) or US examination before a scheduled operation
were initially enrolled. US-guided FNA was usually performed on
a thyroid nodule exhibiting suspicious US features or on the larg-
est nodule if no suspicious US feature was detected.14 Data for 63
nodules were excluded because no final diagnoses were obtained
(nondiagnostic, atypia of undetermined significance, and suspi-
cions for follicular neoplasm and malignancy raised by FNA cy-
tology but without surgical confirmation). Therefore, 372
patients with 454 thyroid nodules were finally included (83 males
and 289 females; mean age, 49.5 years; range, 8–81 years; Fig 1).

Final diagnoses were determined
from the cytopathologic results
based on the Bethesda system and/or
an operation. All malignant cases
underwent thyroidectomy and were
finally diagnosed by evaluation of
surgical specimens. Benign nodules
were diagnosed surgically or via be-
nign core needle biopsy histology or
cytologically benign FNA.

US Image Acquisition and Analyses
All thyroid US examinations were per-
formed using a 3- to 12-MHz linear probe
and a real-time US system (RS85A;
Samsung Medison). Two experienced
radiologists (E.J.H. and M.H.) with 14
and 10 years of clinical experience,
respectively, performed all US exami-
nations and US-guided biopsies.

The S-Detect 2 CAD system inte-
grated into a commercially available US

system was used to collect CAD data by the same radiologists. On
the transverse image plane, an ROI was manually drawn around
the target nodule.10,11,16 The CAD system automatically outlined
the contours of the mass and assessed the US features: composition
(solid, partially cystic, or cystic); echogenicity (hyperechoic/isoe-
choic or hypoechoic); orientation (parallel or nonparallel); margins
(well-defined, ill-defined, or microlobulated/spiculated); spongi-
form status; shape (ovoid to round or irregular); and calcifications
(none, microcalcification, macrocalcification, or rim calcification).
Finally, the CAD system provided a possible diagnosis using the
TIRADS classification (based on the K-TIRADS and the ATA-
TIRADS) or a dichotomous outcome classification (possibly be-
nign/possibly malignant) (Fig 2).13,14

Gray-scale US images were retrospectively evaluated by the
radiologist (E.J.H.) in terms of size, internal content, echogenic-
ity, shape, orientation, margin, and the presence of calcification
after at least 6months, and the radiologist was blinded to all other
data including the final histologic diagnoses.14 The size, internal
content, echogenicity, shape, orientation, margin, and calcifica-
tions were classified as described in previous reports.13,14 On the
basis of the US images, the nodules were classified according to
the categories defined by the K-TIRADS and ATA-TIRADS, and
a possible diagnosis was made by the radiologist.13,14

Statistical Analyses
Patient demographics, gray-scale US features, and dichotomous
outcomes by the CAD system and radiologist were compared
using the x 2 or Fisher exact test. The Student t test was used to
compare quantitative variables. The frequency and risk of malig-
nancy according to each category of TIRADS were calculated as
percentages. The associations between the categories of TIRADS
and the final diagnoses were evaluated using the linear-by-linear
association test.

The diagnostic abilities of the CAD system and the radiologist
were assessed by calculating the sensitivities, specificities, positive

FIG 1. Flowchart shows the study participants. CNB indicates core-needle biopsy.
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FIG 2. A US image of a thyroid nodule acquired with the S-Detect 2 CAD system. A, A solid hypoechoic nodule with suspicious US features is
evident in the right thyroid gland. B and C, The CAD software automatically calculates the mass contours (green contour) and presents the US
features on the right of the screen and a diagnosis based on the dichotomous outcome and TIRADS classification on the bottom.
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predictive values, negative predictive values, and accuracy rates,
and were compared using the McNemar test. Thyroid nodules
requiring FNA as indicated by both sets of TIRADS recommen-
dations were considered to indicate thyroid cancer (Online
Supplemental Data).13,14 We performed subgroup analyses of
nodules at high and intermediate suspicion of cancer (as indi-
cated by the FNA criteria). The unnecessary FNA rate was
defined as the number of benign nodules among the FNA-
required nodules (454 in total). Interobserver agreement
between the CAD system and the radiologist in terms of the
TIRADS and dichotomous outcome classifications was esti-
mated using the k coefficient. The k level was defined as fol-
lows: ,0.20, poor agreement; 0.21–0.40, fair agreement;
0.41–0.60, moderate agreement; 0.61–0.80, substantial agree-
ment; and .0.80, good agreement.

All statistical analyses were performed using SPSS for
Windows (Version 25.0; IBM). The significance level was set at .05.

RESULTS
Clinical and Sonographic Features of Benign and
Malignant Thyroid Nodules
The mean nodule diameter was 17.8 [SD, 9.7]mm (range, 10.0–
73.0mm). Of the 454 nodules, 287 (63.2%) were benign and 167
(36.8%) were malignant. Malignant nodules included 149 classic
papillary thyroid carcinomas, 12 follicular-variant papillary thyroid
carcinomas, 4 follicular carcinomas, and 2 medullary carcinomas.

Table 1 lists the US features of included nodules. The mean
diameter of benign nodules was 18.6 [SD, 10.7]mm, which
was statistically larger than that of malignant nodules (16.4
[SD, 7.5]mm; P¼ .011). Solid component, hypoechogenicity,
nonparallel orientation, spiculated/microlobulated margins,
and microcalcification were all significantly associated with
thyroid cancer (all, P, .001). Diagnoses of “possibly malig-
nant” by the CAD system and radiologist were significant in
terms of detecting thyroid cancers (both, P, .001).

Table 1: Sonographic features of thyroid nodules included in this studya

Characteristic Benign Nodules (n= 287) Malignant Nodules (n= 167) Total (n = 454) P Value
Diameter (mm) .011
Mean [SD] 18.6 [SD, 10.7] 16.4 [SD, 7.5] 17.8 [SD, 9.7]
Range 10.0–73.0 10.0–48.0 10.0–73.0
Internal content ,.001
Solid 166 (57.8) 151 (90.4) 317 (69.8)
Partially cystic 121 (42.2) 16 (9.6) 137 (30.2)
Cystic 0 0 0
Echogenicity ,.001
Hypoechogenicity 67 (23.3) 142 (85.0) 209 (46.0)
Iso-/hyperechogenicity 220 (76.7) 25 (15.0) 245 (54.0)
Shape .143
Round-to-oval 278 (96.9) 157 (94.0) 435 (95.8)
Irregular 9 (3.1) 10 (6.0) 19 (4.2)
Orientation ,.001
Parallel 267 (93.0) 80 (47.9) 347 (76.4)
Nonparallel 20 (7.0) 87 (52.1) 107 (23.6)
Margin ,.001
Smooth 220 (76.7) 56 (33.5) 276 (60.8)
Spiculated/microlobulated 5 (1.7) 85 (50.9) 90 (19.8)
Ill-defined 62 (21.6) 26 (15.6) 88 (19.4)

Calcification ,.001
None 256 (89.2) 49 (29.3) 305 (67.2)
Microcalcification 8 (2.8) 102 (61.1) 110 (24.2)
Macrocalcification 23 (8.0) 16 (9.6) 39 (8.6)

Spongiform 0.534
Absence 285 (99.3) 167 (100.0) 452 (99.6)
Presence 2 (0.7) 0 2 (0.4)

CAD diagnosis ,.001
Possibly benign 235 (81.9) 31 (18.6) 266 (58.6)
Possibly malignant 52 (18.1) 136 (81.4) 188 (41.4)
Radiologist diagnosis ,.001
Possibly benign 275 (95.8) 30 (18.0) 305 (67.2)
Possibly malignant 12 (4.2) 137 (82.0) 149 (32.8)

a The numbers in parentheses are percentages.

Table 2: Risk of malignancy in each category based on different TIRADS using CAD and radiologist-based diagnosisa

TIRADS Classification Category 1 Category 2 Category 3 Category 4 Category 5 P Value
CAD-based on K-TIRADS 0 (0/0) 4.8 (1/21) 12.1 (17/141) 20.9 (23/110) 69.2 (126/182) ,.001
Radiologist on K-TIRADS 0 (0/0) 0 (0/2) 6.0 (14/232) 37.5 (33/88) 90.9 (120/132) ,.001
CAD-based on ATA-TIRADS 7.1 (1/14) 11.4 (9/79) 10.6 (7/66) 25.5 (12/47) 65.7 (134/204) ,.001
Radiologist on ATA-TIRADS 0 (0/0) 7.3 (9/124) 5.5 (6/110) 26.3 (15/57) 90.6 (125/138) ,.001

a The numbers are percentages unless otherwise specified ; 9.6% (44 of 454) of nodules did not meet the criteria for any pattern using the ATA guidelines (isoechoic nod-
ules with suspicious US features) and were classified as “not specified” by the CAD system, while the malignancy risk was calculated to be 9.1% (4 of 44).
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Malignancy Risk according to CAD System and
Radiologist and TIRADS Category Classifications
Table 2 lists the malignancy risk for each TIRADS category, clas-
sified by the CAD system and the radiologist. The malignancy
risk for each K-TIRADS and ATA-TIRADS category determined
by the radiologist matched the suggested malignancy risk, with
the exception of a slightly higher risk of malignancy for the “very
low suspicion” category of the ATA-TIRADS (7.3% [9 of 124]
versus ,3%). With the CAD system, the predicted probability of
malignancy increased with the risk category (P, .001). However,
when the CAD diagnosis was based on the ATA-TIRADS, the risk
of malignancy did not match the suggested risk: It was higher for
nodules that were benign and at very low, low, and intermediate
suspicion but lower for nodules in the high-suspicion category.
Overall, 9.6% (44 of 454) of nodules did not meet the criteria for
any pattern using the ATA guidelines (isoechoic nodules with sus-
picious US features) and were classified as “not specified” by the
CAD system. The malignancy risk was 9.1% (4 of 44).

Diagnostic Performance of the CAD System and
Radiologist Based on TIRADS Classifications and
Dichotomous Outcomes
The Online Supplemental Data summarize thyroid cancer diag-
nostic performance by the CAD system and the radiologist based
on the TIRADS and dichotomous outcome classifications. The
sensitivity and negative predictive values were highest for radiol-
ogist K-TIRADS and CAD K-TIRADS, followed by CAD ATA-
TIRADS, radiologist ATA-TIRADS, radiologist’s diagnosis, and
CAD diagnosis. The specificity and positive predictive values
were highest for the radiologist’s diagnosis, followed by the CAD
diagnosis, radiologist ATA-TIRADS, radiologist K-TIRADS,
CAD ATA-TIRADS, and CAD K-TIRADS.

The TIRADS classifications had significantly higher diagnos-
tic sensitivities but lower specificities compared with dichoto-
mous outcome classifications, while the latter had higher
specificities (all, P, .001). The diagnostic sensitivities of the
CAD systems using the TIRADS classification and dichotomous

outcomes did not differ between the CAD systems and radiolog-
ist (97.6% versus 97.6%, P. .999, for the K-TIRADS; 94.6% ver-
sus 89.8%, P¼ .077, for the ATA-TIRADS; and 81.4% versus
82.0%, P. .999, for the possible diagnosis, respectively), while
the specificity and accuracy were significantly lower for the CAD
systems compared with the radiologist (21.6% versus 36.2%;
29.6% versus 44.3%; and 81.9% versus 95.8%, all P, .001, respec-
tively, and 49.6% versus 58.8%; 53.5% versus 61.0%; and 81.7%
versus 90.7%, respectively; all, P, .001).

When we used the FNA criterion to evaluate nodules at high
and intermediate suspicion of malignancy, the diagnostic speci-
ficity and accuracy of the CAD system increased; however, the
diagnostic performance of the TIRADS classifications (compared
with the dichotomous outcome classification) was similar to that
of the overall diagnostic performance.

Comparison of Unnecessary FNA Rates
The unnecessary FNA rate was the lowest for the radiologist’s di-
agnosis, followed by the CAD diagnosis, radiologist ATA-
TIRADS, radiologist K-TIRADS, CAD ATA-TIRADS, and CAD
K-TIRADS (Table 3). The dichotomous outcome classification
yielded a lower unnecessary FNA rate than the TIRADS classifi-
cation, particularly by the radiologist.

Interobserver Agreement between the CAD System and
the Radiologist
The dichotomous outcome agreement for the CAD system and
the radiologist was 83.0% (377/454). The extent of interobserver
agreement was substantial (k ¼ 0.640) for the dichotomous out-
comes and fair-to-moderate to the K-TIRADS and the ATA-
TIRADS classifications (k ¼ 0.356 and 0.402, respectively, Table 4).

DISCUSSION
Our results revealed that the diagnostic performance of the CAD
system varies with the TIRADS and dichotomous outcome classi-
fications. Dichotomous outcomes revealed significantly higher
specificity, positive predictive values, and accuracy for detecting

Table 3: Comparison of unnecessary FNA rates for thyroid cancer diagnosis in all nodulesa

No. of FNAs

No. of Malignant
Nodules among FNA

Nodules

No. of Benign
Nodules among FNA

Nodules Unnecessary FNA Rate
CAD based on K-TIRADS (categories 3, 4,
and 5)

85.5 (388/454) 42.0 (163/388) 58.0 (225/388) 49.6 (225/454)

CAD based on K-TIRADS (categories 4
and 5)

64.3 (292/454) 51.0 (149/292) 49.0 (143/292) 31.5 (143/454)

CAD based on ATA-TIRADS (categories 3,
4, and 5)

79.3 (360/454) 43.9 (158/360) 56.1 (202/360) 44.5 (202/454)

CAD based on ATA-TIRADS (categories 4
and 5)

55.3 (251/454) 57.5 (146/254) 42.5 (108/254) 23.8 (108/454)

CAD based on possible diagnosis 41.4 (188/454) 72.3 (136/188) 27.7 (52/188) 11.5 (52/454)
Radiologist K-TIRADS (categories 3, 4,
and 5)

76.2 (346/454) 47.1 (163/346) 52.9 (183/346) 40.3 (183/454)

Radiologist K-TIRADS (categories 4 and 5) 48.5 (220/454) 69.5 (153/220) 30.5 (67/220) 14.8 (67/454)
Radiologist ATA-TIRADS (categories 3, 4,
and 5)

68.3 (310/454) 48.4 (150/310) 51.6 (160/310) 35.2 (160/454)

Radiologist ATA-TIRADS (categories 4
and 5)

43.0 (195/454) 71.8 (140/195) 28.2 (55/195) 12.1 (55/454)

Radiologist based on possible diagnosis 32.8 (149/454) 91.9 (137/149) 8.1 (12/149) 2.6 (12/454)
a The numbers are percentages. Categories 5, 4, and 3 refer to high-, intermediate-, and low-suspicion nodules in each guideline.
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thyroid cancer, an outcome associated with a reduction in the
unnecessary FNA rates. However, the TIRADS classification
achieved higher sensitivity and negative predictive values, which
increased unnecessary FNA rates. Clinicians should be aware of
these particular strengths and weaknesses of the CAD system in
the management of thyroid nodules.

The use of high-resolution US, combined with increased med-
ical surveillance and access to health care services, has markedly
increased the detection of thyroid nodules and the number of
FNAs.15,16 Therefore, radiologists who frequently interpret thy-
roid US images are concerned about how to report nodules and
on which nodules to perform FNA. Since 2009, the use of the
TIRADS classification system has been recommended to improve
consistency across practices and institutions and to decrease
unnecessary FNAs.13-15 Several professional groups, including
the American Thyroid Association and the Korean Society of
Thyroid Radiology, have proposed the ATA-TIRADS and K-
TIRADS, respectively, and have recommended FNA criteria in
conjunction with the nodule size and TIRADS category.13,14 In
keeping with this international trend, the currently available CAD
system provides both TIRADS classifications and dichotomous
outcomes. This CAD system is based on training of a deep learning
algorithm using 4916 nodules from 3 different institutions.12 We
found that the risk of malignancy significantly increased with the
higher risk categories when the TIRADS category was assigned by
the CAD system; however, the calculated prevalence and risk in
each category differed depending on whether the CAD-based or
radiologist-based method was used. The CAD system overesti-
mated the number of TIRADS category 5 (highly suspicious) nod-
ules and underestimated the risk of malignancy in TIRADS
category 5 compared with the radiologist. Therefore, CAD users
should be aware that the risk of malignancy differs by category
between the CAD- and radiologist-based methods.

In terms of system diagnostic performance, similar sensitivity
scores have been reported for CAD- and radiologist-based assess-
ments.9-11,16 However, reduced specificity and accuracy have
been reported for the CAD-based system.9-11,16 In agreement
with these findings, we observed lower specificity and accuracy
for the CAD system compared with the radiologist (81.9% versus
95.8% and 81.7% versus 90.7%, respectively) and similar sensitiv-
ity (81.4% versus 82.0%) for the detection of thyroid cancer.
Furthermore, we present the first assessment of the diagnostic
ability of the TIRADS classification of the CAD system. We
found that the TIRADS classification had significantly higher
diagnostic sensitivities (94.6%–97.6% versus 81.4%) but lower
specificities (21.6%–29.6% versus 81.9%) compared with dichoto-
mous outcomes, which increase unnecessary FNA rates (44.5%–
49.6% versus 11.5%). The false-positive rate was higher for the
CAD system, while the false-negative rate was not significantly

changed. However, these differences were reduced when the FNA
criteria for nodules at high and intermediate suspicion were
applied. Our study identified only fair-to-moderate agreement
between the CAD system and the radiologist’s TIRADS classifica-
tions, which highlights a limitation of the current CAD system.
The interobserver agreement between the CAD system and the
radiologist in terms of the margins and calcifications was the low-
est but remained fair-to-moderate (k = 0.390 and 0.448, respec-
tively), reducing the overall system accuracy. A recent blinded
multicenter study similarly reported that the inter- and intraob-
server agreement (using a US classification system) were 0.34–
0.44 and 0.33–0.54, respectively, among thyroid imaging
experts.16 Therefore, CAD users should be aware of the strengths
and weaknesses associated with thyroid cancer diagnosis using
commercially available CAD systems.

Our study revealed important design issues for an AI-based
thyroid cancer CAD system. Previous studies have relied on a sim-
ple classification model (benign/malignant) without the inclusion
of US features.4–7 However, several US features are strongly associ-
ated with thyroid cancer, and a simple classification system cannot
incorporate the influence of these US features on the final diagno-
sis in convolutional neural network deep learning models.17,18

Therefore, the currently available CAD system was designed to
report information about US features in addition to the possible di-
agnosis to help inform convolutional neural network deep learning
models and infer a conclusion. Such a system could offer great
advantages. Less experienced operators find it difficult to accu-
rately recognize and consistently interpret US features, so an AI-
based CAD system would improve standardization and ultimately
reduce unnecessary FNAs.11 However, on the contrary, the dichot-
omous AI prediction showed relatively high specificity and positive
predictive values that, in fact, match or exceed nearly all permuta-
tions of testing performed in this study with the exception of
expert radiologist-based diagnosis. This finding implies that even if
a radiologist were able to perfectly score a lesion based on the
TIRADS classification, the dichotomous AI prediction may help
reduce false-positive FNAs compared with TIRADS-based triage.
Further improvements and validations are required on this issue.

Our study had certain limitations. First, we included nodules
that had been referred to US-guided FNA or US examination
before a scheduled operation. Therefore, the proportion of malig-
nancies was high, and the diagnostic performance of the system
might differ in a general population. Second, the radiologist’s
diagnoses were based on personal experience, so a less experi-
enced radiologist might have reported differently. This feature
may influence the generalizability of this study. Third, the CAD
data were obtained by the same radiologist who performed US.
However, the CAD data were semiautomatically obtained and
the radiologist retrospectively assessed the US findings after at
least 6months while blinded to other data, so this process mini-
mized bias. Fourth, the clinical impact of the CAD system might
differ slightly in real-world practice. Further research using a pro-
spective study design is required in a general population.

CONCLUSIONS
The diagnostic performance of the CAD system differs depending
on the TIRADS and dichotomous outcome classifications and

Table 4: Interobserver variability of US characteristics between
radiologist and CAD systemsa

j Value
K-TIRADS (CAD vs radiologist) 0.356
ATA-TIRADS (CAD vs radiologist) 0.402
Possible diagnosis (CAD vs radiologist) 0.640

a The extent of interobserver agreement between the CAD system and the radiol-
ogist was calculated using the Cohen k value.
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compared with radiologist-based assessments. Clinicians should be
aware of the strengths and weaknesses of the CAD system.
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ORIGINAL RESEARCH
HEAD & NECK

Real-Time Ultrasound Image Fusion with FDG-PET/CT to
Perform Fused Image-Guided Fine-Needle Aspiration in Neck

Nodes: Feasibility and Diagnostic Value
P.K. de Koekkoek-Doll, M. Maas, W. Vogel, J. Castelijns, L. Smit, I. Zavrakidis, R. Beets-Tan, and

M. van den Brekel

ABSTRACT

BACKGROUND AND PURPOSE: New imaging techniques such as hybrid imaging of ultrasound and FDG-PET/CT are available but
not yet investigated for node staging. The aim of the study was to evaluate the feasibility and added diagnostic value of real-time
image-fused ultrasound-guided fine-needle aspiration with FDG-PET/CT data for node staging.

MATERIALS AND METHODS: Ninety-six patients who were referred for cervical lymph node staging with FDG-PET/CT before ultra-
sound were prospectively included. After routine ultrasound-guided fine-needle aspiration, all FDG-PET-positive nodes were marked
on FDG-PET/CT, and real-time image fusing of ultrasound and FDG-PET/CT was performed using the electromagnetic navigation
system PercuNav. Already-punctured nodes were confirmed to be PET-positive, and additional fused-ultrasound-guided fine-needle
aspiration was performed in previously missed PET-positive nodes.

RESULTS: Of 96 patients, 87 (91%) patients had suspicious nodes requiring fine-needle aspiration cytology. Ultrasound-guided fine-
needle aspiration was performed in 175 nodes. Cytology was inconclusive in 9/175 (5%) nodes, and 85/166 (51%) nodes were malig-
nant. Target planning was performed in 201 PET-positive nodes; 195/201 (97%) of those nodes were fused successfully. Twenty of
175 ultrasound-guided fine-needle aspiration nodes turned out to be FDG-PET-negative, and 149/175 (85%) of the fused ultrasound-
guided fine-needle aspiration nodes were confirmed to be FDG-PET-positive. Of 201 PET-positive nodes, 46 (23%) were additionally
identified, and fused ultrasound-guided fine-needle aspiration was performed. Cytology was inconclusive in 4/46 nodes (9%), and
13/42 (31%) nodes were malignant.

CONCLUSIONS: Real-time ultrasound image fusion with FDG-PET-positive nodes is feasible in cervical lymph nodes, and fused
ultrasound-guided fine-needle aspiration increases the number of malignant nodes detected.

ABBREVIATIONS: cN0 ¼ clinically node-negative neck; FNAC ¼ fine-needle aspiration cytology; HNC ¼ head and neck cancer; ND ¼ neck dissection;
TNM ¼ Tumor, Node, Metastasis; US ¼ ultrasound; USgFNAC ¼ ultrasound-guided fine-needle aspiration cytology

The Tumor, Node, Metastasis (TNM) stage in head and neck
cancer (HNC) is important for prediction of prognosis and

stratification of treatment. Besides physical examination, imaging
plays a crucial role in defining the TNM stage, assessing tumor
volume and nodal involvement.1,2 Nodal staging with CT and
MR imaging is limited with a per-patient sensitivity ranging from
73% to 87% for CT and 70% to 74% for MR imaging.3 In the

clinically node-negative neck (cN0), the sensitivity ranges from
14% to 80% for CT and from 29% to 85% for MR imaging; on av-
erage, the sensitivity is in the range of 40%–60%.4 Molecular
imaging of glucose metabolism with FDG-PET/CT has a higher
per-neck-level sensitivity for detection of regional nodal metasta-
ses in patients with primary head and neck squamous cell carci-
noma, with a sensitivity of up to 84% and a specificity up to
96%.5,6 However, for cN0, an overall sensitivity of 21.4% and
specificity of 98.4% have been reported.7 In comparison with sen-
tinel node biopsy in cN0 head and neck cancer, MR imaging and
CT are not effective in predicting whether prophylactic neck dis-
section (ND) can be safely avoided, and the sensitivity of FDG-
PET/CT may still not be adequate.8 In clinical practice, ultra-
sound-guided fine-needle aspiration cytology (USgFNAC) plays
an important role, not only as an upfront imaging technique for
the neck but also to determine the diagnosis in equivocal lymph
nodes on CT, MR imaging, or FDG-PET/CT.9 The sensitivity of
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USgFNAC in patients with clinically suspicious nodes has been
reported to be 88%,10 but the sensitivity drops significantly to
39% in patients with a cN0.11 Apart from minimizing the chance
of sampling errors, selection of the most suspicious nodes that
need aspiration is a major challenge.12 Selection of nodes by
FDG-PET/CT standard uptake value might improve selection of
the most suspicious nodes for fine-needle aspiration cytology
(FNAC).

Due to technical improvements, it is possible to fuse real-time
ultrasound (US) with cross-sectional imaging techniques such as
with PET/CT, CT, or MR imaging.13 Fusion of US with FDG-
PET/CT to guide FNAC of nodes can potentially improve the
identification and detection of malignant nodes. The aim of our
study was first to evaluate the feasibility of US real-time fusion
with FDG-PET/CT data for fused image guidance of fine-needle
aspiration in suspicious neck nodes and second to evaluate
whether it leads to a more accurate detection of malignant nodes.

MATERIALS AND METHODS
Patient Population
We prospectively included 96 patients (Table 1) who were
referred for USgFNAC with prior FDG-PET/CT and met one of
the following criteria: histopathologically proved HNC and histo-
logically proved lymph node metastasis with an unknown pri-
mary or suspicious head and neck lesion, not yet proved to be
malignant. All data were analyzed retrospectively. After routine
ultrasound and USgFNAC, real-time fusion of ultrasound and
FDG-PET/CT took place to confirm USgFNAC nodes to be PET-
positive and to perform additional fused-USgFNAC of missed
FDG-PET-positive nodes that would change the N stage. This
study was approved by the Netherlands Cancer Institute institu-
tional medical ethics committee (METC16.0745) and the
Netherlands Cancer Institute institutional review board (IRBd20-
126). All retrospective medical data/biospecimen studies at the
Netherlands Cancer Institute have been executed pursuant to
Dutch legislation and international standards. Before May 25,

2018, national legislation on data protection applied, as well as
the International Guideline on Good Clinical Practice. FromMay
25, 2019, we also adhered to the General Data Protection
Regulation. Within this framework, patients are informed and
have always had the opportunity to object or actively consent to
the (continued) use of their personal data and biospecimens in
research. Hence, the procedures comply with both national and
international legislative and ethical standards.

Table 1 shows the diagnosis in number and percentages of all
included patients and the number and percentages of patients
with head and neck squamous cell carcinoma. Table 2 shows an
overview of the treatment.

FDG-PET/CT Imaging
For FDG-PET/CT, images were acquired using a Gemini TF scan-
ner (Philips Healthcare). Patients fasted for 6hours and were
hydrated before administration of FDG. Diabetes mellitus needed
to be regulated adequately. The plasma glucose level was required
to be below 10mmol/L. A dose of 190–240 MBq was administered
depending on body mass index. FDG-PET images of the head and
neck area were acquired for 3 bed positions of 3minutes each.
They were reconstructed to 2-mm isotropic voxels. Low-dose CT
was acquired for attenuation correction and anatomic orientation
with 40 mAs and 2-mm slices. In addition, images of the neck
were acquired. All FDG-PET/CT images were interpreted by an
experienced nuclear physician for clinical staging, and this report
was available for interpretation of involved nodes in this study.

Ultrasound and FNAC
The FDG-PET/CT data were imported into the US device (EPIQ 7
G; Philips Healthcare) before the routine procedures. First, routine
US evaluation and routine USgFNAC with a 21-ga needle without
use of FDG-PET/CT data were performed. All USgFNACs were
performed by 1 radiologist (P.K.d.K.-D.) who has 10 years of
USgFNAC experience in HNC. She was aware of the clinical
information and available imaging data, including FDG-PET/CT,
before performing US. FNAC was performed in 1 or 2 neck levels
ipsilateral and sometimes contralateral in suspicious nodes in the
levels at most risk, corresponding to the site of the primary tumor,
as well as in suspicious nodes at the lowest neck level of each side.
Nodes were aspirated at a short-axis diameter of .1 cm or ,1 cm
and showed loss of a fatty hilum or showed a thickened or asym-
metric cortex or round shape. Also, nodes described in the MR
imaging or FDG-PET/CT to be borderline or suspicious were aspi-
rated when identified.

Table 1: Diagnosis of all patientsa

Diagnosis No. Percentage
Adeno ca parotid gland 1 1%
Angiosarcoma 1 1%
B-cell lymphoma 1 1%
Lung carcinoma 2 2%
Melanoma 6 6%
Merkel cell carcinoma 2 2%
Rhabdomyosarcoma 1 1%
SCC hypopharyngeal 7 7%
SCC laryngeal 16 17%
SCC nasal cavity sinus 4 4%
SCC nasopharyngeal 1 1%
SCC oral cavity 19 20%
SCC oropharyngeal 25 26%
SCC skin 1 1%
SCC unknown primary 6 6%
Second branchial cleft 1 1%
Tuberculosis 1 1%
Unknown primary 1 1%
Total 96 100%

Note:—Aneno ca indicates adenocarcinoma; SCC, squamous cell carcinoma.
a In total, 82% of all patients had SCC.

Table 2: Combination of treatments of all 96 patients
Treatment RT CRT BRT PDT Chemo

Surgery, no ND 11 5 1 0 0 0
SND/SNB 20 8 1 0 0 0
No surgery 63 31 21 6 1 4
Noa treatment 2 0 0 0 0 0
Total 96 44 23 6 1 4

Note:—RT indicates radiation therapy; CRT, radiochemotherapy; BRT, bioradiation
therapy; PDT, photodynamic therapy; Chemo, chemotherapy; SND, selective neck
dissection; SNB, sentinel node biopsy.
a Two patients did not have treatment because of benign lesions: second bran-
chial cleft cyst and tuberculosis.
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Immediately after the routine US and USgFNAC procedures,
real-time image fusion of US and FDG-PET/CT using the elec-
tromagnetic navigation system PercuNav (Philips Healthcare;
FDA- and Conformité Européenne–approved and available world-
wide), installed on the same US diagnostic system, took place by
the same reader (P.K.d.K.-D.). US was performed using either a
L12-5 or an eL18-4 probe with an integrated electromagnetic
tracker (both from Philips Healthcare). During the image-fusion
steps, a bracket and the respective electromagnetic tracker were
added to the L12-5 probe so it could be used with the PercuNav
system. The PercuNav setup was used according to the manufac-
turer’s manual. The patient reference tracker was placed on the
forehead of the patient and held in place with tape. The field gen-
erator was positioned above the patient’s neck using a metallic
arm. The initial fusion between real-time US and FDG-PET/CT
was performed by identifying the thyroid on both modalities and
using the “matched plane” function on the system (Fig 1).

Additional manual corrections to the fusion were made by
identification of known anatomic structures such as the hyoid
bone, submandibular gland, and carotid artery bifurcation. Then a
target was created for each FDG-PET/CT–positive lymph node
using the target planning function (including nodes with a low risk
of malignancy and low standard uptake values) (Fig 2). At this
time, the radiologist identified the PET-positive nodes targeted on
FDG-PET/CT and verified whether USgFNAC had already been
performed (Fig 2). In patients with multiple FDG-PET–positive
nodes, a selection was made on the basis of level, size, and standard
uptake value for fused aspiration. In case the node had not been
previously aspirated, fused-USgFNAC was performed.

Reference Standard
The surrogate reference standard was the pathologic result
of FNAC. Because only 19/96 patients underwent ND and 1/96
patients underwent sentinel node biopsy, this series was too small
to reliably estimate the sensitivity and specificity of USgFNAC,
fused-USgFNAC, or FDG-PET/CT. If available, histopathology of
the ND specimen was used as a reference standard and the pN
stage was compared with the pN stage of USgFNAC and fused-
USgFNAC (Online Supplemental Data).

Statistical Analysis
A 2-sample t test was used to compare the mean size of nodes
between USgFNAC and fused-USgFNAC. By means of the Mantel-
Haenszel test, the detection rate of malignant nodes in USgFNAC
and fused-USGFNAC was compared. The x 2 test was used to com-
pare the accuracy of the N stage found with USgFNAC and fused-
USgFNAC in relation to the cytology results.

RESULTS
Nine of 96 patients (9%) who were selected for the study did not
have any FDG-PET–positive nodes or suspicious nodes on US. In
the remaining 87/96 (91%) patients, a total of 221 lymph nodes
were aspirated. The median number of aspirated nodes per
patient was 2 (range, 1–5).

USgFNAC
One hundred seventy-five of 221 lymph nodes were aspirated
during routine US; the smallest nodes were 4mm, and the mean
minimal axial diameter was 11.7mm. At USgFNAC, 9 of 175

FIG 1. Matched plane fusion, manual correction. A, Overlay US (yellow) and CT (gray). B, US image. C, Reformatted CT image. D, Volume repre-
sentation of CT image and probe location.
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nodes (5%) were inconclusive at cytology, and 85 of 166 (51%)
nodes were malignant.

Fused-USgFNAC
Target planning was performed in 201 PET-positive nodes. Fusion
was technically successful in 195/201 (97%) FDG-PET-positive
nodes.

One hundred forty-nine of 175 (85%) USgFNAC nodes were
confirmed to be FDG-PET-positive. Cytology was inconclusive in
9/175 (5%). Of the remaining 140 confirmed PET-positive nodes,
83 (59%) nodes proved to be malignant. At fusion, 20 of the
USgFNAC nodes proved to be FDG-PET-negative, and only 1 of
those nodes was malignant.

On the basis of fusion, 46/201 (23%) FDG-PET-positive nodes
were additionally identified and fused-USgFNAC was performed;
the smallest nodes were 3mm, and the mean minimal axial diam-
eter was 6.3mm (range, 3–16mm), which was significantly
smaller than in routine USgFNAC (P value, .001) (Table 3).

At cytology, 4/46 nodes (9%) were inconclusive and 13 of 42
(31%) nodes proved to be malignant. Added fused-USgFNAC

increased the number of proved malig-
nant nodes from 85 to 98 (15%). Due to
additional fused-USgFNAC, the per-
centage of proved PET-positive malig-
nant nodes changed from 83/166 (50%)
to 96/182 (53%) (statistically insignifi-
cant P value, .29; flow chart, Fig 3).

With fused-USgFNAC, the pN-
stage was upgraded in 8/87 (9%); in 2/
8, from node-negative neck stage to
N1 stage; and in 1/8, from N1 to N3
stage (Fig 4).

N staging with USgFNAC and
fused-USgFNAC was not significantly
different (P value, 0.1).

ND was performed in 19/96 (20%)
patients, and sentinel node biopsy, in 1/96 (1%). A total of 610
nodes were removed, and in 11 of these 20 patients, 52 metastases
were present. With USgFNAC, the pathologic result was pN0
stage in 2 of these patients, while it was pN2b stage and pN2c
stage in the ND. With fused-USgFNAC, it was pN1 in both of
those patients.

DISCUSSION
Our study shows that real-time US image fusion with FDG-PET/
CT is feasible and allows accurate US identification of the FDG-
PET-positive nodes. In our routine FNAC procedure, clinical in-
formation and imaging data including FDG-PET/CT are also
available but not fused. In this study, we sought to demonstrate
the additional effect of using fused USgFNAC, and this was dem-
onstrated by an increase of pathologically confirmed malignant
nodes from 85 without fusion to 98 with additional fusion.
Accurate nodal staging is a major determinant for treatment deci-
sions in head and neck squamous cell carcinoma.14

When we comparing fused-USgFNAC pN-stage with
USgFNAC, 8/87 (9%) patients with pN stage were upgraded

FIG 2. Target planning and real-time fusion of FDG-PET-positive lymph nodes to identify PET-positive nodes. A, Coronal view. B, Sagittal view.
C, Axial view. D, Volume representation of FDG-PET/CT image and probe location, PET-positive nodes where targeted, and real-time image
fused with ultrasound. E, Overlay US (yellow) and PET/CT (gray). F, US image. G, Reformatted PET/CT image. H, Volume representation of the
CT image and probe location. Fusion of PET and CT and target planning took place using the electromagnetic navigation system PercuNav. First,
routine ultrasound and routine USgFNAC were performed. Second, ultrasound and FDG-PET-positive nodes were real-time fused. USgFNAC in
PET-positive nodes was confirmed, and additional fused-USgFNAC of missed PET-positive nodes was performed.

Table 3: Size and location of additional fused-USgFNAC nodes

Level
Total Malignant Benign Insufficient
No. No. Sizes (mm) No. Sizes (mm) No. Sizes (mm)

1 2 0 1 3 1 8
1a 1 0 1 4 0
1b 4 1 9 3 4, 3, 6 0
2 12 3 7, 4, 6 8 9, 6, 11, 8, 5, 6, 8, 5 1 8
2b 1 1 6 0 0
3 13 4 9, 8, 6, 6 8 5, 4, 3, 5, 4, 4, 4, 6 1 5
4 7 2 6, 12 4 1 4
5 3 1 9 2 5, 6 0
Parot.gl. 2 0 2 5, 6 0
Cheek 1 1 6 0 0
Total 46 13 29 4

Note:—1 to 5 indicates the neck levels; Parot.gl., parotid gland.
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though N staging with USgFNAC and fused-USgFNAC was not
significantly different.

Currently, the neck is staged by clinical palpation, CT, MR
imaging, FDG-PET/CT, and/or USgFNAC in the case of suspi-
cious nodes. For most imaging modalities, apart from irregular-
ities and shape, the minimal axial diameter is one of the most
important criteria for suspicious nodes to be selected for aspira-
tion.15 For FDG-PET/CT, the standard uptake value is a criterion
for metastasis. All these imaging techniques fail to accurately
detect very small metastases, leading to a sensitivity in the clini-
cally node-negative neck on the order of 40%–60%8 due to the
higher frequency of small-sized nodes. Furthermore, FDG-PET/
CT is limited in resolution and glucose uptake in small nodal me-
tastases.16 The main reason for this feature is that 25% of the me-
tastases in clinically node-negative necks are ,3mm and, thus,
will not be easily detected by any individual imaging technique.11

Treatment decision-making in HNC relies on imaging,
emphasizing the need for high sensitivity to depict nodal dis-
ease.17,18 Not only the extent of neck dissection but also the fields
and doses of radiation therapy are guided by imaging results. As
with FDG-PET/CT, subtle metabolically active lymph nodes are
very difficult to characterize, and a subsequent USgFNAC is per-
formed to make the final verdict. USgFNAC of the wrong lymph
node or wrong part of the lymph node will lead to false-negative
USgFNAC results, with undertreatment as a result.18 We were
able to show that real-time US image fusion with FDG-PET/CT
is feasible. Within the 201 FDG-PET-positive nodes, fusion failed
in only 6 nodes (8%), and this was mainly at the starting period
when we were still in the midst of our learning curve. Real-time
US image fusion with FDG-PET/CT is an excellent method to
increase the reliability of the FDG-PET/CT results. Especially in
borderline, small FDG-PET/CT-positive lymph nodes, fusion
with US can increase the yield of fused-USgFNAC and diminish
sampling errors. Particularly for small nodes, real-time US image

fusion with FDG-PET/CT can improve the sensitivity of ultra-
sound and the specificity of FDG-PET/CT and lead to a higher
detection rate of malignant nodes. Although in both fused-
USgFNAC and USgFNAC, the smallest FDG-PET-positive ma-
lignant lymph nodes were 4mm, the mean minimal axial diame-
ter of the tumor-positive nodes of fused-USgFNAC (7.8mm) was
significantly smaller than that of USgFNAC (13.4mm).

Although additional fused-USgFNAC increased the number
of confirmed malignant nodes from 85 to 98, the detection rate of
malignant PET-positive nodes increased only from 51% to 53%,
which was not significant. This can largely be explained by the
smaller size of the additional fused-USgFNAC nodes, indicating
an increase in sensitivity in small nodes. The N stage was
upgraded in 8/87 (9%) patients.

Because we do not have definitive pathology of all aspirated
lymph nodes, we cannot determine whether the FDG-PET/CT
was false-positive or the aspiration was false-negative for the cases
with negative aspirates. In addition, in 3/21(14%) patients with
insufficient FNAC results, malignant nodes in elective neck dis-
section were present, which suggests that every FNAC with an
insufficient result should be repeated. On FDG-PET/CT, smaller
nodes are more often borderline FDG-positive nodes, which can
lead to a problem in diagnosis. A visible slightly higher metabo-
lism can be caused by a metastasis as well as by inflammation.
Consequently, the specificity of a maximum standard uptake
value between 2 and 3 at FDG-PET/CT is quite low and can be
increased by adding fused-USgFNAC. On the other hand, the
specificity of USgFNAC is almost 100%, so a combination of
using FDG-PET/CT with a lower threshold and fused-USgFNAC
might improve the sensitivity of the USgFNAC.

The selection of nodes for aspiration in HNC is a difficult
issue. Size and location are the most important selection criteria.
This study was meant to see whether image fusion with FDG-
PET/CT is a helpful tool for node selection to provide FNAC.

FIG 3. Flow chart results of routine USgFNAC and fused-USgFNAC. Pos. Indicates positive.
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Especially in small lymph nodes with limited uptake, this technique
could be added to USgFNAC. Only 1 patient with negative FDG-
PET/CT findings had a suspicious node on ultrasound, which
proved to be malignant. In all other patients, after fusion, all the
nodes that underwent routine USgFNAC were, to some extent,
FDG-PET-positive, so the current criteria for aspiration largely
overlap with the glucose uptake at FDG-PET/CT. One could argue
whether aspirating frommore and smaller nodes without PET guid-
ance would increase the sensitivity irrespective of adding FDG-PET/
CT, but selection criteria only guided by size and shape are not very
accurate, and borderline glucose uptake may well be more reliable.

Although in the prostate and liver, real-time fused image-
guided biopsies are already used clinically,19,20 the technique has
its limitations in head and neck imaging. The mobility of the neck
makes fusion much more difficult. Autofusion is not successful.
Manual fusion and fusion corrections on the different levels of the

neck must been done. To get a reliable accurate fusion, the radiol-
ogist must be well-trained. Because fused image-guided FNAC is
time-consuming, with an additional 10–15minutes of examination
time, it should be used as a problem-solving tool in small, border-
line FDG-PET-positive nodes, which are difficult to identify on
routine USgFNAC. As far as we know, this is the first larger study
of fused USgFNAC in HNC; therefore, the reproducibility is not
known; and because there was only 1 observer, the interobserver
variability is also not known. No reliable estimation of the sensitiv-
ity and specificity could be made due to the small number of
patients who underwent neck dissection and sentinel node biopsy.

CONCLUSIONS
Real-time US image fusion with FDG-PET/CT and fused-
USgFNAC is feasible in head and neck cancer. It can improve the

FIG 4. Change of N stage after additional fused-USgFNAC. The patient presented with cT3N0 oropharyngeal squamous cell carcinoma. A,
Results of routine USgFNAC N1. B and C, PET/CT of the same node, controlled by image fusion. D–F, Additional nodes on PET/CT; all nodes
have been fused, and fused-USgFNAC was performed. G, The deep parapharyngeal node was missed at routine ultrasound and only recognized
after fusion. H, A PET-positive node with a normal appearance on routine ultrasound. I, Fused-USgFNAC-proved benign PET-positive contralat-
eral node. Cytologically proved pN stage after fused-USgFNAC was pN2b, while it was N1 with USgFNAC and N2c on PET/CT. The green arrows
point to the PET-positive nodes.
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detection and image-guided aspiration of suspicious nodes as
visualized on FDG-PET/CT and might increase the sensitivity of
USgFNAC by selecting smaller FDG-PET-positive borderline
nodes for fused-USgFNAC. Because fused-USgFNAC is time-
consuming, it should be used as a problem-solving tool in small,
borderline FDG-PET-positive nodes, which are difficult to iden-
tify on routine USgFNAC.
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ORIGINAL RESEARCH
HEAD & NECK

Non-EPI versus Multishot EPI DWI in Cholesteatoma
Detection: Correlation with Operative Findings

J.C. Benson, M.L. Carlson, and J.I. Lane

ABSTRACT

BACKGROUND AND PURPOSE: Although multishot EPI (readout-segmented EPI) has been touted as a robust DWI sequence for
cholesteatoma evaluation, its efficacy in disease detection compared with a non-EPI (eg, HASTE) technique is unknown. This study
sought to compare the accuracy of readout-segmented EPI with that of HASTE DWI in cholesteatoma detection.

MATERIALS AND METHODS: A retrospective review was completed of consecutive patients who underwent MR imaging for the
evaluation of suspected primary or recurrent/residual cholesteatomas. Included patients had MR imaging examinations that
included both HASTE and readout-segmented EPI sequences and confirmed cholesteatomas on a subsequent operation. Two neu-
roradiologist reviewers assessed all images, with discrepancies resolved by consensus. The ratio of signal intensity between the cer-
ebellum and any observed lesion was noted.

RESULTS: Of 23 included patients, 12 (52.2%) were women (average age, 47.8 [SD, 25.2] years). All patients had surgically confirmed
cholesteatomas: Six (26.1%) were primary and 17 (73.9%) were recidivistic. HASTE images correctly identified cholesteatomas in
100.0% of patients. On readout-segmented EPI sequences, 16 (69.6%) were positive, 5 (21.7%) were equivocal, and 2 (8.7%) were
falsely negative. Excellent interobserver agreement was noted between reviews on both HASTE (k ¼ 1.0) and readout-segmented
EPI (k ¼ 0.9) sequences. The average signal intensity ratio was significantly higher on HASTE than in readout-segmented EPI, facili-
tating enhanced detection (mean difference 0.5; 95% CI, 0.3–0.8; P¼ .003).

CONCLUSIONS: HASTE outperforms readout-segmented EPI in the detection of primary cholesteatoma and disease recidivism.

ABBREVIATIONS: MS ¼ multishot; RESOLVE ¼ readout-segmented EPI

Middle ear cholesteatomas are ectopic, keratinizing squa-
mous epithelium, which may be acquired or, much less

commonly, congenital.1,2 Although not considered a true neo-
plasm, cholesteatomas are locally destructive and have a high pro-
pensity for recurrence following surgical removal. As they
gradually expand, cholesteatomas erode the osseous structures
within and adjacent to the middle ear cavity, including the
ossicles, labyrinth, fallopian canal, and middle fossa bone plate.3

Current mainstay therapy includes microsurgical extirpation,
with the chief goal of complete disease removal and prevention of
intratemporal and intracranial complications.4 The most com-
mon microsurgical approach for cholesteatoma is an canal wall
up tympanomastoidectomy, in which the posterior bony ear
canal is left intact and the tympanic membrane is reconstructed.

Depending on the extent of disease at surgery, a planned second-
look procedure may be performed approximately 1 year after the
initial operation to evaluate residual disease and potentially
reconstruct the ossicular chain when indicated. Nevertheless, re-
sidual and/or recurrent (ie, recidivism) disease occurs in up to
30% of cases. Imaging is crucial in cholesteatoma management; it
aids in the initial diagnosis and may obviate the need for second-
look surgery.5,6

During the past decade, DWI has emerged as a powerful diag-

nostic tool for detection of both primary and residual or recurrent

cholesteatomas.7-9 Cholesteatomas demonstrate marked hyperin-

tensity on DWI , likely related to either T2 shinethrough or intrale-

sional restricted diffusion related to keratin debris.10 Across the

years, there have been many iterations of DWI optimization for

cholesteatoma identification. The EPI trajectory used by conven-

tional DWI makes such sequences prone to substantial susceptibil-

ity artifacts, and single-shot EPI sequences were found to be poor

at identifying lesions of ,4–5mm.11-13 Consequently, non-EPI

DWI techniques began to be favored; such algorithms minimize
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susceptibility artifacts and geometric distortion related to the skull

base and are able to detect lesions as small as 2mm.14,15 BLADE

(Siemens) and other such PROPELLER sequences are subtypes of

non-EPI techniques that minimize susceptibility artifacts and geo-

metric distortions by sampling k-space in a rotating fashion.16,17

More recently, HASTE DWI (Siemens) has emerged as a par-
ticularly effective sequence, which is relatively insensitive to motion
and has been shown in prior studies to detect cholesteatomas with
promising accuracy.18,19 Although traditional EPI techniques have
been largely abandoned in the setting of cholesteatoma detection,
readout-segmented EPI (RESOLVE; Siemens) DWI is a relatively
new technique that has been promoted as a possible alternative dif-
fusion sequence. RESOLVE is a multishot (MS) EPI sequence that
is able to reduce geometric distortions at the expense of longer
imaging time. Recent reports have indicated that RESOLVE may
be a useful sequence in cases of suspected cholesteatoma.7,20

Despite its proposed efficacy in cholesteatoma imaging, the
diagnostic utility of RESOLVE sequences has yet to be robustly
evaluated against non-EPI DWI, the current criterion standard.
Thus, this study was conceived with the chief goal of assessing
the accuracy of RESOLVE in the detection of cholesteatomas and
comparing the ability of RESOLVE with that of HASTE sequen-
ces in this context.

MATERIALS AND METHODS
Patient Selection and Electronic Medical Record Review
Institutional review board approval (approval No. 19–008120)
was obtained before study commencement. A retrospective
review was completed of consecutive patients who underwent
high-resolution MR imaging of the temporal bone between
September 20, 2011, and March 9, 2020; patients were identified
using an institutional electronic medical record search engine.
Inclusion criteria encompassed patients who had preoperative
MR imaging including dedicated HASTE and RESOLVE sequen-
ces for the evaluation of cholesteatoma (both sequences were rou-
tinely performed for cholesteatoma work-ups since 2011) and a
subsequent operation in which the diagnosis of cholesteatoma
was confirmed. Patients were excluded if images were substan-
tially degraded by artifacts (eg, motion) rendering the imaging
nondiagnostic.

MR Imaging Protocol
MR imaging was performed on a 1.5T MR imaging scanner
(Magnetom Espree; Siemens) using a 32-channel head coil.
HASTE (TR/TE¼ 800/108 ms, flip angle¼ 180°, section
thickness¼ 2.0 mm, interslice gap¼ 2.2 mm, matrix¼ 128 �
90, acquisition time¼ 4 minutes 17 seconds) and RESOLVE
sequences (TR/TE¼ 3500/76 ms, flip angle¼ 180°, section
thickness¼ 2.0 mm, interslice gap¼ 2.6 mm, matrix¼ 160 �
128, acquisition time¼ 3 minutes 44 seconds) were per-
formed in all cases per inclusion criteria.

Imaging Analysis
Two board-certified neuroradiologists (J.I.L. and J.C.B.) reviewed
all MR imaging examinations. All discrepancies were resolved by
consensus. Each sequence was analyzed for the subjective pres-
ence or absence of cholesteatoma (presumed on the basis of a

focus of hyperintensity) on both HASTE and RESOLVE sequen-
ces. Images were noted as being “positive,” “negative,” or “equiv-
ocal” for the presence of a lesion. Identified lesions were
measured in the longest axial dimensions; measurements were
used to calculate the presumed ellipse axial area of all cholesteato-
mas. Average signal intensities of the presumed cholesteatoma
and adjacent cerebellar parenchyma were measured to establish a
signal intensity ratio for each diffusion sequence.

Statistical Analysis
Means and SDs for continuous variables were calculated in Excel
(Microsoft). A paired t test was used to compare both average sig-
nal intensity ratios and measured lesion size on HASTE and
RESOLVE. Interobserver agreement was calculated using a
Cohen k statistical test. Statistical analyses were performed with
the SAS-based statistical software package (JMP 13.0; SAS
Institute). The threshold for significance was set at P, .05.

RESULTS
Patient Characteristics
Twenty-five patients met the inclusion criteria, of whom 2 were
excluded (one because the incorrect MR imaging protocol was
used and one because DWI did not include the entire temporal
bone). Hence, the final cohort comprised 23 patients; 12/23
(52.2%) were women, and the average age was 47.8 [SD,
25.2] years. Six patients (26.1%) were diagnosed with a primary
cholesteatoma; the remainder (73.9%) represented disease recidi-
vism diagnosed on follow-up MR imaging after prior cholestea-
toma resection. Of the patients who had previously undergone
surgical resection, the average time interval between the initial
surgery and the second-look MR imaging was 104.6 [SD, 162.9]
months (median, 60.5months). For all patients, the average time
between MR imaging and surgical confirmation of cholesteatoma
was 1.6 [SD, 2.4]months.

Imaging Analysis
Every patient in the cohort had cholesteatoma confirmed at sur-
gery. All (100.0%) lesions were detected on preoperative HASTE
imaging. On RESOLVE sequences, 16 (69.6%) were positive (Fig
1), 5 (21.8%) were equivocal (Fig 2), and 2 (8.7%) were falsely
negative (Fig 3). Excellent interobserver agreement was noted
between reviews of both HASTE (k ¼ 1.0) and RESOLVE (k ¼
0.9) sequences. The sole disagreement was regarding a RESOLVE
sequence in which the 2 reviewers regarded the examination as
either equivocal or negative.

The average axial area of cholesteatoma on HASTE images
was 3.7 [SD, 4.2] cm2 measured in the maximum diameter
(range¼ 0.5–15.6 cm2); the average size on RESOLVE images
was 2.9 [SD, 3.8] cm2 (range, 0.4–15.6 cm2). The measured size
on HASTE images was significantly larger than that measured on
RESOLVE images (mean difference, 1.0 cm2; 95% CI, 0.6–1.5
cm2; P , .001). Both of the lesions not identified on RESOLVE
images were among the smallest cholesteatomas in the cohort,
each measuring 0.6 cm2. Two other similarly sized lesions (0.5
and 0.6 cm2) were each regarded as “equivocal” on RESOLVE
images. Lesions ,1.0 cm2 measured on HASTE were more likely
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to be equivocal or falsely negative on RESOLVE than those of
$1.0 cm2 (P¼ .02).

The average ratio between cholesteatoma and cerebellar signal
intensities was 1.8 [SD, 0.8] on HASTE and 1.3 [SD, 0.7] on
RESOLVE. The average signal intensity ratio was significantly
higher on HASTE than on RESOLVE (mean difference, 0.5; 95%
CI, 0.3–0.8; P= .003).

DISCUSSION
The results of this study indicate that HASTE outperforms
RESOLVE in the detection of primary and recidivistic cholestea-
toma. HASTE imaging correctly identified lesions in all cases,
while RESOLVE results were equivocal in more than one-fifth of
cases and falsely negative in 2 patients. These findings have im-
mediate implications in terms of how MR cholesteatoma imaging
is approached. Specifically, the results indicated that RESOLVE
images are more likely to be equivocal or falsely negative in cases
of surgically confirmed cholesteatomas, particularly in the case of
small lesions.

The most likely contributor to the superior performance of
HASTE imaging is the greater relative intensity of lesions com-
pared with the adjacent cerebellar parenchyma. Cholesteatomas
were both subjectively positive and objectively brighter on the
HASTE sequence. This observed appearance is similar to that
described by Dhepnorrarat et al,21 in which cholesteatomas were
distinctly apparent, even in the setting of postoperative changes
with adjacent scar tissue. Cholesteatomas on RESOLVE images,
conversely, frequently had signal more similar to that of the adja-
cent parenchyma, thereby accounting for the equivocal results

garnered from RESOLVE images. Size, too, appeared to be an im-
portant factor: Smaller lesions were more likely to be missed or
called equivocal on RESOLVE sequences, and the axial dimen-
sions of lesions were greater when measured on HASTE

FIG 2. Example of a cholesteatoma seen on HASTE imaging with
equivocal findings on RESOLVE. The patient is a 13-year-old boy with
a history of bilateral cholesteatomas status post multiple prior sur-
geries who presented with recurrent hearing loss in his right ear. Axial
HASTE (A) image clearly depicts a 0.6-cm focus of restricted diffusion
in the right hypotympanum (arrow). Although faint signal is seen in
this region on corresponding axial RESOLVE (B) image (arrow), the
intralesional signal is insufficiently intense to warrant a certain
diagnosis.

FIG 1. Cholesteatoma with positive findings on both HASTE and
RESOLVE in a 4-year-old girl with delayed speech. Both axial HASTE
(A) and RESOLVE (B) demonstrate a region of restricted diffusion in
the left external auditory canal (arrow). Note greater signal hyperin-
tensity of HASTE compared with the RESOLVE image. Adjacent opa-
cified mastoid air cells demonstrate relatively faint signal (curved
arrow).

FIG 3. Cholesteatoma visible on HASTE but not on RESOLVE in a 69-
year-old woman who had undergone a left tympanomastoidectomy
approximately 15months prior for resection of a cholesteatoma. MR
imaging was performed to assess residual or recurrent disease. Axial
(A) HASTE image demonstrates a well-demarcated 0.6-cm focus of
restricted diffusion in the left anterior mesotympanum (arrow). No
abnormal signal was seen on corresponding RESOLVE image (B).
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compared with RESOLVE. Because many studies have demon-
strated a size threshold of about 2mm for adequate detection,
this would favor HASTE over RESOLVE to improve cholestea-
toma detection.

The results of this study are in agreement with prior analyses
that have found non-EPI (eg, HASTE) sequences to be both sen-
sitive and specific for cholesteatoma detection.10,22 A systematic
review by Jindal et al23 found the sensitivity, specificity, and posi-
tive predictive value of non-EPI DWI to be 91%, 96%, and 97%,
respectively. Among postoperative patients, Bakaj et al24 found
that non-EPI DWI had a 100% sensitivity after a canal wall down
mastoidectomy. Nevertheless, false-positives have been reported,
related to abscess, wax/debris, and encephaloceles.25 False-nega-
tives, too, occur, particularly in small (,3–5mm) lesions.26–28

Horn et al,27 for example, concluded that non-EPI DWI does not
eliminate the need for second-look surgery due to the rate of
false-negative examinations. Because the cohort of the current
study was made up exclusively of patients with known cholestea-
tomas, the results should be specifically interpreted as being
related to the superiority of HASTE over RESOLVE; any com-
ments regarding the false-negative rate or negative predictive
value of either sequence are beyond the scope of this study.

MS EPI sequences such as RESOLVE, conversely, have not
been extensively investigated in cholesteatoma imaging. A study
by Yamashita et al20 found the sensitivity (76.7%) and accuracy
(87.9%) of MS EPI superior to that of single-shot EPI; the speci-
ficity of both was 100%. Henninger and Kremser7 reported, in
2017, that MS EPI sequences were subjectively reliable for choles-
teatoma imaging but did not provide supportive quantitative
data. The only prior study that directly compared MS EPI with
non-EPI DWI was by Dudau et al.11 Although the authors found
good (k ¼ 0.75) agreement between the techniques, non-EPI was
better able to predict the presence of cholesteatoma in cases of
disagreement. Nevertheless, the authors concluded that MS EPI
could be used in conjunction with non-EPI for cholesteatoma
detection. The results of the current study, in contrast, indi-
cate that RESOLVE sequences are prone to false-negative or
equivocal results in the setting of surgically confirmed
cholesteatomas.

Nevertheless, MR cholesteatoma imaging remains a dynamic
field. Recently, an optimized BLADE DWI sequence using 2D
turbo gradient- and spin-echo imaging was shown to significantly
reduce distortion, blurring, and magnetic-sensitive artifacts.29 A
subsequent study demonstrated that turbo gradient- and spin-
echo BLADE had fewer ghosting artifacts and higher image qual-
ity than REOSLVE and was superior to RESOLVE in identifying
particularly small cholesteatomas.30 To date, however, no studies
have sought to compare turbo gradient- and spin-echo imaging
with HASTE sequences. Such a comparison could be the focus of
future research studies and is a poignant example of the still-
evolving landscape of MR imaging used for cholesteatoma
detection.

Finally, the effect of MR imaging field strength on cholestea-
toma imaging deserves mention. Although the superior signal-to-
noise ratio of a 3T scanner could theoretically provide better
detection of smaller lesions, the lower field strength of a 1.5T
scanner is less susceptible to magnetic field inhomogeneities that

often arise near the temporal bone. A recent study by Lips et al6

found that non-EPI DWI had superior sensitivity and specificity
for cholesteatoma detection if imaged on a 1.5T scanner rather
than 3T. These results stood in contrast to a prior report by
Lincot et al31 in which the authors found near-equal diagnostic
capabilities on 3T and 1.5T scanners. Like most prior studies, the
current study was performed using a 1.5T scanner. However, this
issue may be of further interest to future investigations.

This study has limitations shared by all retrospective analyses.
In addition, the number of included patients is relatively small
(n=23). Also, because both imaging sequences were completed
as part of the same examination, the neuroradiologists reviewing
the cases were not blinded to the results of other corresponding
images. Both reviewers were also aware that the cohort consisted
of only patients with surgically confirmed cholesteatomas,
thereby potentially introducing bias to the results. Similarly,
because all patients in the cohort had surgery-proved primary or
recurrent/residual cholesteatomas and the decision to operate
was influenced by the results of the second-look MR imaging, it
is possible that a selection bias influenced the results.
Furthermore, the lack of patients without cholesteatoma prevents
calculation of test specificity and negative predictive value.
Finally, both DWI sequences used in this study were vendor-spe-
cific, which may reduce the applicability of the results of this
study to the capabilities of all non-EPI and MS EPI DWI
techniques.

CONCLUSIONS
HASTE is superior to RESOLVE in the detection of both primary
and residual/recurrent cholesteatomas. The discrepancy between
sequences may be related to the greater relative intralesional sig-
nal intensity and size on HASTE images. Because cholesteatomas
appear smaller and less hyperintense on RESOLVE images, such
sequences are more likely to provide equivocal and sometimes
falsely negative results.
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BRIEF/TECHNICAL REPORT
HEAD & NECK

3D Cranial Nerve Imaging, a Novel MR Neurography
Technique Using Black-Blood STIR TSE with a Pseudo
Steady-State Sweep and Motion-Sensitized Driven

Equilibrium Pulse for the Visualization of the
Extraforaminal Cranial Nerve Branches

F. Van der Cruyssen, T.-M. Croonenborghs, R. Hermans, R. Jacobs, and J. Casselman

ABSTRACT

SUMMARY: This study investigated the feasibility of a 3D black-blood STIR TSE sequence with a pseudo steady-state sweep and
motion-sensitized driven equilibrium pulse for extraforaminal cranial nerve imaging on a 3T system. Assessments of healthy volun-
teers showed near-perfect agreement in nerve visualization with excellent to good visualization of the extraforaminal trigeminal,
greater occipital, and facial nerves. Suppression of surrounding tissues was excellent to good. 3D cranial nerve imaging can produce
nerve selective imaging of extraforaminal cranial and spinal nerve branches.

ABBREVIATIONS: 3D CRANI ¼ 3D cranial nerve imaging; PSS ¼ pseudo steady-state; MDSE ¼ motion-sensitized driven equilibrium

Being the largest cranial nerve, the trigeminal nerve—more spe-
cifically, its inferior alveolar and lingual branches—is frequently

damaged during dental, oral, and maxillofacial surgical procedures.1

Moreover, it can be subject to myriad disease entities such as inflam-
matory, infectious, neoplastic, and congenital pathology. MR imag-
ing has been widely applied to the visualization of cranial nerves.2

Intracranial trajectories such as nuclear and supranuclear, as well as
cisternal segments, can be well depicted on routine MR imaging
sequences. The cisternal segment is typically visualized using con-
structive interference in steady state and 3D heavily T2WI.3

However, visualization of the extracranial peripheral branches on
3D T2WI remains a challenge because of their small diameters, tor-
tuous courses, movement and susceptibility artifacts, and the pres-
ence of blood vessels in close proximity, which can all confound
nerve visualization.4 B1 and B0 inhomogeneities further lead to
poor fat suppression and low SNR, and the use of multiple echoes

to improve water and fat separation increases acquisition times con-
siderably, making patient compliance difficult. To address these
problems, we developed a novel black-blood 3D STIR TSE sequence
for extraforaminal cranial nerve imaging (3D CRANI) on a 3T sys-
tem and here describe its assessment.

Description of Technique
The 3D CRANI is a 3D TSE STIR black-blood sequence that uses
a pseudo steady-state (PSS) sweep in combination with a motion-
sensitized driven equilibrium (MSDE) pulse. We used STIR in
combination with MSDE to ensure that signals from fat, muscle,
and blood are suppressed uniformly across the field of view. The
PSS sweep is designed such that the signal is smoothly varying
during a long TSE shot to keep the signal strength approximately
constant. This means that the flip angle sweep is not calculated
based on specific tissue parameters (T1, T2). In this manner, it
helps us to reduce the T2 decay for a range of tissues, which
makes the sequence less sensitive to tissue dependencies. For the
PSS functionality, minimum, middle, and maximum angles need
to be defined, and 4 intermediate flip angles are used to asymp-
totically approach the minimum flip angle defined within the
sequence (Online Supplemental Data). After reaching the mini-
mum angle, nonlinear interpolation is used to calculate an opti-
mum sweep according to the PSS principle while trying to keep
the signal constant.5 The middle angle is defined at the specified
effective TE. After definition of the middle angle, the refocusing
angles are increased linearly to the maximum defined angle.
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Finally, compressed sensing is added to reduce the acquisition
time. The sequence was optimized by comparing it with existing
nerve-selective sequences until satisfactory and robust results
were obtained, with particular attention being paid to artifact
reduction (Online Supplemental Data).

MR Imaging Procedure
After optimization, 6 healthy volunteers (3 women and 3 men; aver-
age age, 32 years; range, 23–48years) were included in this study.
Imaging was performed on a 3T MR imaging system (Ingenia;
Philips Healthcare) equipped with a 32-channel head coil (Invivo)
without the use of any contrast agent. After acquisition of standard

T1WI, T2WI, and gradient-echo sequences, the CRANI sequence
was acquired using the following parameters: TR ¼ 2300ms, TE ¼
150 ms, FOV ¼ 200� 200� 100mm, section thickness ¼ 0.5mm,
act section gap = �0.45mm, matrix ¼ 224� 222, acquired voxel
size ¼ 0.9� 0.9� 0.9mm, reconstructed voxel size ¼ 0.5�
0.5� 0.45mm, section oversampling ¼ 1.5, compressed sense
reduction ¼ 5, and number of slices ¼ 200. TSE nerve STIR
included TSE factor ¼ 45 (startup echoes 2), number of
acquisitions ¼ 1, black-blood pulse ¼ MSDE (mode: nerve),
and acquisition time ¼ 5:17min.

Imaging Analysis
Three orthogonal planes, as well as a plane following the course
of the nerve trajectory using MPR and MIP, were reconstructed
using the Volume postprocessing package (Philips Healthcare).
MIP images with a thickness of 5mm and gap of �0.5mm (4.5-
mm overlap) allowed for the best demonstration of the selected
nerve trajectory. The images were analyzed by 2 fixed and inde-
pendent observers with expertise in cranial nerve imaging. First, a
training session was held to familiarize the observers with the
grading scales. Then, for the subsequent evaluations, the observ-
ers were blinded to each other’s scoring. Arterial, venous, and fat
suppression were graded on a 3-point Likert scale (0 ¼ unsup-
pressed and nondiagnostic; 1 ¼ moderately suppressed but diag-
nostic; 2 ¼ excellent suppression). A nerve scoring system using
a 5-point Likert scale (4¼ excellent; 3 ¼ good; 2 ¼ fair;1¼ poor;

0¼ none) was adopted from Fujii et al6

to evaluate the signal continuity of the
following nerves over a predetermined
trajectory. The evaluated trajectory of
the inferior alveolar (V3) and lingual
(V3) nerves starts at the oval foramen
and stops at the mental foramen and
the submandibular duct, respectively.
The facial nerve (VII) trajectory starts
in the labyrinthine portion in the tem-
poral bone and stops at the anterior
edge of the parotid. The greater occipi-
tal nerve (C2–C3) trajectory starts pos-
terior to the axis and stops before
piercing the trapezius muscle.6

Statistical Analysis
All statistical analyses were performed
using SPSS version 26.0 (IBM). Inter-
observer agreement on the Likert scales
was tested using weighted kappa statis-
tics with quadratic weights. A P value
less than .05 was considered statistically
significant.

RESULTS
There was a statistically significant near-
perfect agreement between the 2 observ-
ers, except in the visualization of the
extracranial portion of the facial nerve,
for which the agreement was still

Weighted kappa scores, confidence intervals, and P values for the
interobserver agreement for the observed variables

Parameter
Weighted

Kappa Score

95%
Confidence
Interval

P
Value

Arterial suppression 1 1–1 .014
Venous suppression 1 1–1 .014
Fat suppression 1 1–1 .014
Overall nerve
visualization

1 1–1 .014

Inferior alveolar nerve 1 1–1 .014
Lingual nerve 1 1–1 .014
Facial nerve 0.933 0.79–1.10 .020
Greater occipital nerve 1 1–1 .014

FIGURE. The evaluated cranial and spinal nerve branches acquired using the 3D CRANI sequence.
A, Lingual nerve (arrow) on MIP after MPR. B, Inferior alveolar nerve (arrow) after MIP MPR on a
coronal oblique reconstruction. C, Extraforaminal facial nerve (arrow) after sagittal oblique MIP
MPR, illustrating the intraparotid nerve course. D, Greater occipital nerve (arrow) extending
between the semispinalis muscles on MIP MPR.
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considered to be very good (independent observer scores are illus-
trated in the Online Supplemental Data). The strength of agreement
ranged from very good to excellent for all parameters (Table).
Venous suppression was evaluated as excellent except in 2 cases in
which it was considered “moderately suppressed.” These 2 cases also
had the lowest scores for the other variables observed. When the in-
dependent nerve scoring results were evaluated, the facial nerve had
the lowest scores. The visualizations of the trigeminal and greater
occipital nerve branches were rated as good to excellent. The Figure
illustrates the nerve-selective sequence with examples of the eval-
uated structures.

DISCUSSION
This technical note successfully demonstrates the use of 3D
CRANI, a modified black-blood STIR TSE sequence for nerve-
selective imaging of peripheral cranial and spinal nerve branches.
Diffusion-weighted prepulsing by MSDE for MR neurography
purposes was first described by Yoneyama et al7 and further dem-
onstrated for brachial plexus imaging by Klupp et al.8 This study is
innovative in the sense that an MSDE pulse was applied in combi-
nation with a PSS sweep to further optimize nerve-enhanced imag-
ing within clinically feasible acquisition times. The results from
our study indicate excellent interobserver agreement. Moreover,
the scoring of the images indicates moderate to excellent suppres-
sion of surrounding tissues. Chhabra et al9,10 published several
papers on cranial nerve imaging and advocate several sequences
for clinical evaluations, including a STIR TSE sequence when mag-
netic field inhomogeneities are expected.11,12 However, their main
imaging method for MR neurography involves diffusion-weighted
reversed fast imaging with steady-state free precession, which is
applied using gradient-echo imaging. In the past, gradient-echo
imaging was preferred because of its short acquisition times.
However, with new techniques such as those illustrated in this
study, STIR sequences with reasonable acquisition times, low arti-
fact susceptibility, and excellent fat suppression have become possi-
ble. The current limitations appear to be similar signal intensities
for nerve and (intraparotid) lymphoid tissue, unpredictable visual-
ization of nerves with a diameter less than 0.9mm, and imperfect
venous suppression of the pterygoid plexus. A future large pro-
spective study will be designed to validate this sequence in both
healthy and patient populations, comparing 3D CRANI with exist-
ing protocols.

CONCLUSIONS
3D CRANI can produce nerve-selective imaging of the trigemi-
nal, facial, and greater occipital extraforaminal nerve branches,
with excellent interobserver agreement and within clinically feasi-
ble acquisition times. Prospective studies are needed to further
evaluate and validate its clinical use.
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ORIGINAL RESEARCH
PEDIATRICS

Impact of Prematurity on the Tissue Properties of the
Neonatal Brain Stem: A Quantitative MR Approach

V. Schmidbauer, G. Dovjak, G. Geisl, M. Weber, M.C. Diogo, M.S. Yildirim, K. Goeral, K. Klebermass-Schrehof,
A. Berger, D. Prayer, and G. Kasprian

ABSTRACT

BACKGROUND AND PURPOSE: Preterm birth interferes with regular brain development. The aim of this study was to investigate
the impact of prematurity on the physical tissue properties of the neonatal brain stem using a quantitative MR imaging approach.

MATERIALS AND METHODS: A total of 55 neonates (extremely preterm [n¼ 30]: ,281 0weeks gestational age; preterm [n¼ 10]:
281 0–361 6 weeks gestational age; term [n¼ 15]: $371 0 weeks gestational age) were included in this retrospective study. In
most cases, imaging was performed at approximately term-equivalent age using a standard MR protocol. MR data postprocessing
software SyMRI was used to perform multidynamic multiecho sequence (acquisition time: 5minutes, 24 seconds)–based MR post-
processing to determine T1 relaxation time, T2 relaxation time, and proton density. Mixed-model ANCOVA (covariate: gestational
age at MR imaging) and the post hoc Bonferroni test were used to compare the groups.

RESULTS: There were significant differences between premature and term infants for T1 relaxation time (midbrain: P, .001; pons:
P, .001; basis pontis: P¼ .005; tegmentum pontis: P, .001; medulla oblongata: P, .001), T2 relaxation time (midbrain: P, .001; teg-
mentum pontis: P, .001), and proton density (tegmentum pontis: P¼ .004). The post hoc Bonferroni test revealed that T1 relaxation
time/T2 relaxation time in the midbrain differed significantly between extremely preterm and preterm (T1 relaxation time: P, .001/
T2 relaxation time: P¼ .02), extremely preterm and term (T1 relaxation time/T2 relaxation time: P, .001), and preterm and term
infants (T1 relaxation time: P, .001/T2 relaxation time: P¼ .006).

CONCLUSIONS:Quantitative MR parameters allow preterm and term neonates to be differentiated. T1 and T2 relaxation time met-
rics of the midbrain allow differentiation between the different stages of prematurity. SyMRI allows for a quantitative assessment
of incomplete brain maturation by providing tissue-specific properties while not exceeding a clinically acceptable imaging time.

ABBREVIATIONS: GA ¼ gestational age; PD ¼ proton density; T1R ¼ T1 relaxation time; T2R ¼ T2 relaxation time; MDME ¼ multidynamic multiecho; ICC ¼
intraclass correlation coefficient

The myelination process begins in the fetal period and pro-
ceeds in a stepwise manner.1,2 Brain maturation progresses

caudally to rostrally following a characteristic pattern.3 Hence,
histologically, the maximum myelin deposition is detectable in
the spinal cord and the brain stem at the time of birth.1,3

Based on the biochecture of the myelin sheath, neonatal brain
development can be evaluated by MR imaging.4,5 Thus,

myelination visualized on conventional T1-weighted and T2-
weighted MR contrasts serves as an imaging biomarker for the
assessment of brain maturation in neonates.6

Prematurity is associated with delayed myelination, which is
considered a risk factor for impaired neurologic and cognitive de-
velopment.7,8 Furthermore, there is a correlation between gesta-
tional age (GA) at birth and developmental outcome, with lower
GA associated with a higher risk for more severe cognitive impair-
ment.9,10 Therefore, the assessment of myelination is paramount,
primarily in preterm born neonates, to predict potential mental and
neurologic impairment. Despite being a highly sensitive tool for the
detection of subtle cerebral pathologies in premature infants, the
evaluation of myelination by brain MR imaging in this group of
patients remains challenging in pediatric neuroimaging.11-13

Quantitative MR techniques enable the characterization of
cerebral development and brain maturation based on tissue-
specific relaxation parameters and proton density (PD).14-16
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Quantitative T1 and T2 mapping have proved beneficial when
assessing neonatal brain myelination qualitatively.6,17 However,
quantitative MR data acquisition is a highly time-consuming pro-
cess, even with modern methods and therefore is not applicable
in the clinical routine.15,17

By acquiring a single multidynamic multiecho (MDME)
sequence (acquisition time: 5minutes, 24 seconds), the MR data
postprocessing software SyMRI (Synthetic MR; version 11.1.5)
generates a variety of conventional MR contrasts and quantitative
MR maps.18-20 Based on a single sequence, intrinsic physical pa-
rameters of the examined tissue, such as T1 relaxation time
(T1R), T2 relaxation time (T2R), and PD, can be determined.20

The software allows definition of TR, TE, and TI after data acqui-
sition to generate and to modulate the preferred MR contrasts.
Because the image postprocessing is performed in less than 1 mi-
nute, SyMRI provides qualitative as well as quantitative MR data
in a clinically acceptable time.21-23

In neonates, the process of myelination leads to subtle MR sig-
nal changes because of alterations in relaxation parameters and
spin density, detectable by quantitative MR techniques. The aim
of this study was to investigate the impact of different stages of
prematurity on the maturational characteristics of the neonatal
brain stem, as measured by SyMRI-based T1, T2, and PD map-
ping. The study was designed to prove that certain stages of pre-
maturity are linked to specific quantitative MR metrics.

MATERIALS AND METHODS
Ethical Approval
The protocol of this study was approved by the local ethics com-
mission and performed in accordance with the Declaration of
Helsinki.

Study Cohort
Between June 2017 and August 2019, a total of 90 preterm and
term-born neonates were examined at the neuroradiology depart-
ment of a tertiary care hospital. All participants included in this
study were referred for neonatal brain MR imaging by the
Departments of Pediatrics and Adolescent Medicine, Neonatology,
Pediatric Intensive Care, and Neuropediatrics. Indications for MR
imaging included extremely preterm birth (GA: ,281 0 weeks),
clinical diagnosis of hypoxic-ischemic encephalopathy, intraven-
tricular hemorrhage, and suspicion of cerebral infarction. Whereas
premature infants were studied at approximately term-equivalent
age in most cases, term-born neonates were examined between 2
and 48days postpartum. Table 1 gives an overview of the clinical
characteristics and demographic information of included neonates.
All infants with proved or suspected pathology of the brain stem
were excluded from the study.

Data Acquisition, MDME Sequence, and Postprocessing
To prevent motion artifacts, neonates were either fed or
slightly sedated (chloral hydrate [30–50mg/kg] or chloral
hydrate [30mg/kg] combined with midazolam [0.1mg/kg])
30minutes before MR imaging and positioned on a vacuum
mattress. All neonates included in this study were subjected to
a standard neonatal MR protocol (T1 spin-echo sequence
[axial plane], T2 TSE sequence [3 orthogonal planes], DWI
sequence, SWI sequence, T1 3D sequence) on an Ingenia 1.5 T
MR system (Philips Healthcare). To obtain quantitative MR
data, an MDME sequence (axial plane) was acquired using 2
repeated acquisition phases.21,24 One slice was saturated by
the application of a slice-selective saturation pulse (flip angle:
120°) (first phase). A series of spin echoes was generated for
another slice by the application of slice-selective excitation

Table 1: Clinical characteristics and demographics

Neonates: n= 55
Extremely Preterm Birth
(<28+ 0 weeks GA):

n= 30

Preterm Birth
(28+ 0–36+ 6 weeks GA):

n= 10

Term Born
(‡37+ 0 weeks GA):

n= 15
Clinical characteristics
Male/female 10/20 5/5 6/9
GA at birtha M¼ 251 5, SD¼ 11 4;

R¼ 231 0–271 6
M¼ 321 4, SD¼ 31 1;
R¼ 281 0–361 3

M¼ 391 5, SD¼ 01 6;
R¼ 371 6–401 5

GA at MR imaginga M¼ 381 2, SD¼ 21 0;
R¼ 351 1–431 4

M¼ 391 0, SD¼ 61 1;
R¼ 331 4–541 5

M¼ 411 5, SD¼ 21 1;
R¼ 391 0–451 3

Clinical diagnosis
Without pathologic findingsb n¼ 15 n¼ 4 n¼ 5
Hemorrhageb,c n¼ 10d n¼ 3e n¼ 3f

Cystic PVLb n¼ 2
Expired infarctionb n¼ 1 n¼ 1 n¼ 1
Blake pouchb n¼ 1
Venous vessel malformationb n¼ 1 n¼ 1
Intraventricular arachnoid cystb n¼ 1
HIEb n¼ 4
Cephalohematomab n¼ 1
Hygromab n¼ 1

Note:—HIE indicates hypoxic-ischemic encephalopathy; PVL, periventricular leukomalacia.
a Data represented as mean (M), standard deviation (SD), and range (R).
b Data represented as total number.
c Including hyperacute, acute, subacute, and chronic intraventricular, cortical, subcortical, parenchymal, subarachnoid, and subdural hemorrhage.
d Grade III/IV intracranial hemorrhage (according to Deeg et al43) in 1 of 10.
e Grade III/IV intracranial hemorrhage (according to Deeg et al43) in 2 of 3.
f Grade III/IV intracranial hemorrhage (according to Deeg et al43) in 1 of 3.

582 Schmidbauer Mar 2021 www.ajnr.org



pulses (flip angle: 90°) and slice-selective refocusing pulses (flip
angle: 180°) (second phase).20,21,24 A matrix with a variety of
effects of T1 and T2 relaxation rates was acquired based on the
mismatch between the image slice and the saturated slice.21,24

Transverse and longitudinal relaxation parameters were estimated
using echo trains, characterized by different saturation
delays.20,21,24 The local radiofrequency field (B1) was calculated
based on the ascertained T1 relaxation constants.21 T1 and T2
relaxation parameters, as well as B1, allowed the PD to be esti-
mated.20 SyMRI was used to perform MDME sequence-based
image data postprocessing to generate quantitative MR maps
(axial plane). Technical features of the individual sequences are
shown in the Online Supplementary Data.

Determination of Physical Properties
Five ROIs were defined to quantify T1R (ms), T2R (ms), and PD
(%) of the neonatal brain stem: midbrain, pons (basis pontis and teg-
mentum pontis included), basis pontis (tegmentum pontis
excluded), tegmentum pontis (basis pontis excluded), and medulla
oblongata. Details regarding ROI placement are shown in Fig 1. The
software calculates the average values of all relevant physical pa-
rameters based on relaxation time and PD detected in each
voxel within the corresponding ROI. ROI placement was per-
formed manually by 2 independent raters with at least 2 years
of experience with neonatal MR imaging. Both investigators
were blinded to GA at birth and age at MR imaging. During
ROI placement, rater 1 performed a visual review of the MR
image data. Participants were excluded from the study if
incorrect measurements of the physical parameters had to be
assumed on the basis of the visual assessment, for instance,
because of the presence of distinct motion artifacts. Thus,
data exclusion was performed before ROI placement in all
excluded cases.

Statistical Analyses
Participants were divided into 3 groups for comparison: extremely
preterm (GA: ,281 0 weeks), preterm (GA: 281 0–361 6
weeks), and term infants (GA:$371 0 weeks).9 Statistical analyses
were performed using SPSS Statistics for Macintosh, version 25.0
(IBM, 2017) at a significance level of a ¼ 5% (P, .05). Graphs
were created using the statistics software R, version 3.6.3 (https://
www.r-project.org). An intraclass correlation coefficient (ICC) was
calculated for each ROI to detect concordances of the measurements
of both raters. ICC values $0.75 were considered to represent a
strong correlation.25 A Pearson correlation analysis was performed
to assess correlations between GA at birth and the physical parame-
ters determined in each ROI. ANCOVA (covariate: GA at MR
imaging) and the post hoc Bonferroni test were applied to detect sta-
tistical differences in T1R, T2R, and PD between the groups. The
reported results are based on data determined by rater 1.

RESULTS
Applicability of SyMRI for the Determination of the
Physical Tissue Properties
A total of 55/90 (61.1%) neonates were enrolled in this retrospec-
tive study, including 30 extremely preterm (mean GA at birth:
251 5 weeks [SD¼ 11 4]), 10 preterm (mean GA at birth:

321 4 weeks [SD¼ 31 1]), and 15 term infants (mean GA at
birth: 391 5 weeks [SD¼ 01 6]). In 35/90 (38.9%) cases, the
applicability of SyMRI for the determination of T1R, T2R, and
PD was not possible. In 23/35 participants, image quality was
highly degraded because of motion artifacts; 6/35 neonates were
excluded because of abnormal findings of the brain stem (superfi-
cial siderosis [n¼ 1], hypoxic tissue alterations of the pons
[n¼ 1], dysplasia of the brain stem [n¼ 2], suspected AVM of
the midbrain [n¼ 1], aqueductal stenosis [n¼ 1]); 1/35 partici-
pants was excluded because of neonatal hyperbilirubinemia,
which is thought to interfere with brain stem functions and cog-
nitive development26,27; and 5/35 infants were excluded because
of lack of clinical information.

FIG 1. ROI placement is shown on an SyMRI-generated T1-weighted
MR image (TR/TE¼ 650/10ms) of a term-born neonate (GA: 401 1
weeks). A, Midbrain. B.i, Pons (basis pontis and tegmentum pontis
included). B.ii, Basis pontis (tegmentum pontis excluded). B.iii,
Tegmentum pontis (basis pontis excluded). C,Medulla oblongata.
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Interrater Statistics
The ICC analysis revealed a high degree of concordance between
the T1R, T2R, and PD determined by both raters. For T1R: mid-
brain, 0.954 (CI: 0.921–0.973, P, .001); pons, 0.909 (CI: 0.585–
0.966, P, .001); basis pontis, 0.965 (CI: 0.936–0.980, P, .001);
tegmentum pontis, 0.895 (CI: 0.761–0.947, P, .001); and me-
dulla oblongata, 0.975 (CI: 0.740–0.992, P, .001).

For T2R: midbrain, 0.925 (CI: 0.871–0.956, P, .001); pons,
0.848 (CI: 0.389–0.941, P, .001); basis pontis, 0.883 (CI: 0.743–
0.940, P, .001); tegmentum pontis, 0.836 (CI: 0.666–0.913,
P, .001); and medulla oblongata, 0.954 (CI: 0.760–0.983,
P, .001).

For PD: midbrain, 0.832 (CI: 0.712–0.902, P, .001); pons,
0.908 (CI: 0.839–0.947, P, .001); basis pontis, 0.847 (CI: 0.563–
0.931, P, .001); tegmentum pontis, 0.817 (CI: 0.686–0.893,
P, .001); and medulla oblongata, 0.850 (CI: 0.743–0.912,
P, .001).

Pearson Correlation Analysis
Negative correlations were observed between GA at birth and the
T1R (determined in the midbrain [r¼�0.852, P, .001], pons
[r¼�0.669, P, .001], basis pontis [r¼�0.550, P, .001], teg-
mentum pontis [r¼�0.790, P, .001], and medulla oblongata
[r¼�0.742, P, .001]), T2R (determined in the midbrain [r ¼
�0.718, P, .001], pons [r¼�0.366, P¼ .006], basis pontis
[r¼�0.277, P¼ .041], tegmentum pontis [r¼�0.568, P, .001],
and medulla oblongata [r¼�0.414, P¼ .002]), and PD (deter-
mined in the pons [r¼�0.275, P¼ .042] and the tegmentum
pontis [r¼�0.457, P, .001]) (Fig 2).

No correlations were found between GA at birth and the PD
determined in the midbrain (r¼ 0.062, P¼ .651), basis pontis
(r¼�0.255, P¼ .06), and medulla oblongata (r¼�0.163,
P¼ .233) (Fig 2).

Differences in the Physical Tissue Properties Between the
Groups
ANCOVA revealed significant differences in T1R/T2R for the
midbrain (T1R/T2R: P, .001), pons (T1R: P, .001), basis pontis
(T1R: P¼ .005), tegmentum pontis (T1R/T2R: P, .001), and
medulla oblongata (T1R: P, .001) between the groups. There
were also significant differences in PD for the tegmentum pontis
(P¼ .004) between the groups (Fig 3).

Although ANCOVA revealed significant results (P¼ .044),
the post-hoc Bonferroni test did not detect significant differences
in T2R for the medulla oblongata between the groups (P . .05).
Based on T2R of the pons (P¼ .293) and basis pontis (P¼ .584),
according to the corrections above and PD of the midbrain
(P¼ .431), pons (P¼ .442), basis pontis (P¼ .472), and medulla
oblongata (P¼ .384), no significant differences were found
between the groups (Fig 3). Post hoc results are shown in Table 2.

DISCUSSION
In this study, the impact of prematurity on the tissue properties
of the neonatal brain stem, determined at term-equivalent age,
was investigated using the MR data postprocessing software
SyMRI. Considerable correlations were observed between GA at
birth and T1R/T2R, characterized by lower GA, which was

associated with longer T1R/T2R and vice versa. In most cases, the
physical properties of premature (GA: ,371 0 weeks) and term
infants differed significantly. Moreover, T1R/T2R determined in
the midbrain enabled a reliable differentiation between extremely
preterm, preterm, and term neonates. Overall, PD values showed
the lowest correlations with GA at birth. Based on the data pre-
sented here, SyMRI, using quantitative MR parameters, can ena-
ble the characterization of cerebral development in different
stages of prematurity and in term-born infants.

According to descriptions in the literature, myelination proc-
esses primarily lead to changes in T1R, T2R, and PD.14,15 These
alterations affect the appearance of white matter on MR contrasts
and allow brain maturation to be assessed qualitatively.1,5

However, based on the visual evaluation of conventional sequen-
ces, myelin-induced MR signal differences in preterm and term
infants may be subtle and remain undetected in many cases.6 In
addition, currently, techniques for the quantification of incom-
plete myelination are scarce. As described by Yakovlev and
Lecours,28 the human brain stem already contains a multitude of
myelinated fibers at the time of birth compared with other brain
areas. Hence, the physical properties of this region best reflect the
current stage of brain maturity.

In this study, the strongest correlations were observed between
T1R and GA at birth. It is hypothesized that T1 shortening already
occurs at stages of “premyelination” due to interactions between
water molecules and isolated myelin components, such as choles-
terol and glycolipids.29-31 This might explain the fact that T1R of
the midbrain enabled a reliable discrimination between different
stages of prematurity. Nonetheless, T1 shortening of other areas of
the brain stem did not reveal similar results, though significant dif-
ferences between premature and term infants were observed. As
described in previous studies, iron deposition also affects the T1R
and leads to specific MR signal changes during cerebral develop-
ment.32,33 Thus, more pronounced T1 shortening in the mesen-
cephalon, caused by the initial accumulation of iron components
in the red nucleus, seems credible and could explain these find-
ings.32 In addition, melanin shows biochemical interactions with
ferric iron.32,33 However, it has been suggested that iron bound to
the substantia nigra and other brain stem nuclei that contain mela-
nin do not affect relaxation parameters before the 10th month of
life.33

Furthermore, T2R of the midbrain revealed significant differ-
ences between extremely preterm, preterm, and term neonates.
T2 shortening is initiated by tightening of fully developed myelin
sheaths, which becomes most evident in advanced states of brain
maturation.29-31 In extremely preterm infants, myelination is al-
ready detectable in the midbrain.1 Predominantly, the superior
cerebellar peduncles and their decussation show an advanced
maturation at this stage.1,28 Between 301 0–361 0 weeks GA,
the myelin amount increases, which is detectable histologically.1

However, myelin-related changes are hardly detected during this
period using a qualitative MR imaging approach.1 Our data indi-
cate that quantitative MR metrics allow for the discrimination
between different stages of prematurity on the basis of T2 short-
ening, whereas these subtle changes may not be detected visu-
ally.1 Based on T2R of the pontine tegmentum, differences
between preterm and term neonates were observed. In contrast

584 Schmidbauer Mar 2021 www.ajnr.org



to other regions of the developing brain, myelin deposition is not
detectable before 32weeks GA in this part of the brain stem.1,28

Myelination progresses rapidly in this region and corroborates

that T2 shortening is related to advanced states of brain matu-
rity.1,29-31 However, no significant differences were found on the
basis of T2R of the medulla oblongata. This region shows

FIG 2. Pearson correlation between GA (weeks) at birth (x-axis) and physical MR parameters (y-axis) determined at term-equivalent age by rater
1. Left column: T1R (A–E). Middle column: T2R (F–J). Right column: PD (K–O).
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FIG 3. The boxplots show descriptive data for quantitative MR parameters (y-axis) of (1) neonates born ,281 0 weeks GA, (2) neonates born
between 281 0–361 6 weeks GA, and (3) neonates born$371 0weeks GA (x-axis) determined at term-equivalent age by rater 1. Left column:
T1R (A–E). Middle column: T2R (F–J). Right column: PD (K–O).
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considerable myelination even before 30weeks GA.1 Hence, the
effect of T2 shortening on the differences between the groups
may be limited. Compared with T2R, T1R indicated maturation
differences more clearly. These results are consistent with the lit-
erature and may be attributed to the immediate response of T1
parameters to subtle maturation processes.4,29-31

Compared with T1R and T2R, PD indicated neonatal brain
maturity less clearly. PD values refer to the concentration of water
protons and may indicate the content of water in the investigated
tissue.34 There is evidence that immature or demyelinated brain
tissue contains higher proportions of water, which leads to
increased PD values.14,21,35 As demonstrated by Lee et al,14 PD
decreases in most brain areas during regular development.
However, as opposed to T1 and T2 shortening, changes in PD
occur considerably later and more slowly.14 This could explain
the fact that no correlations between PD and GA at birth were
observed in most areas of the neonatal brain stem. Nonetheless,
significant results were found in the pons, particularly in the pon-
tine tegmentum. PD determined in the tegmentum pontis
revealed significant differences between preterm and term neo-
nates. These data might confirm that maturity-related PD
changes appear in a similar manner as T1R/T2R but more
slowly.14 Interestingly, compared with preterm neonates, higher
PD values were detected in the midbrains of term infants. These
nonsignificant observations may be attributed to the impact of
the cerebral aqueduct on PD determined in the mesencephalon.
There is evidence that the size of the aquaeductus mesence-
phali increases in the course of development, which might
lead to higher PD values because of higher H2O compo-
nents.36 However, descriptions are rare with regard to the

proportions of the ventricular system in mature and former
premature infants.

As demonstrated in a previous study, delayed myelination is
detectable in preterm neonates at the regular, expected due date.6

The data presented in this study are in line with descriptions in
the literature.6 The specific novelty presented in this study is the
fact that distinct maturational differences between different stages
of prematurity can be identified noninvasively by novel MR ac-
quisition strategies.

Prematurity leads to structural alterations of infratentorial
regions.37 Furthermore, extremely preterm delivery is associated
with disturbances in brain stem functions.38 As described by
Antinmaa et al,39 impairment of the auditory pathway is highly
associated with poor future verbal abilities in former preterm
infants. Thus, preterm birth interferes with regular brain stem de-
velopment and plays an important role in the pathogenesis of
neurologic and psychiatric disorders.37,39,40 SyMRI enables brain
maturation to be quantified and therefore allows for a more pre-
cise assessment of the neonatal brain stem at early stages of devel-
opment. Quantitative MR metrics represent novel, clinically
feasible diagnostic tools, enabling a more differentiated assess-
ment of functionally important maturational stages in neonatal
brain development. This opens further perspectives in pediatric
brain imaging and may help physicians to predict neurodevelop-
mental disabilities in later life. However, this was outside the
scope of the present study and should be the subject of future
investigations.

This study has several limitations. The sample size was small
and included pathologic cases that made the data provided inap-
propriate as reference data. Nonetheless, this technique bears the

Table 2: Bonferroni post hoc test results

ROI Group vs Group Significance

Differences: Mean vs Meana

Absoluteb Relative (%)c

Midbrain T1 relaxation time (ms) Extremely preterm Preterm P, .001 84.4 6.3
Term born P, .001 182.1 13.7

Preterm Term born P, .001 97.7 7.8
Pons T1 relaxation time (ms) Extremely preterm Preterm P¼ .241 43.7 3

Term born P, .001 124.1 8.7
Preterm Term born P¼ .02 80.4 5.8

Basis pontis T1 relaxation time (ms) Extremely preterm Preterm P¼ 1 27.9 1.8
Term born P¼ .004 97.9 6.5

Preterm Term born P¼ .147 70 4.7
Tegmentum pontis T1 relaxation time (ms) Extremely preterm Preterm P¼ .051 54.7 4.2

Term born P, .001 181.4 13.8
Preterm Term born P, .001 126.7 10.1

Medulla oblongata T1 relaxation time (ms) Extremely preterm Preterm P¼ .334 24.5 2
Term born P, .001 130.9 10.6

Preterm Term born P, .001 106.4 8.8
Midbrain T2 relaxation time (ms) Extremely preterm Preterm P¼ .02 4.3 3.1

Term born P, .001 10.2 7.3
Preterm Term born P¼ .006 5.9 4.4

Tegmentum pontis T2 relaxation time (ms) Extremely preterm Preterm P¼ 1 1.1 0.8
Term born P, .001 8.4 6.3

Preterm Term born P¼ .009 7.3 5.5
Tegmentum pontis PD (%) Extremely preterm Preterm P¼ 1 0.1 0.1

Term born P¼ .004 1 1.2
Preterm Term born P¼ .026 0.9 1

a Difference in means between the compared groups.
b Absolute difference in means.
c Relative difference in means.
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potential to make quantitative MR baseline data available for the
assessment of brain maturity in preterm and term neonates. At
the date of the MR imaging examination, term-born infants were
relatively older than those born prematurely. Hence, statistical
methods were used that allow for correction of the effect of GA at
MR imaging on the data presented. The physical properties of su-
pratentorial regions, such as the posterior limb of the internal
capsule, which is considered highly myelinated by the regular due
date, were not determined.28 This is attributed to the possibility
of incorrect determination of T1R, T2R, and PD in participants
with telencephalic brain damage. To determine brain maturity–
related physical tissue properties unadulterated, participants
without abnormal supratentorial findings should be investigated,
which was not the case in the presented study cohort. However,
the quantifiability of supratentorial brain maturity is an impor-
tant topic and should be investigated in future studies. Finally,
DWI and DTI have been demonstrated to be MR techniques that
are sensitive enough to quantify the process of “premyelina-
tion.”41,42 An assessment of the relationship between DTI metrics
and the mapping technique presented here was outside the scope
of this work and should be further addressed in the future.

CONCLUSIONS
In summary, our data indicate that quantitative MR parameters
determined at term-equivalent age enable the differentiation of
preterm and term neonates. In addition, the method enables the
distinction of different stages of prematurity. It can be concluded
that SyMRI allows for a quantitative assessment of neonatal brain
maturation by providing tissue-specific properties while not
exceeding a clinically acceptable imaging time.
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Neuroradiologic Phenotyping of Galactosemia: From the
Neonatal Form to the Chronic Stage
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A.J. da Rocha, P. Hanagandi, M. Soldatelli, K. Mankad, and L.L.F. do Amaral

ABSTRACT

SUMMARY: Galactosemia is a rare genetic condition caused by mutation of enzymes involved in galactose and glucose metabolism.
The varying clinical spectrum reflects the genetic complexity of this entity manifesting as acute neonatal toxicity syndrome, requir-
ing prompt diagnosis and treatment, to more insidious clinical scenarios as observed in the subacute and chronic presentations.
The current literature predominantly focuses on the long-standing sequelae of this disease. The purpose of this multicenter clinical
report comprising 17 patients with galactosemia is to highlight the MR imaging patterns encompassing the whole spectrum of galac-
tosemia, emphasizing the 3 main clinical subtypes: 1) acute neonatal presentation, with predominant white matter edema; 2) suba-
cute clinical onset with a new finding called the “double cap sign”; and 3) a chronic phase of the disease with heterogeneous
imaging findings. The knowledge of these different patterns together with MR spectroscopy and the clinical presentation may help
in prioritizing galactosemia over other neonatal metabolic diseases and prevent possible complications.

Lactose is the primary source of carbohydrates in neonates.
The metabolism and sustaining energy supplementation

are pivotal and are channeled through the Leloir pathway.
Lactose is catabolized to galactose and glucose and eventually
into uridine diphosphate galactose–galactose and uridine diphos-
phate galactose–glucose. Reduction of enzymatic activity results
in an inborn error of metabolism manifesting as galactose-
mia. Deficiency of galactose-1-phosphate uridyltransferase is
associated with the classic galactosemia phenotype or type I
galactosemia (Online Mendelian Inheritance in Man, No.
230400; omim.org), an inherited autosomal recessive disor-
der caused by mutation of the galactose-1-phosphate uridyl-
transferase–encoding GALT gene on chromosome 9p13.3,
with an estimated incidence of 1/30,000.1 Genetic mutations
in the Leloir pathway involving galactokinase and uridine

diphosphate galactose 4-epimerase cause type II and III gal-
actosemia, respectively. The latter variants are rarer than
classic galactosemia and manifest with insidious onset and a
mild clinical course.2

The variable clinical outcome in type I galactosemia and
disease severity is attributable to the polymorphic nature and
molecular heterogeneity of galactose-1-phosphate uridyltrans-
ferase.3 Estimating erythrocyte activity of galactose-1-phos-
phate uridyltransferase remains the criterion standard tech-
nique in diagnosing classic galactosemia (type I), whereas
galactokinase (type II) or the uridine diphosphate galactose
4-epimerase mutation (type III) enzymatic activity are meas-
ured in white blood cells.4,5

Galactosemia is an extremely complex disorder whose clinical
spectrum depends on the interaction between genetic (ie, the re-
sidual activity of the affected enzyme) and environmental factors.
Therefore, symptoms may vary from an acute and lethal presen-
tation, frequently observed in the neonatal period, to more suba-
cute or chronic forms whose pathogenesis has not been well-
elucidated.3 Similarly, the diversity is also reflected in imaging
features.

The chronic stage of the disease has been well-cited in the lit-
erature, whereas the data on acute neonatal presentation are lim-
ited to case reports.6,7 We intend to present a case series of 17
patients showcasing the divergent imaging patterns, ranging
from the emergent neonatal toxicity syndrome, including its
complications and sequelae, to the subacute presentations in
young children and the more subtle alterations encountered in
the chronic juvenile stage.
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Case Series
Local institutional review board approval was obtained to analyze the
clinical and laboratory records and imaging information of con-
firmed cases (Great Ormond Street Hospital, London, UK; Bambino
Ges�u Children’s Hospital, Rome, Italy; Hospital de Santa Casa de
Misericórdia de São Paulo, São Paulo, Brazil). Clinical medical
records from 17 patients (15 males and 2 girls; age range, 13days to
14years) from 3 pediatric hospitals were retrospectively reviewed.

All MR images were obtained on a 1.5 or a 3T scanner, which
included sagittal and axial T1 spin-echo, axial and coronal T2-
weighted, axial DWI, and axial or coronal FLAIR sequences. MR
spectroscopy was also acquired in 7 patients with a single-voxel
technique (TE = 35ms).

Clinical and MR Imaging Findings at Presentation
Demographic, clinical, and imaging findings of the 17 patients
are summarized in the Online Supplemental Data.

Acute Presentation. Three patients (patients 3, 7, 10) initially
presented at 13–25days of life with macrocephaly and acute
symptoms like vomiting, hypotonia, lethargy, jaundice, and vari-
able severity of liver dysfunction. Patient 7 at day 12 of life devel-
oped septic shock with disseminated intravascular coagulation,
and blood cultures were positive for Escherichia coli infection.

MR imaging demonstrated diffuse brain edema. Diffusion-
restriction abnormality involving the temporo-occipital cortex
(patient 3) and diffuse involvement of the deep white matter
and corpus callosum (patient 7) were noted on the DWI
sequence. Single-voxel MR spectroscopy was performed
(patients 3 and 10) in the ROI and demonstrated the presence
of an abnormal doublet peak at 3.67–3.74 ppm, representing
galactitol (Fig 1).7

Subacute Presentation. Five patients (patients 1, 2, 15, 16, 17)
presented between 7 and 18months of age with a subacute

FIG 1. Acute toxicity syndrome in 3 cases of galactosemia. Upper row: MR imaging in a 13-day-old male infant (patient 3) with acute liver failure
demonstrates diffuse white matter edema with the cystic appearance of the anterior temporal poles on a sagittal T2-weighted image (left column,
arrow) and cytotoxic edema in the temporo-occipital cortex and thalami on the axial DWI and ADC maps (middle and right columns). Middle
row: MR imaging in a 17-day-old male infant (patient 7) with profound hypotonia and sepsis showing diffuse white matter edema on T2-weighted
image (left column) and diffuse cytotoxic edema on DWI and ADC maps (middle and right column). Lower row: MR imaging in a 25-day-old male
infant (patient 10) with lethargy and vomiting shows diffuse white matter edema on axial and sagittal T2-weighted images (left and middle column)
and an abnormal galactitol peak at 3.7 ppm on MR spectroscopy with a short TE of 35ms (right column, arrow). Pt indicates patient.
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clinical onset characterized by psychomotor retardation, de-
velopmental delay, cataracts, macrocephaly, hepatospleno-
megaly, renal tubulopathy (patients 1 and 2), and seizures
(patient 17).

In these patients, MR imaging showed diffuse white matter
edema associated with thinning of the corpus callosum (according
to the biometric values proposed by Garel et al8). A bean-
shaped dark line was clearly observed on T2-weighted images
with a central area of hyperintensity around the frontal horns
of the lateral ventricles demonstrating a “double cap sign”
appearance. This was better appreciated on FLAIR sequences
in which the central area showed a hypointense signal. Additionally,
cystlike lesions in the bilateral anterior temporal poles were
observed. Single-voxel MR spectroscopy in the abnormal white
matter was performed in 4/5 patients and revealed an abnor-
mal doublet peak at 3.67–3.74 ppm, confirming the accumula-
tion of galactitol (Fig 2). The thalami and anterior portions of
the striatum were also symmetrically involved in patients 1
and 2 (Fig 3).

Chronic Presentation. In the remaining 9 patients, MR imaging
was performed later in life (between 2.11 and 14 years) during
a galactose-free diet, and the clinical condition was character-
ized by varying degrees of intellectual disability associated
with autism spectrum disorder (patient 6), dystonia (patient 5),
and acute symptoms, including vomiting and seizures (patient 4).
MR imaging demonstrated variable findings including the fol-
lowing: 1) in patients 4 and 13, the presence of multiple patchy
areas of T2 hyperintensity in the supratentorial white matter;
2) delayed myelination with variable thinning of corpus

callosum (patients 8, 9, 11, and 14); and 3) the absence of rel-
evant imaging findings (patients 6 and 12). Patient 5, with
severe dystonia, demonstrated symmetric T2 hyperintensity
in the globus pallidus without significant alterations in the
rest of the brain.

Clinical/Imaging Follow-Up
Clinical follow-up was available in 6 patients (patients 3, 4, 5, 7, 8,
15) at different ages (Online Supplemental Data). All of them
demonstrated cognitive impairment. MR imaging was available
at clinical follow-up in 5 patients with variable findings.

Patient 3 was reassessed at 2 years of age and had a language
delay. Patient 4 at 13 years of age had mild cognitive impairment
(learning difficulties), left-side weakness, ovarian failure, osteope-
nia, and epilepsy. MR imaging demonstrated persistence of a
peritrigonal and subcortical white matter signal abnormality
associated with mild cerebellar atrophy (Fig 4A, -B).

In patient 5, there was progressive worsening of dystonia, and
male infant died at 11 years of age following severe respiratory
failure due to bronchopneumonia.

Patient 7 at 5 years of age had microcephaly, motor stereo-
typies, self-injury behavior, spastic tetraparesis, and language
paucity. MR imaging demonstrated the presence of cystic
encephalomalacic changes in the bilateral parieto-occipital
regions, significant reduction of white matter bulk resulting
in thinning of the corpus callosum, and cystic changes in the
periventricular frontal white matter (Fig 4C, -D).

Patient 8 at 7 years of age had a mild global developmental
delay, and MR imaging confirmed persistent delayed myelination
(Fig 4E, -F).

FIG 2. Subacute presentation. MR imaging of patient 15 at 8months of age (A–E) demonstrates the presence of diffuse white matter edema on
an axial T2-weighted image (A) associated with the double cap sign, best appreciated on T2 and axial FLAIR images (A and B, arrows). Sagittal T1-
weighted image shows the presence of cystlike lesions of the temporal poles (C, arrow) and thinning of the corpus callosum (D, arrow). Single-
voxel MR spectroscopy with a short TE of 35ms demonstrates the presence of a doublet peak at 3.6–3.74 ppm, corresponding to galactitol (E,
arrow). Follow-up MR imaging performed at 2 years of age (F–J) shows complete resolution of white matter edema on axial T2-weighted
sequences (F); the double cap sign and temporal lobe cysts, respectively, on axial (G) and sagittal FLAIR (H), with the presence of patchy altera-
tions in the periventricular white matter, especially in the frontal lobes (G and H, arrows); and thinning of the corpus callosum on sagittal T1-
weighted image (I, arrow). MR spectroscopy demonstrates the disappearance of the previously noted galactitol peak (J).
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Patient 15 underwent follow-up MR imaging after dietary
restrictions at 2 years of age, which demonstrated complete re-
solution of brain edema including the double cap sign and
cystlike lesions in the temporal poles with patchy periventric-
ular supratentorial white matter abnormalities. In addition,
MR spectroscopy demonstrated posttreatment changes, with
disappearance of the abnormal galactitol doublet (Fig 2).

DISCUSSION
Since the initial description of galactosemia in 1908, several path-
ogenic genetic mutations have been identified, and the awareness
of the possible clinical presentation has significantly increased
with time.1

Nelson et al,9 in 1992, reported the first systematic description
of imaging findings highlighting the abnormal T2-hyperintense

FIG 3. MR imaging findings in patients with galactosemia with subacute clinical presentations between 7 and 18months of age. In all patients,
axial images (left columns) show diffuse white matter edema associated with the presence of the double cap sign adjacent to the frontal horns
of the lateral ventricles (arrows). On sagittal images (right columns), MR imaging demonstrates, in all patients, the presence of cystlike lesions of
the temporal poles (dotted arrows) and thinning of the corpus callosum (asterisks). Pt indicates patient.
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signal in the peripheral white matter, suggesting delayed myelina-
tion. Since then, only a few case reports have been published,
mainly focusing on the acute presentation of the disorder.6,7

However, it is now evident that all forms of galactosemia pres-
ent as a continuum disorder in which clinical symptoms depend
on the interaction between genetic mutations and environmental
factors.10 Due to lack of a precise pathophysiologic mechanism,
galactosemia remains poorly understood, and several multifacto-
rial hypotheses contribute to explaining the disorder, including
accumulation of toxic metabolites, defects in galactosylation of
glycolipids and glycoproteins, and myo-inositol depletion.11

In our series of 17 patients, 3 presented with neonatal toxicity
syndrome, a medical emergency characterized by poor feeding,
vomiting, bulging of the anterior fontanelle, lethargy, and hypo-
tonia. Impaired activity of the galactose-1-phosphate uridyltrans-
ferase enzyme results in accumulation of toxic metabolites,

namely galactitol, galactose-1-phos-
phate, galactonate, and galactose.
Galactitol is an end product of the
aldose reductase activity induced by
elevated galactose levels.3 Galactitol is
poorly diffusible and highly osmotic,
and its intracellular accumulation con-
tributes to cell swelling. This specifi-
cally occurs in vulnerable tissues like
the lens, predisposing to cataract for-
mation, and in the brain parenchyma,
inducing cerebral edema with high
mortality in untreated or undiagnosed
cases.12

During the acute phase of the dis-
ease, MR imaging demonstrates dif-
fuse brain edema with increased T2
signal in the white matter and areas of
restricted diffusion involving the cor-
tex and deep gray matter nuclei, con-
sistent with cytotoxic edema. MR
spectroscopy facilitates the identifica-
tion of the galactitol doublet at 3.67
and 3.74 ppm, with reduction of myo-
inositol-, choline-, and N-acetylaspar-
tate-containing compounds (Fig 1).7

The increase in morbidity and mortal-
ity in the acute clinical setting can be
further complicated by E coli sepsis,
as seen in patient 7 of our study.13

Prompt initiation of a lactose-free diet
along with effective measures to pre-
vent sepsis and coagulopathy are cru-
cial in the clinical outcome of neonatal
toxicity syndrome.

In 5 patients of our series, the dis-
ease manifested later in life (between
7 and 18months of age) with subtle
presentation, mainly characterized
by macrocephaly, hepatomegaly, and
psychomotor developmental delay.

MR imaging revealed diffuse brain edema, with a peculiar
imaging finding, the double cap sign, observed in the frontal
lobes (Figs 2 and 3). To our knowledge, these findings have not
been described in the imaging literature. They are typically better
appreciated on FLAIR images as a darker central zone attributable
to accumulation of free water without diffusion restriction on
DWI and suggests vasogenic edema within the fibers of the forceps
minor. Reversibility of these changes on follow-up imaging was
demonstrated, thereby reinforcing and supporting our assumption
of vasogenic edema (Fig 2). In addition, cystlike lesions were also
noted in the anterior temporal poles (Fig 3). Anterior temporal
lobe cysts have been well-described as a hallmark of some congeni-
tal diseases and genetic leukoencephalopathies.14

We hypothesize that the observed findings may represent the
effect of significant vasogenic edema within structures that are
normally characterized by an increased free-water content (the

FIG 4. Follow-up MR imaging findings in galactosemia. Patient 4: MR imaging at 13 years of
age shows the persistence of the peritrigonal white matter abnormalities on axial T2-weighted
image (A, arrow) associated with the presence of mild cerebellar atrophy on sagittal T2-weighted
image (B, arrow). Patient 7: MR imaging at 5 years of age demonstrates encephalomalacic changes
in the bilateral cortical and subcortical parieto-occipital regions on axial T2-weighted image (C,
arrow), with ventricular dilation, cystic changes in the periventricular white matter (C, dotted
arrow), and corpus callosum thinning on a sagittal T1-weighted image (D, arrow). Patient 8: MR
imaging at 7 years of age demonstrates persistently delayed myelination on an axial FLAIR image
(E) and a normal corpus callosum (F, arrow). Pt indicates patient.
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deep white matter) and a more delayed myelination compared
with other lobes.15 This hypothesis could also possibly explain
why the FLAIR sequence, which is sensitive to both T1- and T2-
relaxation times, may be particularly sensitive to demonstrate the
double cap sign by inverting the CSF-like signal within edema-
tous myelinating regions, with higher free-water content in the
frontal lobes with partial sparing of myelinated fibers of the for-
ceps minor and the periventricular bright line, normally
described on FLAIR images before complete myelination.15 This
finding may serve as a relevant imaging clue to prioritize galacto-
semia among the list of differential diagnoses. MR spectroscopy
was not only pivotal in identifying the galactitol peak, but follow-
up imaging also demonstrated resolution of the abnormal spec-
tral pattern and thereby correlates well with initiation and main-
tenance of an appropriate dietary regimen in our patient (patient
15) (Fig 2).

Despite being on a galactose-free diet, patients may also ex-
perience delayed neurologic symptoms, which are believed to
be the result of the endogenous production of galactose from
glucose and the accumulation of secondary toxic products
such as galactitol and galactose-1-phosphate.16 It is evident
that early detection and avoiding complications of acute neo-
natal toxicity syndrome may prevent cataracts, but it does not
alter the overall long-term neurologic morbidity.3 It is not
well-understood whether these complications result from de-
velopmental abnormalities that are initiated in utero, long-
term exposure to endogenously produced galactose, poor die-
tary control, or a combination of both and other undetermined
factors.3,4 A prompt diagnosis with early treatment based on
galactose dietary restriction is associated with considerable
symptom improvement, though some degree of cognitive de-
velopmental delay persists, particularly in the language and ex-
ecutive function domains.17

In our case series, conventional MR imaging findings in a
galactose-free dietary regimen demonstrated a lack of signifi-
cant signal abnormalities (patients 6 and 12), patchy white
matter signal alterations (patients 4, 13, and 15), and delayed
myelination (patients 8, 9, 11, and 14). Ventricular enlarge-
ment and cerebellar atrophy were also noted, and our obser-
vations match those in the existing imaging literature.9

Although the exact mechanism of injury remains unclear,
pathologic studies in the past have suggested the deficiency of
galactocerebrosides as a possible cause of myelin break-
down.18 Impaired myelination has also been postulated from
the results of a recent study investigating in vivo microstruc-
tural alteration in patients with galactosemia with advanced
imaging techniques such as neurite orientation dispersion and
density imaging.19

In our series, 1 patient (patient 5) presented with severe dysto-
nia, and MR imaging findings at 7 years of age revealed bilateral
globus pallidus abnormalities. These findings are atypical for clas-
sic galactosemia and may represent a sequela of neonatal kernic-
terus as reported by the clinical history of the patient. This case
highlights the importance of possible comorbidities while evalu-
ating patients affected by galactosemia.

The only efficacious treatment of classic galactosemia is a die-
tary galactose restriction, though the necessity to maintain a life-

long restriction remains a matter of debate and is not sufficient to
prevent long-term sequelae.2,20

In conclusion, galactosemia is a rare genetic disorder with
a continuum spectrum of varying imaging and clinical profiles
ranging from a life-threatening acute medical emergency to
delayed cognitive effects. Conventional MR imaging features
in the delayed phase are often nonspecific and overlap other
pathologies. The double cap sign observed in our case series
may help in prioritizing galactosemia over other neonatal
metabolic diseases, with the added benefit that performing
MR spectroscopy to detect a galactitol peak can prevent the
complications of the acute neonatal toxicity presentation of
galactosemia.
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ORIGINAL RESEARCH
SPINE

The Restless Spinal Cord in Degenerative Cervical
Myelopathy

M. Hupp, N. Pfender, K. Vallotton, J. Rosner, S. Friedl, C.M. Zipser, R. Sutter, M. Klarhöfer, J.M. Spirig,
M. Betz, M. Schubert, P. Freund, M. Farshad, and A. Curt

ABSTRACT

BACKGROUND AND PURPOSE: The spinal cord is subject to a periodic, cardiac-related movement, which is increased at the level
of a cervical stenosis. Increased oscillations may exert mechanical stress on spinal cord tissue causing intramedullary damage.
Motion analysis thus holds promise as a biomarker related to disease progression in degenerative cervical myelopathy. Our aim
was characterization of the cervical spinal cord motion in patients with degenerative cervical myelopathy.

MATERIALS AND METHODS: Phase-contrast MR imaging data were analyzed in 55 patients (37 men; mean age, 56.2 [SD,12.0] years;
36 multisegmental stenoses) and 18 controls (9 men, P¼ .368; mean age, 62.2 [SD, 6.5] years; P¼ .024). Parameters of interest
included the displacement and motion pattern. Motion data were pooled on the segmental level for comparison between groups.

RESULTS: In patients, mean craniocaudal oscillations were increased manifold at any level of a cervical stenosis (eg, C5 displacement: con-
trols [n¼ 18], 0.54 [SD, 0.16] mm; patients [n¼ 29], monosegmental stenosis [n¼ 10], 1.86 [SD, 0.92]mm; P, .001) and even in segments
remote from the level of the stenosis (eg, C2 displacement: controls [n¼ 18], 0.36 [SD, 0.09]mm; patients [n¼ 52]; stenosis: C3, n¼ 21; C4,
n¼ 11; C5, n¼ 18; C6, n¼ 2; 0.85 [SD, 0.46]mm; P, .001). Motion at C2 differed with the distance to the next stenotic segment and the
number of stenotic segments. The motion pattern in most patients showed continuous spinal cord motion throughout the cardiac cycle.

CONCLUSIONS: Patients with degenerative cervical myelopathy show altered spinal cord motion with increased and ongoing oscil-
lations at and also beyond the focal level of stenosis. Phase-contrast MR imaging has promise as a biomarker to reveal mechanical
stress to the cord and may be applicable to predict disease progression and the impact of surgical interventions.

ABBREVIATIONS: DCM ¼ degenerative cervical myelopathy; ECG ¼ electrocardiography; PCMR ¼ phase-contrast MR imaging; RR ¼ R wave-to-R wave
interval in the ECG

Degenerative changes of the cervical spine lead to cervical spinal
stenosis, with consecutive spinal cord compression and degen-

erative cervical myelopathy (DCM), a common health burden in
the elderly population.1 The pathophysiology of DCM is attributed
to immediate (ie, direct or static) cord compression, spinal

malalignment leading to altered cord tension, impaired vascular
supply, and repeat dynamic injury.2-5 Dynamic spinal cord injury is
often narrowed to segmental hypermobility; however, cardiac-
related periodic cord motion may play a by far underestimated role
in this pathophysiologic consideration. The cervical spinal cord is
subject to physiologic craniocaudal motion supposedly due to car-
diac pulse wave dynamics, which can be readily assessed by phase-
contrast MR imaging (PCMR).6,7 In a person with 70 heartbeats
per minute, the spinal cord oscillates .100,000 times per day. In
patients with DCM, increased spinal cord motion at the level of the
cervical stenosis has been independently reported.8-11 However,
due to differences in analysis techniques applied,8,10,11 results are
not sufficiently comparable. Most interesting, increased spinal cord
motion was associated with sensory deficits,8,10 impaired electro-
physiologic readouts,10 and decreased functional scores in patients
with DCM.11 While measurements of CSF flow have been shown
to be less reliable and rather complex (ie, not easy to implement
and run for clinical application) at the level of stenosis,11 spinal
cord motion appears to be a more feasible alternative.
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In summary, altered spinal cord motion provides a potential
surrogate of spinal cord tissue distress, contributing to intramed-
ullary damage even before it becomes clinically evident; therefore,
it warrants further research to reveal mechanisms of cord damage
in cervical spinal cord stenosis.

We hypothesiszed the following: 1) The cord motion pattern
during the cardiac cycle is altered in patients with DCM, and 2)
due to elastic properties of the spinal cord and its surroundings,
increased cord motion will extend to segments remote from the
spinal stenosis.

In axial PCMR, craniocaudal spinal cord motion within the
cardiac cycle was tracked with an evaluation method established
in healthy controls.6 In summary, cord displacement was meas-
ured 20 times during the cardiac cycle using a predefined ROI
and corrected for the phase drift.

MATERIALS AND METHODS
Population
A consecutive series of 55 patients, prospectively recruited in the
outpatient clinic of the University Spine Center, University
Hospital Balgrist, Zurich, from October 2016 to August 2019, was
used for analysis. Inclusion criteria for patients were a cervical spi-
nal stenosis on MR imaging and clinical symptoms consistent with
degenerative cervical myelopathy. Clinical symptoms of DCM
comprised pain, sensory or motor deterioration in the upper or
lower limbs, gait problems, or bladder dysfunction. Patients with
any other neurologic disorder (identified by medical history and
neurologic examination) were excluded. In patients with suspicion
of any other neurologic disease (eg, radiculopathy at the lower
limbs, polyneuropathy, CNS disorders), further examinations (eg,
cranial MR imaging, electrophysiologic examinations) were con-
ducted before study inclusion. Eighteen healthy subjects were ran-
domly recruited (randomly chosen from a list) from a research
data base of the University Hospital Balgrist, Zurich. Controls had
neither neurologic symptoms nor a stenosis on MR imaging. The
age for inclusion was 18–80 years. Exclusion criteria consisted of
general MR imaging contraindications, epileptic seizures, mental
illness, severe medical illness, and pregnancy.

Standard Protocol Approvals, Registrations, and Patient
Consents
This prospective study was approved by the local ethics commit-
tee (Kantonale Ethikkommission Zurich, KEK-ZH 2012–0343,
BASEC Nr. PB_2016-00623) and registered with clinicaltrials.gov
(www.clinicaltrials.gov; NCT 02170155). All methods were in ac-
cordance with the relevant guidelines and regulations. Informed
consent was obtained from all participants before study enrol-
ment. Study data were collected and managed using REDCap
electronic data capture tools (https://projectredcap.org/software/)
hosted at Balgrist University Hospital, Zurich, Switzerland.12

Imaging
All subjects underwent a 3T MR imaging (Magnetom Skyra fit
and Magnetom Prisma; Siemens), including axial T2-weighted
(TE ¼ 93ms; TR ¼ 3600ms; section thickness ¼ 3mm; flip
angle¼ 150°; FOV¼ 160mm; bandwidth¼ 284Hz/Px; base reso-
lution ¼ 320; phase resolution ¼ 80%; spatial resolution ¼

0.5� 0.5� 3.0mm; parallel acquisition techniques mode: general-
ized autocalibrating partially parallel acquisition 2) and axial 2D
phase-contrast imaging encoding craniocaudal spinal cord motion
(TE ¼ 12.36ms; TR ¼ 60.84ms; section thickness ¼ 5mm; flip
angle ¼ 10°; FOV ¼ 140mm; bandwidth ¼ 355Hz/Px; base reso-
lution ¼ 256; phase resolution ¼ 50%; spatial resolution ¼ 0.3 �
0.3 � 5.0mm; parallel acquisition techniques mode: none; retro-
spectively cardiac gated using a finger clip). The velocity encoding
value of the phase-contrast sequence was set to 2 cm/s based on
previous findings of cord motion.6,8-11,13 During the cardiac cycle,
the velocity signal was assessed within 20 time points, and 128 car-
diac cycles were averaged per segment. Section orientation in
phase-contrast imaging was adjusted perpendicular to the spinal
cord. Axial T2-weighted imaging covered segments C2–C6 in all
patients and segment C7 in 32 of 55 patients. In controls, axial T2-
weighted imaging covered all cervical segments. Section orienta-
tion in axial T2-weighted imaging was adjusted to cover most of
the spinal cord within the FOV perpendicularly. Breathing was not
monitored in any participant. Total scanning time of the whole
protocol was approximately 23minutes.

In all patients, the C2 segment and the stenotic segment (loss of
CSF signal in axial T2-weighted imaging ventral and dorsal to the
spinal cord) (monosegmental stenosis), respectively, the most ste-
notic segment (defined as maximum spinal canal narrowing in
patients with a multisegmental stenosis) were measured. The ste-
notic and most stenotic segment, respectively, were judged visually
in T2-weighted imaging by 2 investigators (N.P., M.H.; consultant
neurologists) well-experienced in neuroradiologic imaging with a
focus on spinal cord disorders for several years. In all patients,
depending on the available scanning time within the clinical setting,
additional measurements in as many as possible other stenotic (mul-
tisegmental stenosis) and nonstenotic (monosegmental and multi-
segmental stenoses) cervical segments were obtained (randomly
selected by the investigator [N.P., M.H., Table 1; on average, 2.8 seg-
ments per patient). In controls, all cervical segments were recorded.

Imaging Analysis
Image analyses were performed using the Osirix free DICOM
viewer (www.osirix-viewer.com) and the Horos free DICOM
viewer (www.horosproject.org) by 2 investigators (N.P., M.H.).
Imaging analyses were supported by a radiologist (R.S.) and a
physicist (M.K.). Cervical segments were classified as “stenotic”
or “nonstenotic” for analysis. A stenotic segment was defined as a
loss of the CSF signal on axial T2-weighted imaging ventral and
dorsal to the spinal cord. Segments with visible CSF signal in axial
T2-weighted imaging ventral and/or dorsal to the spinal cord
were defined as nonstenotic. Additional nonstenotic segments
(in patients with monosegmental and multisegmental stenoses,
respectively) were measured 1–4 segments apart and stenotic seg-
ments (in patients with a multisegmental stenosis) 1–2 segments
apart from the next cervical stenosis. Phase-contrast images were
visually controlled for artifacts before further analysis. In 55
patients, a total of 154 segmental PCMR measurements were
obtained. Due to artifacts, 13 (8.4%) measurements (C2, 2/5
[3.6%]; C3, 1/17 [5.8%]; C4, 0/25; C5, 4/39 [10.3%]; C6, 6/16
[37.5%]; C7, 0/2) could not be used for analysis (Table 1). In 18
controls, no artifacts were observed.
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Data Calculations and Parameters of Interest
In phase-contrast measurements, craniocaudal spinal cord motion
was analyzed by a predefined ellipsoid ROI (30.52mm2 in the
Osirix Viewer; 30.56mm2 in the Horos Viewer) midcentered into
the spinal cord (Online Supplemental Data). In a subgroup of 10
consecutive patients (22 measurements; C2, ten measurements; C3,
four measurements; C4, twomeasurements; C5, five measurements;
C6, one measurement), motion was analyzed in the ventral, dorsal,
and right and left aspects of the spinal cord (round ROI, 5.60 mm2;
comparison between different regions within the spinal cord over
all measurements; Online Supplemental Data). The predefined ve-
locity encoding (2 cm/s) encoded in gray-scale values from �4096
to 4096 in the Osirix and Horos Viewers, respectively. The mean of
the measured gray-scale values within the ROI in each of 20 time
points during 1 cardiac cycle was used for calculation of the veloc-
ity. Velocity data were corrected for phase drift before further statis-
tical analysis. Because phase-contrast imaging is a relative measure
of motion, phase drift14 leads to an offset error of the raw data end-
ing in misleading velocity values. Therefore, phase drift will result
in over- or underestimation of the velocity measurements, so a cor-
rection for phase drift is needed. Phase drift correction was con-
ducted analogous to healthy subjects previously.6 Corrected values
were obtained by subtraction of the mean of all 20 velocity meas-
urements within 1 cardiac cycle from the raw velocity value at each
time point. Net motion of the spinal cord over 1 cardiac cycle is
assumed to be zero (the start and end locations of the spinal cord
are expected to be at the same position, assuming that the mean ve-
locity has to be zero). Other approaches to velocity correction (ie,
subtraction of velocity values of static tissue surrounding the spinal
cord) were dropped due to low reliability previously.

Parameters of interest included the area under the curve (dis-
placement) of the velocity signal over the whole cardiac cycle,
within the first (time points 1–10) and second (time points 11–20)
half of the cardiac cycle, and the spinal cord motion pattern. The
area under the curve was calculated by stepwise summation of cal-
culated squared areas (1/20 RR time multiplied by the mean of 2
consecutive velocity values). Negative velocity values were trans-
formed to a positive value for calculation of the area under the
curve. For the spinal cord motion pattern analysis, the velocity value
in all 20 time points during 1 cardiac cycle was plotted for single
values and the mean of all values per segment. The time point of
the motion onset (first negative deflection) and the time point of
the subsequent negative and positive motion peak, respectively,
within the cardiac cycle (time points 1–20) were manually (visually)
identified and analyzed.

Anatomic Measurements
In axial T2-weighted images, the spinal canal and spinal cord
cross-sectional areas at the disc level were manually measured in
all cervical segments. CSF space was calculated by the spinal canal
cross-sectional area minus the spinal cord cross-sectional area.

Statistical Analysis
Statistical analysis was performed using SPSS (Versions 23 and 25;
IBM). Measurements were pooled by the cervical segment because
previous work showed differences in spinal cord motion among the
cervical segments.6 Measurements in segments classified as stenotic
and nonstenotic, respectively (pooled by the cervical segment; entire
patient group, monosegmental and multisegmental stenoses;
patients with monosegmental stenosis only; patients with multiseg-
mental stenosis only), were compared with measurements in con-
trols and between the patient groups. Additional analyses
investigated the influence of the number of stenotic segments and
how measures of cord motion changed in relation to the distance
from the stenotic segment (pooled by the distance to the next ste-
notic segment or the number of stenotic segments; comparison
between patient groups and controls). Metrics are reported as group
mean [SD]. Between-group differences were calculated using the
Mann-Whitney U test (anatomic measurements, motion measure-
ments, body size, body weight, age, RR time/heart rate, motion onset
and peaks) and the x 2 test (sex) if the number of measurements was
at least 2 per group. For comparison of .2 groups, the Kruskal-
Wallis test with the Bonferroni correction for multiple comparisons
was used (distance to next stenosis, number of stenoses, motion in
different spinal cord areas). Significance level of a was set to,.05.

Interrater Reliability
Interrater reliability in healthy volunteers has been reported in a
previous study.6 Interrater reliability in patients was assessed by cal-
culating intraclass correlation coefficients (2-way mixed model,
absolute agreement, average measures). Two independent raters
evaluated 34 consecutive patients using 2 different programs (rater
1, Osirix Viewer; rater 2, Horos Viewer) with manually configured
ROIs with ellipsoid shapes of nearly the same size (30.52mm2,
Osirix Viewer; 30.56mm2, Horos Viewer). Additionally, the intra-
class correlation coefficients of anatomic measurements and the spi-
nal cord pattern analyses were calculated.

Data Availability
The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Table 1: Number of stenotic segments and number of sufficient phase-contrast measurements in patients

Segment

No. Sufficient Measurements

No. Stenotic
Segments

Monosegmental
Stenosis, Stenotic

Segment

Multisegmental
Stenosis, Stenotic

Segment

Monosegmental
Stenosis, Nonstenotic

Segment

Multisegmental
Stenosis, Nonstenotic

Segment
C2 1 0 1 18 34
C3 22 1 14 0 1
C4 23 4 14 4 3
C5 41 10 19 4 2
C6 22 0 5 4 1
C7 1 0 1 0 1
Total 110 15 54 30 42
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RESULTS
Population
Fifty-five patients (37 men; 67.3%) and 18 healthy controls (9
men; 50%) were recruited. No differences between the groups
were found for sex (P¼ .368), body size (P¼ .947), or RR time/
heart rate (P¼ .263–0.961), but patients were younger
(P¼ .024) and had a higher body weight (P¼ .007) (Table 2). In
the patient group, 19 (34.5%) had a single stenosis and 36
(65.5%) had multiple stenotic segments (Tables 1 and 2). CSF
spaces in patients’ segments classified as stenotic were signifi-
cantly smaller compared with segments classified as nonstenotic
(P, .001, Fig 1).

Reliability of Anatomic and Spinal Cord Motion
Measurements
The excellent interrater reliability of spinal cord motion measure-
ments shown in controls previously6 could be confirmed in
patients (intraclass correlation coefficient, 0.838–1.000; P# .020;
Online Supplemental Data). At C7, no calculation was possible
due to the small number of measurements. Reliability was also
good for anatomic measurements (intraclass correlation coeffi-
cient, 0.806–0.938; P, .001; Online Supplemental Data).

Altered Spinal Cord Motion Pattern in Patients
In the entire patient group (monosegmental and multisegmental
stenoses), the craniocaudal and afterward caudocranial oscillation
pattern was comparable with that in controls (stenotic segments: Fig
2; nonstenotic segments: Online Supplemental Data), but the mag-
nitude of the oscillation was increased, corresponding to mani-
fold higher mean displacement values at stenotic (C3 [n¼ 15]:
1.882 [SD, 1.278]mm versus 0.420 [SD, 0.113]mm; C4 [n¼ 18]:
2.149 [SD, 1.343] mm versus 0.484 [SD, 0.128] mm;
C5 [n¼ 29]: 1.863 [SD, 0.915] mm versus 0.543 [SD, 0.159]
mm; C6 [n¼ 5]: 2.021 [SD, 0.934] mm versus 0.491 [SD,
0.098] mm; P, .001; number of controls [n¼ 18] in all seg-
ments) but also nonstenotic (C2 [n¼ 52]: 0.852 [SD,
0.464mm versus 0.362 [SD, 0.094] mm; C4 [n¼ 7]: 1.677
[SD, 0.956] mm versus 0.484 [SD, 0.128] mm; C5 [n¼ 6]:
1.725 [SD, 0.912] mm versus 0.543 [SD, 0.159] mm; C6
[n¼ 5]: 1.712 [SD, 0.640] mm versus 0.491 [SD, 0.098] mm;
P# .025; number of controls [n¼ 18] in all segments) seg-
ments (Fig 3 and Online Supplemental Data).

The same was true in subgroup analysis in patients with
monosegmental ([n¼ 19]; stenotic segments: C4 [n¼ 4]: 2.015
[SD, 1.361]mm versus 0.484 [SD, 0.128]mm; C5 [n¼ 10]: 2.036
[SD, 1.271]mm versus 0.491 [SD, 0.098]mm; P, .001;

nonstenotic segments: C2 [n¼ 18]: 0.719 [SD, 0.222]mm versus
0.362 [SD, 0.094]mm; C4 [n¼ 4]: 1.281 [SD, 0.790]mm versus
0.484 [SD, 0.128]mm; C5 [n¼ 4]: 1.818 [SD, 0.547]mm versus
0.543 [SD, 0.159]mm; C6 [n¼ 4]: 1.455 [SD, 0.326]mm versus
0.491 [SD, 0.098]mm; P, .001; number of controls [n¼ 18] in
all segments) and, respectively, multisegmental ([n¼ 36]; stenotic
segments: C3 [n¼ 14]: 1.924 [SD, 1.316]mm versus 0.420 [SD,
0.113]mm; C4 [n¼ 14]: 2.187 [SD, 1.388]mm versus 0.484 [SD,
0.128]mm; C5 [n¼ 19]: 1.772 [SD, 0.685]mm versus 0.491
[SD, 0.098]mm; C6 [n¼ 5]: 2.021 [SD, 0.934]mm versus 0.491
[SD, 0.098]mm; P, .001; nonstenotic segments: C2 [n¼ 34]:
0.922 [SD, 0.540]mm versus 0.362 [SD, 0.094]mm; C4 [n¼ 3]:
2.205 [SD, 1.035]mm versus 0.484 [SD, 0.128]mm; P # .002; C5
[n¼ 2]: 1.540 [SD, 1.776]mm versus 0.543 [SD, 0.159]mm;
P¼ 1.000; number of controls [n¼ 18] in all segments) stenoses in
subgroups with.2 measurements (Online Supplemental Data).

The detailed analysis of the velocity pattern did not show a
difference in the timing of the motion onset (first negative deflec-
tion; stenotic segments: P$ .424; nonstenotic segments:
P$ .326) and the subsequent negative velocity peak (stenotic seg-
ments: P$ .161; nonstenotic segments: P$ .074) between all
patients (monosegmental and multisegmental stenoses) and con-
trols in stenotic and nonstenotic segments (Online Supplemental
Data). Most interesting, the mean positive velocity peak in the sec-
ond half of the cardiac cycle in stenotic segments C3–C6 (time
points: patients [entire patient group] versus controls (n¼ 18): C3
[n¼ 15]: 18.13 [SD, 1.13] versus 16.61 [SD, 1.85]; C4 [n¼ 18]:
18.33 [SD, 1.09] versus 16.11 [SD, 2.06]; C5 [n¼ 23]: 17.93 [SD,
1.13] versus 16.56 [SD, 1.85]; C6 [n¼ 5]: 18.60 [SD, 1.52] versus
16.17 [SD, 2.01]; P# .018) and in the nonstenotic segment, C4
(patients, entire patient group [n¼ 7] versus controls [n¼ 18]:
18.14 [SD, 1.07] versus 16.11 [SD, 2.0]; P¼ .021) was prolonged in
patients (Fig 4 and Online Supplemental Data).

Subgroup analysis in patients with monosegmental and multi-
segmental stenoses, respectively confirmed a delay of the mean posi-
tive motion peak in patients with a multisegmental stenosis (time
points, patients versus controls [n¼ 18]: stenotic segments: C3
(n¼ 14): 18.14 [SD, 1.17] versus 16.61 [SD, 1.85]; C4 [n¼ 14]: 18.43
[SD, 1.16] versus 16.11 [SD, 2.06]; C5 [n¼ 19]: 18.26 [SD, 0.99] ver-
sus 16.56 [SD, 1.85]; C6 [n¼ 5]: 18.60 [SD, 1.52] versus 16.17 [SD,
2.01]; P# .015; nonstenotic segment: C4 [n¼ 3]: 18.67 [SD, 0.58]
versus 16.11 [SD, 2.06]; P¼ .035; Online Supplemental Data).

Additionally, the mean negative motion peak in patients with
multisegmental stenoses was delayed at C4 in nonstenotic seg-
ments compared with controls (n¼ 3; 13.67 [SD, 0.58] versus
12.28 [SD, 0.96]; P¼ .024). In patients with a monosegmental steno-
sis, a trend for a delay of the mean positive velocity peak could be
found at C4 in stenotic (n¼ 4; 18.00 [SD, 0.82] versus 16.11 [SD,
2.06]; P¼ .141) and nonstenotic (n¼ 4; 17.75 [SD, 1.26] versus
16.11 [SD, 2.06]; P¼ .166) segments compared with controls. While
hardly any motion could be observed within the first half (time
points 1–10) of the cardiac cycle in healthy controls (reflect-
ing a “resting phase”), spinal cords in most patients showed
continuous upward motion during this part of the cycle. This
was observed at the stenosis (Fig 2) and also at nonstenotic
segments (Online Supplemental Data). Displacement sepa-
rately calculated for the first (time points 1–10) and the

Table 2: Basic demographics of the control and patient group
Controls
(n= 18)

Patients
(n= 55) P

Sex (male) 9 (50%) 37 (67.3%) .368
Age (yr) 62.2 [SD, 6.5] 56.2 [SD, 12.0] .024
Body size (m) 1.70 [SD, 0.06] 1.70 [SD, 0.08] .947
Body weight (kg) 67.2 [SD, 12.3] 77.9 [SD, 13.6] .007
Monosegmental
stenosis

19 (34.5%)

Multisegmental
stenosis

36 (65.5%)
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second half of the cardiac cycle (time points 11–20) also
revealed highly increased values between patients (monoseg-
mental and multisegmental stenoses) and controls in both
parts in stenotic and nonstenotic segments (P# .015; Online
Supplemental Data). The same was true in subgroup analysis
in patients with monosegmental (P# .003; Online Supple-
mental Data) and multisegmental (P# .002; Online Supple-
mental Data) stenoses, respectively, in patient groups with
.2 measurements.

Motion Differences between Segments Classified as
Stenotic and Nonstenotic
No differences of the displacement or the timing of the spinal
cord motion pattern could be found between measurements
in stenotic and nonstenotic segments in the entire patient
group (monosegmental and multisegmental stenoses) and the

subgroups with monosegmental and multisegmental sten-
oses, respectively.

Motion Differences between Patients with Mono- and
Multisegmental Stenoses
At C2 in patients with a multisegmental cervical stenosis (n¼ 34;

distance to next stenosis: 1 segment/stenosis, C3, n¼ 20; two seg-

ments/stenosis, C4, n¼ 6; three segments/stenosis, C5, n¼ 8), dis-

placement in the first half of the cardiac cycle was increased

compared with patients with a monosegmental stenosis (n¼ 18; dis-

tance to next stenosis: 1 segment/stenosis, C3, n¼ 1; two segments/

stenosis, C4, n¼ 5; three segments/stenosis, C5, n¼ 10; four seg-

ments/stenosis, C6, n¼ 2) in nonstenotic segments (mean, 0.289

[SD, 0.210]mm versus 0.189 [SD, 0.085]mm; P¼ .048). This dif-

ference was lost in subgroup analysis with regard to the distance to

the next stenosis (distance to next stenosis: 1 segment/stenosis, C3:

FIG 1. CSF space in controls and patients The CSF cross-sectional area (CSA) was smaller in patients with segments classified as stenotic (dark
gray plots) compared with segments classified as nonstenotic (light gray plots). At C7 in 32 patients, the CSA was available, but no segment was
classified as stenotic. The asterisk indicates P, .001.
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monosegmental, n¼ 1; multisegmental, n¼ 20; no analysis due to

lowmonosegmental group size; 2 segments/stenosis, C4: monoseg-

mental, n¼ 5; multisegmental, n¼ 6; P¼ .429; three segments/

stenosis, C5: monosegmental, n¼ 10; multiseg-

mental, n¼ 8; P¼ .460; Online Supplemental

Data).
In the analysis of the motion velocity pattern,

a trend toward a delayed positive motion peak in
patients with a multisegmental stenosis could be
found at C2 in segments classified as nonstenotic
(multisegmental [n¼ 34]; distance to next steno-
sis: 1 segment/stenosis, C3 [n¼ 20]; two seg-
ments/stenosis, C4, [n¼ 6]; three segments/
stenosis, C5 [n¼ 8]: mean, 18.06 [SD, 1.09] versus
monosegmental [n ¼ 18]; distance to next steno-
sis: 1 segment/stenosis, C3, [n¼ 1]; two segments/
stenosis, C4, [n¼ 5]; three segments/stenosis, C5,
[n¼ 10]; four segments/stenosis, C6, [n¼ 2]:
mean, 17.44 [SD, 1.10]; P¼ .063). In subgroup
analysis with regard to the distance to the next ste-
nosis, this trend could be seen at C2 in measure-
ments 3 segments apart from the next stenosis
(distance to next stenosis: 2 segments/stenosis,
C4; monosegmental [n¼ 5] mean, 17.80 [SD,
0.84]; multisegmental [n¼ 6] mean, 18.17 [SD,
0.7]; P¼ .537; three segments/stenosis, C5; mono-
segmental [n¼ 10] mean, 17.30 [SD, 1.34]; multi-
segmental [n¼ 8] mean, 18.50 [SD, 0.93];
P¼ .068).

Motion Differences Regarding the Distance
to the Next Stenosis and the Number of
Stenotic Segments
Displacement at C2 in the entire patient group
(monosegmental and multisegmental stenoses) in
nonstenotic segments was increased with the
proximity to the next stenotic segment (distance
to next stenosis: 1 segment/stenosis, C3 [n¼ 21]:
mean, 1.074 [SD, 0.622]mm; 2 segments/stenosis,
C4 [n¼ 11]: mean, 0.769 [SD, 0.285]mm; 3 seg-
ments/stenosis, C5 [n¼ 18]: mean, 0.691 [SD,
0.166]mm; 4 segments/stenosis, C6 [n¼ 2]:
mean, 0.420 [SD, 0.025]mm; P¼ .039, Fig 5A).
Subgroup analysis in patients with a monoseg-
mental and multisegmental stenoses, respectively,
showed a corresponding trend (displacement in
the entire cardiac cycle: monosegmental:
[n¼ 18]; distance to next stenosis: 1 segment/ste-
nosis, C3 [n¼ 1] 0.900mm; 2 segments/stenosis,
C4 [n¼ 5] mean, 0.819 [SD, 0.247];mm; 3 seg-
ments/stenosis, C5 [n¼ 10] mean, 0.710 [SD,
0.247]mm; 4 segments/stenosis, C6 [n¼ 2]
mean, 0.420 [SD, 0.024]mm; P¼ .113; multiseg-
mental: [n¼ 34]; distance to next stenosis: 1 seg-
ment/stenosis, C3 [n¼ 20] mean, 1.082 [SD,
0.637]mm; 2 segments/stenosis C4 [n¼ 6] mean,
0.728 [SD, 0.330]mm; 3 segments/stenosis C5

[n¼ 8] mean, 0.667 [SD, 0.136]mm; P¼ .173; displacement at sec-
ond half of the cardiac cycle: monosegmental: [n¼ 18]; P¼ .069;
multisegmental: [n¼ 34]; P¼ .108, Online Supplemental Data).

FIG 2. Spinal cord motion pattern in healthy controls and patients (stenotic segments).
Spinal cord velocity values are displayed within 20 time points during the cardiac cycle in
healthy controls (left column) and stenotic segments in patients (monosegmental and mul-
tisegmental stenoses, right column). Velocity values are pooled per cervical segment.
Single measures are displayed in light gray; the black line represents the group mean.

602 Hupp Mar 2021 www.ajnr.org



Compared with controls, motion values in patients at the
nonstenotic segment C2 were increased up to 3 segments apart
from the next cervical stenosis (distance to next stenosis: 1 seg-
ment/stenosis, C3: multisegmental [n¼ 20]; P, .001; two seg-
ments/stenosis, C4: monosegmental [n¼ 5]; P # .001;
multisegmental [n¼ 6]; P# .015, [P¼ .066 for displacement in

the second half of the cardiac cycle]; 3 segments/stenosis, C5:

monosegmental [n¼ 10]; P, .001; multisegmental [n¼ 8];
P, .001; Online Supplemental Data). The same was true in

patients with a monosegmental stenosis in nonstenotic seg-

ments, C4 (n¼ 4; P, .001), C5 (n¼ 4; P, .001), and C6

(n¼ 4; P¼ .002) 1 segment apart from the next stenosis. In
patients with a multisegmental stenoses in stenotic segments,

C3 (distance to the next stenosis: 1 segment: [n¼ 9]; P, .001;

2 segments: [n¼ 4]; P, .001), and C5 (distance to next steno-
sis: 1 segment: [n¼ 14]; P, .001; 2 segments: [n¼ 5];

P, .001) up to 2 segments apart and in nonstenotic (n¼ 3,

P¼ .002) and stenotic segments, C4 (n¼ 13; P, .001) and ste-

notic segments C6 (n¼ 4; P, .001) 1 segment apart from the

next cervical stenosis motion was increased compared to controls.
Additionally, displacement at C2 in nonstenotic segments was differ-
ent according to the number of stenotic segments in the entire
(monosegmental andmultisegmental) patient group (number of ste-
notic segments: 1 [n¼ 18]: mean, 0.719 [SD, 0.222]mm; 2 [n¼ 20]:
mean, 0.880 [SD, 0.415]mm; 3 [n¼ 10]: mean, 1.173 [SD,
0.743]mm; 4 [n¼ 4]: mean, 0.504 [SD, 0.097]mm; P¼ .036; Fig
5B). The same was true for the displacement within the first half of
the cardiac cycle (number of stenotic segments: 1 [n¼ 18]: mean,
0.189 [SD, 0.085]mm; 2 [n¼ 20]: mean, 0.267 [SD, 0.168]mm; 3
[n¼ 10]: mean, 0.383 [SD, 0.287]mm; 4 [n¼ 4]: mean, 0.162 [SD,
0.080]mm; P¼ .036; P¼ .047). A subgroup analysis in the patient
group with a multisegmental stenosis showed analogous results
(n¼ 34; number of stenotic segments: 2 [n¼ 20]: mean, 0.880 [SD,
0.415]mm; 3 [n¼ 10]: mean, 1.173 [SD, 0.743]mm; 4 (n¼ 4):
mean, 0.504 [SD, 0.097]mm; P¼ .029). While a trend toward higher
motion values could be assumed with an increasing number of 1–3
stenotic segments, lower values could be observed in patients with 4
stenotic segments.

FIG 3. Displacement values in controls and patients. Displacement values (entire cardiac cycle) are increased manifold in patients (monosegmen-
tal and multisegmental stenoses) in segments classified as stenotic (dark gray plots) and nonstenotic (light gray plots) compared with controls
(white plots). In groups with only 1 measurement, no analysis was possible. Double asterisks indicate P, .001; asterisk, P¼ .015.
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Motion Differences between Different Regions of the
Spinal Cord
No motion differences could be found comparing the ventral, dor-
sal, and right and left aspects of the spinal cord (10 consecutive
patients; 22 measurements; C2: 10 measurements; C3: four meas-
urements; C4: two measurements; C5: five measurements; C6: one
measurement; Online Supplemental Data).

DISCUSSION
This is the first study analyzing spinal cord motion in patients
with a cervical spinal stenosis also remote from the stenotic
segment, focusing on the motion pattern throughout the car-
diac cycle and the impact of the distance to the next stenotic
segment and the number of cervical stenotic segments. In
addition to a previously reported increase of cord movement

in cervical stenosis,7-11,15 our findings revealed a propagation
of increased motion to the adjacent cervical segments up to 3
segments apart from the next cervical stenosis and continu-
ous (“restless”) spinal cord movement throughout the whole
cardiac cycle in patients, reflecting an emerging pathophysio-
logic pattern. A resting phase without motion during the first
half of the cardiac cycle, which could be observed in healthy
controls, was lost in patients irrespective of and remote from
the cervical level of stenosis. This finding suggests continuous
and increased mechanical stress to the spinal cord tissue as a
prominent and potentially contributing dynamic factor in
DCM pathophysiology.1,3,16-19

Feasibility-Reliability
For feasibility, high interrater and test-retest reliability of the
method was reported previously in healthy controls6 and could

FIG 4. Timing of the positive motion peaks in controls and patients. The positive motion peak was delayed in patients (monosegmental and
multisegmental stenoses) in segments classified as stenotic (dark gray plots) at C3, C4, C5, and C6 and in segments classified as nonstenotic (light
gray plots) at C4 compared with controls (white plots). In groups with only 1 measurement, no analysis was possible. Double asterisks indicate
P, .01; asterisk, P# .021.
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be confirmed in patients. Reliability across different scanners
should be shown in future measurements.

Spinal Cord Motion Readouts
Increased segmental cord motion readouts at the level of stenosis
are in line with previous work.8-11 However, the comparability of
this work is limited due to different readouts (half amplitude,8

total displacement,10,11 maximum displacement,10 peak veloc-
ities,7,15 mean velocity,10 and velocity difference between cervical
segments9) and different evaluation techniques (magnetic field
strength,7-11,13,15 ROIs,7-11 velocity encoding,6-9,11,13 no correc-
tion for offset error/phase drift11), underlining the need for a
standardized evaluation.

Motion Differences in Regard to the Distance to the Next
Stenosis and the Number of Stenotic Segments
Patients with a multisegmental stenosis showed a higher displace-
ment within the first half of the cardiac cycle at C2 compared
with patients with a monosegmental stenosis, but this difference

was lost in subgroup analysis in regard
to the distance to the next stenosis and
might, therefore, be mostly attributable
to the high number of measurements
with a proximate stenosis at C3 in the
patient group with multisegmental sten-
oses. Motion at C2 was increased in
regard to a higher number of stenotic
segments (entire patient group and sub-
group multisegmental stenoses) and the
distance to the next stenosis (with a
trend in subgroup analysis in patients
with monosegmental and multisegmen-
tal stenoses, respectively). Due to the
elastic properties of the spinal cord and
its surroundings,20-22 increased motion in
the stenotic segment might, therefore,
propagate to adjacent segments, ending in
a further increased oscillation. Increased
motion values compared with controls in
nonstenotic segments at C2 up to 3 seg-
ments apart from the next stenosis sup-
port this hypothesis. However, it remains
open why motion in patients with 4 ste-
notic segments was less compared with
motion in those with a lower number of
stenotic segments. Potentially, there might
be a threshold of obstruction of the
spinal canal, where spinal cord motion
decreases.

Origin of Spinal Cord Motion
The origin of spinal cord motion was
attributed to intracranial CNS and CSF
pulsation related to the cardiac
cycle,9,11,23-27 breathing,28 and local fac-
tors, eg, arterial pulsation. Breathing
only causes slower frequency spinal cord

movements29,30 and was shown to have minor effects on CSF
measurements within steady breathing conditions using cardiac-
gated PCMR.31 Because patients and healthy controls in our
study underwent no defined breathing protocol, breathing was
not monitored systematically but is expected to have only minor
effects. Increased spinal cord motion can be attributed to nar-
rowed anatomic conditions inducing changes of fluid dynamics
because correlations of higher motion with less CSF space and
smaller spinal canal measures could be found in healthy controls6

and patients.8 These findings are comparable with CSF dynamics
reported before,32,33 following the law of Hagen-Poiseuille.34

Previous studies also revealed a close interaction between CSF dy-
namics and spinal cord motion.11 However, CSF measurements at
the level of cervical stenosis11 were considered less reliable. Local
mechanisms (ie, arterial pulsation) are also affected in spinal steno-
sis due to the loss of the CSF buffer zone around the spinal cord.
When we compared our measurements with those in other studies
on spinal cord and cardiovascular motion using electrocardiogra-
phy (ECG) triggering,7,9,35 a major influence on spinal cord motion

FIG 5. Spinal cord motion at C2 regarding the distance to the next stenosis and the number of
stenotic segments. In patients (monosegmental and multisegmental stenoses), displacement
(entire cardiac cycle) differs with the distance to the next stenosis (A) and the number of ste-
notic segments (B).
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could be attributed to the cardiac function,7 causing a strong cra-
niocaudal oscillation shortly after the RR peak in the ECG. Motion
readouts were correlated to the heart rate in healthy volunteers,6

underlining a relation to the cardiac action and local vascular pulsa-
tion. Most interesting, in a canine model, spinal cord oscillations
diminished after transection of the local vascular support,36 speak-
ing to the importance of local arterial pulsation for spinal cord
motion. That spinal cord oscillations in conditions with stenosis
occur with increased movement throughout the entire cardiac cycle
suggests other influences, ie, altered CSF dynamics or elastic prop-
erties of the spinal cord and its surrounding structures.

Spinal Cord Motion Pattern
Spinal cord motion in healthy volunteers was shown to start with a
strong craniocaudal oscillation shortly after the RR peak in the
ECG.7 This caudal motion was followed by a cranial oscillation
and subsequent caudal/cranial oscillations of different extents, with
no motion at the end of the diastole.7 In line with these reports,
hardly any motion was observed in our control group during the
first half (time points 1–10) of the cardiac cycle (measured by pe-
ripheral pulse triggering), followed by a biphasic craniocaudal os-
cillation (Fig 6 and Online Video 1). In summary, in line with
previous7 work, our findings show craniocaudal oscillations, with
an onset shortly after the cardiac systole, extending into the cardiac
diastole, but with zero motion at the end of the diastole under
physiologic conditions. In cardiovascular MR imaging measure-
ments simultaneously comparing 3 triggering methods (ECG,

peripheral pulse, sonography), a temporal right shift of the velocity
curve was reported when using a peripheral pulse trigger (about
60% of the RR interval) compared with the ECG trigger.35 These
findings correspond well to the shifted spinal cord motion curve in
our analysis, using a peripheral pulse trigger, with a motion onset
at approximately 50%–55% of the cardiac cycle compared with ear-
lier spinal cord motion studies using the ECG trigger.7,9 Analogous
results across studies using various triggering criteria underline the
technical robustness of measuring spinal cord motion with PCMR.

Altered Motion Pattern in Patients: The Restless Spinal Cord
Systolic motion in patients showed a craniocaudal followed by a
caudocranial oscillation similar to findings in physiologic condi-
tions,6,7 but with manifold higher velocity values (Fig 6 and Online
Video 2). While the onset of the oscillation did not differ in
patients compared with controls, the subsequent negative velocity
peak and the positive velocity peak were significantly delayed.
Additionally, while physiologic conditions are present almost with-
out cord motion during the first half of the cardiac cycle (time
points 1–10), providing a resting phase for the spinal cord, patients
presented with a continuous motion that was seen throughout the
whole cardiac cycle, reflecting ongoing upward motion (Fig 6).
These findings suggest a timely onset but increased caudal motion
driven by arterial pulsation and CSF flow. Downward motion was
extended in 1 subgroup, while a delayed and prolonged upward os-
cillation in cervical stenosis was evident in most patients. The ori-
gin of the upward motion might be mostly attributed to a passive

FIG 6. Comparison of physiologic and pathologic spinal cord motion. At C5 in a nonstenotic segment in a healthy control (A, axial T2-weighted),
only moderate velocities can be observed in phase-contrast imaging with light gray shading of the cord (B, axial PCMR, red dotted circle). In
contrast, in a patient’s stenotic segment (C, axial T2-weighted), extensively increased spinal cord motion velocity can be identified by black
shading of the spinal cord (D; axial PCMR; red dotted circle). While the phase-contrast images (B, healthy control; D, patient) show the maximum
caudal velocity, the velocity graphs (E, healthy control; F, patient) display the velocity at 20 time points during 1 cardiac cycle. While in physio-
logic conditions, only a moderate biphasic oscillation in the second half of the cardiac cycle (E, time points 11–20) and no motion during the first
half (E, time points 1–10) can be observed; in cervical stenosis, the spinal cord shows an extensively increased oscillation in the second half (F,
time points 11–20; red arrows) and ongoing upward motion in the first half (F, time points 1–10; red dotted arrow).
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recoil, caused by elastic structures like the dental ligaments and the
pia mater and the elastic properties of the spinal cord itself.20-22

Additionally, in physiologic conditions, CSF flow shows a sinusoi-
dal pattern with diastolic upward flow,37,38 which is restricted in
the stenotic segments. Due to the obstruction of the spinal canal in
cervical stenosis, the spinal cord might be subject to diastolic
upward motion also driven by CSF backward flow.

In summary, the increased downward motion and the entrap-
ment of the spinal cord at the stenotic segment might cause the
delayed and ongoing upward motion. Therefore, in pathologic con-
ditions, the physiologic diastolic resting phase vanished, resulting in
a restless oscillation of the spinal cord. Considering.100,000 heart-
beats with consecutively increased spinal cord oscillations per day,
this ongoing mechanical stress to the spinal cord provides an impor-
tant dynamic factor in the pathophysiology of DCM beyond static
compression, potentially contributing to tissue damage, myelopathy,
and its clinical conditions. Associations of increased spinal cord
motion with sensory deficits,8,10 impaired electrophysiologic read-
outs,10 and decreased functional scores11 in patients with DCM are
in line with this hypothesis. Additionally, each arterial pulsation acts
on the spinal cord tissue with a magnitude corresponding to the
blood pressure in patients missing the CSF buffer to absorb each
pulsation. Most interesting, the mechanosensitivity of central nerv-
ous system tissue to low-level magnitude strains was shown.39-41

Various other pathologic conditions are reported with altered
spinal cord motion, underlining its clinical importance. In symp-
tomatic patients with a tethered cord, limited cord motion
was revealed, and a markedly decreased cord motion sug-
gested a poor outcome for surgery.42,43 Analogous to our
findings, changes with increased spinal cord motion and an
impaired passive recoil have been reported in Chiari malfor-
mation,44-46 associated with Chiari-associated syringomy-
elia.45,47 Obstruction of the foramen magnum in Chiari
malformations, therefore, shows analogous findings to the
obstructed spinal canal in patients with DCM.

In summary, assessing spinal cord motion may help to improve
diagnostics andmonitoring of disease progression because it reflects
mechanical stress to the spinal cord not revealed by standard static
MR imaging. Especially in patients with mild DCM, treatment deci-
sions are challenging.48 Increased spinal cord motion in this popu-
lation may provide a complementary aspect for decision-making.
Also, postoperative measurements of spinal cord motion might
provide a tool to identify sufficient decompression because nor-
malization of preoperatively increased cord motion has been
reported before.8 In contrast to other techniques (ie, multimodal
MR imaging protocols49-52) requiring extensive postprocessing,
spinal cord motion measurements can be easily implemented in
routine MR imaging protocols.

Limitations
Because controls were not matched for age and sex, a possible
bias of these characteristics could not be excluded. Due to limited
time for MR imaging measurements, not all cervical segments
could be evaluated in the individual patients. However, the group
findings could show changes of the pattern of cord motion range
across the whole cervical spinal segments. The temporal resolu-
tion of our motion measurements was limited by the high spatial

in-plane resolution and the low velocity encoding value, both
leading to a long TR. Due to limited scanning time per patient, a
further extension of the phase-contrast acquisition time unfortu-
nately was not possible. However, the approach used here might
provide a reasonable compromise for clinical application.

CONCLUSIONS
This study revealed ongoing (restless) spinal cord motion over the
whole cardiac cycle and provides further insight into the pathophys-
iology of degenerative cervical myelopathy contributing to tissue
damage beyond static compression. Measuring spinal cord motion
provides an interesting surrogate to potentially reveal conditions of
spinal cord distress, even before it is clinically evident. This might
enable advanced evaluation of patients thought to have DCM and
provide a means for a timely surgical intervention at an early stage.
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Spinal Cord Gray and White Matter Damage in Different
Hereditary Spastic Paraplegia Subtypes

K.R. Servelhere, R.F. Casseb, F.D. de Lima, T.J.R. Rezende, L.P. Ramalho, and M.C. França Jr

ABSTRACT

BACKGROUND AND PURPOSE: Spinal cord damage is a hallmark of hereditary spastic paraplegias, but it is still not clear whether
specific subtypes of the disease have distinctive patterns of spinal cord gray (GM) and white (WM) matter involvement. We com-
pared cervical cross-sectional GM and WM areas in patients with distinct hereditary spastic paraplegia subtypes. We also assessed
whether these metrics correlated with clinical parameters.

MATERIALS AND METHODS:We analyzed 37 patients (17 men; mean age, 47.3 [SD, 16.5] years) and 21 healthy controls (7 men; mean
age, 42.3 [SD, 13.2] years). There were 7 patients with spastic paraplegia type 3A (SPG3A), 12 with SPG4, 10 with SPG7, and 8 with
SPG11. Image acquisition was performed on a 3T MR imaging scanner, and T2*-weighted 2D images were assessed by the Spinal Cord
Toolbox. Statistical analyses were performed in SPSS using nonparametric tests and false discovery rate–corrected P values, .05.

RESULTS: The mean disease duration for the hereditary spastic paraplegia group was 22.4 [SD, 13.8] years and the mean Spastic
Paraplegia Rating Scale score was 22.8 [SD, 11.0]. We failed to identify spinal cord atrophy in SPG3A and SPG7. In contrast, we found
abnormalities in patients with SPG4 and SPG11. Both subtypes had spinal cord GM and WM atrophy. SPG4 showed a strong inverse
correlation between GM area and disease duration (r ¼ –0.903, P, .001).

CONCLUSIONS: Cervical spinal cord atrophy is found in some but not all hereditary spastic paraplegia subtypes. Spinal cord dam-
age in SPG4 and 11 involves both GM and WM.

ABBREVIATIONS: CSA ¼ cross sectional area; HSP ¼ hereditary spastic paraplegia; SC ¼ spinal cord; SCT ¼ Spinal Cord Toolbox; SPG ¼ spastic paraplegia;
SPRS-BR ¼ Brazilian version of the Spastic Paraplegia Rating Scale

Hereditary spastic paraplegia (HSP) consists of a heterogene-
ous group of inherited neurodegenerative disorders in which

the longest descending fibers of the spinal cord (SC) are the main
target of damage.1-3 Clinically, patients present with spastic gait
that can be associated with variable degrees of lower limb weak-
ness as well as sensory deficits and bladder or bowel dysfunction.
HSP can be inherited in every possible way, but autosomal domi-
nant and recessive are the most common patterns of inheritance.4

So far,.70 loci and 60 genes are linked to HSP, and the different
genetic subtypes of the disease are spastic paraplegia (SPG)1 to
SPG80, corresponding to the chronologic order of gene
description.4

Since the first postmortem descriptions in subjects with HSP,5-7

the corticospinal tract and the SC have been indicated as the key

targets of damage in the disease.8,9 Studies using MR imaging have
already shown atrophy of the SC in these patients.9-11 However,
these studies had some important limitations. First, the sample
sizes were small; thus, the authors lumped different HSP subtypes

into a single group to compare with healthy controls.9-11 Second,
MR imaging analyses failed to separate SC white (WM) and gray
(GM) matter for individualized analyses.9-11

In this scenario, novel MR imaging acquisition protocols that
allow quantifying GM and WM separately have been developed
in the past decade.12 The Spinal Cord Toolbox (SCT; https://
spinalcordtoolbox.com/en/stable/), a robust tool capable of isolat-
ing GM and WM automatically, is a comprehensive and open-
source software specifically designed to process SC MR imaging
data and perform cord-specific quantification of cross-
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sectional areas across vertebral levels.13 This pipeline has
high segmentation accuracy and acceptable intra- and inter-
scanner reliability.13,14 The measurement of these segmented struc-
tures can contribute to identifying potential biomarkers for HSPs
through understanding the pattern of SC damage. This might be
helpful for diagnostic purposes and also to assess disease
progression.

As far as we know, no studies approaching GM and WM sep-
arately in HSP have been performed. Therefore, this study used
the SCT in a representative sample of genotype-specific HSP sub-
types, aiming to compare cross-sectional cervical SC, GM, and
WM areas. Furthermore, we verified whether these metrics corre-
lated with clinical aspects such as age at onset, disease, and dis-
ease severity.

MATERIALS AND METHODS
Subject Selection
We initially recruited and scanned 55 patients and 23 healthy
controls from 2018 to 2019. We excluded 13 patients (4 with
SPG15, 1 with SPG6, 3 with SPG72, 3 with SPG8, and 2 with
SPG33) because these genotypes did not have large-enough
sample sizes to enable comparisons. Furthermore, we
excluded images from 5 patients (3 with SPG4, 1 with SPG11,
and 1 with SPG3A) and 2 controls due to motion artifacts
and poor segmentation. In the end, 37 patients with HSP (7
with SPG3A, 12 with SPG4, 10 with SPG7, and 8 with SPG11)
with a mean age of 47.3 [SD, 16.5] years and 21 healthy con-
trols with a mean age of 42.3 [SD, 13.2] years took part in the
study. None of these remaining subjects had relevant disc dis-
ease or cord compression. All patients were followed at our
neurogenetics outpatient clinic.

All patients were older than 18 years of age and had genotypes
confirmed by molecular testing. This study was approved by the
ethics committee of UNICAMP (CAAE 83241318.3.1001.5404)
and have been performed in accordance with the ethical stand-
ards laid down in the 1964 Declaration of Helsinki and its later
amendments. All subjects agreed to participate and signed an
informed consent form before any study-related procedure.

Clinical Parameters
We recorded the age at onset of the first symptom and disease
duration for all patients. Phenotypes were classified into pure and
complicated. We used 3 clinical scales to quantify disease severity:
the Brazilian version of the Spastic Paraplegia Rating Scale
(SPRS-BR), the Ashworth scale, and the Medical Research
Council Scale for Muscle Strength.15-17 The last 2 scales were
applied only to the lower limb muscles. Clinical evaluations were
performed by a specialized researcher on the same day that MR
images were obtained.

MRI Acquisition
All images were acquired in an Achieva 3T scanner (Philips
Healthcare) using a standard 16-channel neurovascular head coil.
We obtained sagittal and axial standard T1 and T2 scans of the
cervical SC to rule out incidental findings (eg, degenerative disc
disease, cord compression). Routine brain MR images were also
obtained to rule out incidental findings.

To locate the ROI within the cervical SC, we obtained sagittal
T2-weighted images with the following parameters: FOV= 220�
220 � 36 mm3; voxel size= 0.7 � 0.7 � 3 mm3; 11 slices; gap=
0.3mm; flip angle = 90°; TR/TE= 1075/120ms.

For quantitative analyses, we used the T2*-weighted 3D slab-
selective fast-field echo images acquired in the axial plane from
C2 to C4 with an acquisition time of 4minutes 30 seconds
(FOV¼ 200 � 153 � 49 mm3; voxel size¼ 0.8 � 0.8 � 3 mm3;
matrix¼ 252 � 191; 15 slices; gap¼ 0.3mm; 4 echoes; flip
angle¼ 28°; TR/TE¼ 700/6.7ms).

MRI Analysis
We used the SCT pipeline, Version 4.0.1, to obtain SC metrics.13

In brief, we followed some processing steps. Initially, we obtained
the automatic segmentation of the cross-sectional total SC and
GM areas using deep learning algorithms, followed by manual
correction of the segmentation if necessary. This initial step
enabled the generation of the WM area as the difference between
cross sectional area (CSA)–GM areas. Next, the vertebral levels
C2, C3, and C4 were automatically identified. Afterward, we pro-
ceeded to the registering of the T2* images to the PAM50
Template (https://spinalcordtoolbox.com/en/stable/overview/
concepts/pam50.html) by means of linear and/or nonlinear
algorithms. Last, this template was warped to match the subject
imaging, so that the mean total CSA and GM area for C2, C3,
and C4 vertebrae can be computed. These measures are corrected
for the curvature of the spine using the angle of the section with
the SC centerline. Fifteen slices for each SC level were considered,
and a mean value was estimated. Figure 1 shows examples of SC
segmentation obtained using the SCT.

Statistical Analysis
We compared the entire HSP group as well as the subgroups
defined according to the genetic test (SPG3A, SPG4, SPG7, and
SPG11) against the entire control group (n=21). Considering the
relatively small sample size of each HSP subgroup, we used a
nonparametric test (Mann-Whitney) to perform between-group
comparisons of the CSA, GM, and WM areas at each spinal level.
We applied the Benjamini-Hochberg correction to control for the
false discovery rate in these analyses.

Correlation analyses were assessed separately within each
HSP subtype using Spearman coefficients (r ). Again, we investi-
gated whether CSA, GM, and WMmeasures correlated with clin-
ical parameters, such as age at onset, disease severity, and disease
duration. Because this investigation was exploratory, we decided
not to correct for multiple correlations. Although we have an
apriori hypotheses for each correlation, we accepted a more con-
servative 2-tailed P value. We set P, .05 for all analyses.

RESULTS
There were 17 men in the patient group (45.9%) and 7 men
(33.3%) in the control group. There was no significant difference
regarding age between groups (patients versus healthy controls).
Patients had a mean disease duration of 22.4 [SD, 13.8] years, and
the mean SPRS-BR score was 22.8 [SD, 11.0]. There were 17
patients with complicated HSP (8 with SPG11 and 9 with SPG7)
and 20 with pure HSP (7 with SPG3A, 12 with SPG4, and 1 with
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SPG7). When we considered those with complicated phenotypes,
all subjects with SPG11 had neurophysiologic signs of chronic
lower motor neuron involvement (including the arms), and all
except one had cognitive decline. The 9 patients with SPG7 had
cerebellar ataxia. The patients with pure HSP only had lower-
limb pyramidal and sensory manifestations. Ten patients were
wheelchair-bound, 12 used canes, and 3 needed some assistance
to walk. Demographic data of each HSP subtype are presented in
the Table.

MRI Group Comparison (Patients versus Healthy
Controls)
Considering the entire HSP group, all measures (CSA, GM, and
WM) at all levels were significantly smaller than in the control
group (Online Supplemental Data). There was a significant differ-
ence in terms of CSA only for HSP-SPG4 and HSP-SPG11
(Online Supplemental Data and Fig 2). All 3 evaluated slices pre-
sented significant area reduction for both genetic subtypes. The
pattern of GM and WM damage was also similar in HSP-SPG4
and HSP-SPG11 (Online Supplemental Data and Fig 2). In both
groups, we found GM as well as WM area reduction in compari-
son with healthy controls.

CSA, GM, and WM areas were not different between controls
and the HSP-SPG3A and SPG7 groups at any spinal level.

Correlations (Clinical Parameters versus SC Areas)
We assessed correlations using the Spearman rank correlation
coefficient. Considering that only HSP-SPG4 and SPG11 had sig-
nificant SC morphometric changes, we decided to explore poten-
tial clinical correlates (age at onset, disease duration, and disease
severity) for only those 2 subgroups. None of these parameters
correlated with imaging findings in the HSP-SPG11 group. In
contrast, we found significant correlations in the HSP-SPG4
group: 1) CSA at C4 had a direct correlation with the age at onset
(r ¼ 0.753, P¼ .005); 2) the GM area at C3 had a direct correla-
tion with age at onset (r ¼ 0.706, P¼ .01) and a negative correla-
tion with disease severity, expressed by SPRS-BR scores (r = –

0.630, P¼ .03); and 3) GM area at C4 had a positive correlation
with age at onset (r ¼ 0.754, P¼ .01), but a negative correlation
with disease duration (r ¼ –0.903, P, .001) and disease severity
(r ¼ –0.866, P¼ .001).

As a second step, for each HSP group, we performed correla-
tion analyses of SC areas and disease severity, controlling for age,
sex, and disease duration as covariates, but none of the results
reached the significance threshold (P, .05).

DISCUSSION
This study focused on the comparison of cervical SC, GM, and
WM areas in 4 genotype-specific HSP groups and healthy con-
trols. Currently, there are some pipelines available for SC seg-
mentation,18,19 but we chose the SCT because it is highly
reproducible and less affected by artifacts.12-14 Then, we were
able to show, for the first time, that cervical SC atrophy is found

in some but not all HSP subtypes.
Moreover, SC morphometric changes in
HSP-SPG4 and SPG11 extend to both GM
and WM. SC WM involvement in HSP-
SPG4 and SPG11 is expected because of the
involvement of the corticospinal tract,
which has been shown in previous patho-
logic reports in both diseases.20,21 It is
rather probable that corticospinal tract axo-
nal loss and gliosis are the pathologic corre-
lates of the atrophy we found using MR
imaging. In addition to upper motor neu-
ron damage, HSP-SPG11 is also character-
ized by lower motor neuron dysfunction.

FIG 1. Axial T2* slices of the cervical spinal cord in a healthy control
(upper row) and patients with HSP-SPG3A, HSP-SPG4, HSP-SPG7, and
HSP-SPG11 (lower rows). In each case, the original image is shown in
the left column, whereas the segmented white (dark gray) as well as
the gray matter (light gray) cross-sectional areas are shown in the
right column.

Demographic and clinical data from genotype-specific patients with HSP included in
this studya

Parameter SPG3A SPG4 SPG7 SPG11
Sample (No.) 7 12 10 8
Sex (M/F) 2:5 6:6 5:5 4:4
Age (yr) 37.0 (12.0) 57.0 (12.5) 63.0 (10.0) 29.0 (6.0)
Age at onset (yr) 0 (3.5) 37.5 (8.5) 35.0 (10.0) 17.5 (3.5)
Disease duration (yr) 33.0 (10.2) 21.0 (13.0) 27.0 (24.0) 10.0 (6.0)
SPRS-BR 21.0 (18.0) 18.5 (9.0) 22.5 (23.0) 24.0 (9.5)
Leg spasticity 1 (0–2) 1 (0–2) 1 (0–2) 1 (0–2)
Leg muscle strength 4 (3–5) 4 (4–5) 5 (4–5) 4 (4–5)

a Parameters are expressed using median (interquartile range). Muscle spasticity and strength were assessed in
the following lower limb muscles: thigh adductors and abductors, quadriceps, hamstrings, ankle plantar flex-
ors and dorsal flexors using the Ashworth scale and the Medical Research Council Scale for Muscle Strength,
respectively. Results shown in the table represent an average value from all muscles tested in each patient.
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Some patients actually present with a phenotype resembling juve-
nile amyotrophic lateral sclerosis.21,22 Faber et al,22 found almost
universal lower motor neuron disease in a cohort of 25 subjects
with HSP-SPG11. All patients with SPG11 herein included
indeed had signs of anterior horn damage (including the arms).
In this scenario, we hypothesize that reduced GM area in this
genetic subtype could be related to the loss of motor neurons in
the ventral horns of the SC.21 The explanation for SC GM atro-
phy in subjects with HSP-SPG4 must not be the same because
these patients do not have lower motor neuron disease in gen-
eral.23 In our cohort of HSP-SPG4, none of the subjects had clini-
cal lower motor neuron signs, but only a few of them underwent
nerve conduction studies and electromyography. Then, it is pos-
sible that we may have missed subclinical lower motoneuronal
involvement. Nevertheless, we believe that loss of other neuronal
populations within SC GM, such as those located in the sensory
lamina of Rexed, is a more reasonable explanation for GM

atrophy. This last hypothesis deserves further investigation in
pathologic studies.

Another interesting finding in this study was the striking cor-
relation between SC metrics and clinical disability in SPG4. In
this subgroup, SC GM but not WM area at C4 had an extremely
high and statistically significant association with both disease du-
ration and severity. This was somewhat unexpected but indicates
that damage to neuronal circuits within the SC GM is relevant to
the disease. In the face of these findings, one should no longer
consider this HSP subtype as a “pure” distal motor axonopathy.
In addition, our results highlight the importance of pursuing SC
segmentation into GM and WM in the context of HSPs. Separate
analyses of GM and WM, rather than just looking at the entire
SC area, might provide more interesting insights, not only into
the biology of these diseases but also into potential biomarkers
for clinical use. Some previous studies indeed failed to identify
the clinical correlates of SC damage, possibly because they used

FIG 2. Box-and-whisker plots showing the distribution of the SC (upper row), GM (middle row), and WM (lower row) areas of patients with
HSP-SPG4 versus healthy controls (left side) and patients with HSP-SPG11 versus healthy controls (right side) along cervical levels C2, C3, and C4.
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this whole SC measurement approach.9,10 In the near future with
technical MR imaging advancements, it is possible that deeper
segmentation of the SC, for instance, determining the area of the
anterior and posterior horns as well the dorsal columns, will help
us even more in the understanding of HSP.24,25 Other metabolic
and genetic SC disorders may also benefit from a similar
approach using quantitative GM andWM evaluation.26

We failed to show the same relevant associations for subtypes
HSP-SPG7 and SPG11. This could be due to a ceiling effect of
SPRS-BR for these 2 subtypes. Indeed, patients with SPG7 and
SPG11 were the most disabled (many of them already wheel-
chair-bound). In late disease stages, the scale fails to capture clini-
cal deterioration (even though neurodegeneration was still taking
place), and this may have interfered with the correlation analy-
ses.27 The assessment of cohorts in the early stages of SPG7 and
SPG11 would help to clarify this point.

We were not able to find SC atrophy in the HSP-SPG3A and
SPG7 groups. This may indicate that SC involvement in these
subtypes does not lead to macroscopic abnormalities. Only
microstructural abnormalities would be present and could
only be uncovered with other imaging techniques, such as
DTI.25 An alternative explanation is that SC volumetric
reduction actually takes place but is mild. In this scenario,
our sample size could have been underpowered to detect such
small differences. This is sometimes an issue in single-center
studies dealing with rare diseases such as HSP. To overcome
these limitations, multicentric studies using a multimodal SC
MR imaging approach in a longitudinal setting would be im-
portant to enable the recruitment of more patients, including
HSP subtypes not explored here. Additional levels of the SC,
such as the thoracic region, were not evaluated in our study
and should be assessed in these future studies as well.

CONCLUSIONS
We were able to show that HSP types 4 and 11 have SC atrophy
involving both GM and WM. GM SC morphometry corre-
lated with clinical parameters in HSP-SPG4 and might be a
useful biomarker to track disease progression in this condi-
tion, but longitudinal studies should now be performed to
validate these findings.
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WHITE PAPER

Recommendations for Neuroradiology Training during
Radiology Residency by the American Society of
Neuroradiology Section Chiefs Leadership Group

M. Wintermark, J. Anderson, V. Gupta, T.A. Kennedy, L.A. Loevner, R.F. Riascos, C. Robson, G. Saigal, and
C. Glastonbury

The American Society of Neuroradiology [ASNR] Section Chiefs
Leadership Group strongly feels that residency education in

neuroradiology should become more standardized and wishes to
make recommendations and facilitate the ability of residency pro-
grams to educate and train their residents in neuroradiology.

Background
Various changes to Accreditation Council for Graduate Medical
Education (ACGME) radiology residency programs have resulted
in a highly variable amount and type of exposure to neuroradiol-
ogy cases and education. These include, but are not limited to, the
advent of the IR residency and ESIR training, potentially limiting
the number of rotations by the IR residents to neuroradiology,
increased reliance on overnight and float rotations that may have
significant neuroimaging exposure but are staffed by non-neurora-
diologists, and specialized curricula or mini-fellowships in non-
neuroradiology areas in the R4/PGY5 year that may limit the expo-
sure to the expertise of neuroradiologists and neuroimaging.
Additionally, the structure of the current ABR certification process,
though allowing testing for routine competency with the Core
Examination, does not necessarily ensure that there is continued
learning and growth, because the individual can opt out of the neu-
roradiology modules.

Thus, the ASNR Section Chiefs Leadership Group has made
the following recommendations:

Exposure

• It is strongly recommended that radiology trainees have at
least 16–24 weeks of training in neuroradiology under the
direction of a neuroradiologist. Additionally, it is recommended
that at least 8–12 of those weeks occur during the last 3 years of
their training before they start practicing independently.

• Continued exposure and education in neuroimaging is
needed to maintain skills developed during the early years of
residency. The neuroradiology training during residency
should be modeled on the neuroradiology curriculum
developed by ASNR (https://www.asnr.org/education/
neuroradiology-curricula-for-trainees/).

• It is strongly recommended that radiology trainees have at least 60
hours of dedicated instruction in neuroimaging. Additionally, it is
recommended that at least 30 of those hours occur during the last
3 years of their training before they start practicing independently.

• It is strongly recommended that residents be exposed to edu-
cational activities including lectures and other didactic educa-
tion by faculty at the institution/program. In addition, it is
recommended that online resources such as (but not limited
to) those made available by ASNR (https://www.asnr.org/
education/fellowship-portal/educational-resources) be used
during residency training.

Experience
• It is strongly recommended that radiology trainees inter-
pret a variety of neuroimaging studies throughout their
training.

• Continued interpretation and education in brain, spine, head
& neck, and neurovascular imaging should occur throughout
the residency. Although specific numbers of cases are not an
indication of competency, a guideline for consideration is that
a radiology trainee interpret at least 300 neuroimaging CT
scans, 150 Neuroimaging MRI scans, and 50 neurovascular
imaging studies (neuro CTAs and neuro MRAs) under the guid-
ance and direction of a neuroradiologist during the last 3 years
of their training, before he or she starts practicing independently.
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• It is important to read a significant number and variety of
neuroimaging cases and although we understand the value
of float and call type experiences for neuroimaging, the
fundamental aspects of routine neuroimaging are felt to
be best done under the direction and guidance of dedi-
cated neuroradiologists, even if the feedback from the
neuroradiologists may not be in real-time.

Competency
• It is strongly recommended that competency in Neuroimaging
be tested.

• Resources for evaluation could include competency tests
established in the home institution, performance on RadExam
(https://www.acr.org/Lifelong-Learning-and-CME/Learning-
Activities/RadExam), or similar testing formats. Ideally,
competency testing should occur at each level of residency
either defined by year in residency or number of rotations
completed.

• The ASNR has developed milestone recommendations for
each level of residency defined either by the year in residency
or number of rotations completed (https://www.acgme.org/
Portals/0/PDFs/Milestones/NeuroradiologyMilestones.pdf?ver=
2015-11-06-120525-910).

Resources
As mentioned above, the ASNR is committed to supporting the
education of radiology trainees and provides educational and
evaluation resources to help optimize resident education and
competency in neuroradiology.

CONCLUSIONS
From a patient safety perspective, radiology trainees graduating
on or after June 2021 and joining practice who have not met the
recommendations listed above should seriously consider not
interpreting even routine neuroradiology studies.

For the independent practice and interpretation of ad-
vanced neuroradiology (including pediatric neuroradiology,
head and neck radiology, and advanced neuroimaging), a for-
mal, ACGME-approved neuroradiology fellowship is strongly
recommended. A neuroradiology fellowship will ensure expo-
sure, experience, and competency for both routine and
advanced neuroradiology. The ACGME requirements for a
neuroradiology fellow include the interpretation of 3000
cross-sectional neuro examinations including CTs of the
head, neck, and spine; at least 1500 MRIs of the brain, neck,
and spine; and at least 250 neurovascular imaging examina-
tions (CTAs and MRAs) (https://www.acgme.org/Portals/0/
PFAssets/ProgramRequirements/423_Neuroradiology_2020.
pdf?ver=2020-06-29-164131-690). These numbers are signif-
icantly higher than the number of imaging studies required
for radiology residents as listed above and are justified for the
safe practice of advanced neuroradiology as opposed to routine
neuroradiology The Neuroradiology Subspecialty Examination
administered by the American Board of Radiology (ABR) allows
direct testing of the competencies acquired during a neuroradiol-
ogy fellowship (https://www.theabr.org/diagnostic-radiology/
subspecialties/neuroradiology).
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LETTERS

MR Imaging of the Olfactory Bulbs in Patients with COVID-19
and Anosmia: How to Avoid Misinterpretation

We recently read the article entitled “Brain Imaging of Patients
with COVID-19: Findings at an Academic Institution dur-

ing the Height of the Outbreak in New York City,” a retrospective
neuroimaging cohort by Lin et al.1 The authors reported T2-FLAIR
postgadolinium olfactory bulb (OB) signal abnormalities in 4
patients positive for coronavirus disease 2019 (COVID-19) with
only 1 having documented anosmia. This finding was subsequently
interpreted as olfactive neuritis and a correlate of the anosmia.

Anosmia has been identified as one of the first or only recogniz-
able symptoms of the Severe Acute Respiratory Syndrome corona-
virus 2 (SARS-CoV-2) infection, accounting for .50% of Western
patients.2 It is now known that post-SARS-CoV-1 anosmia could
persist for as long as 2 years. It, thus, becomes relevant to identify
MR imaging biomarkers of OB involvement, including signal and
volume changes, that might be predictive of the olfactory disorder
outcome. We, thus, find it important to draw the attention to the
OB signal and volume analysis.

The OB signal intensity can vary according to the field
strength applied, the MR imaging manufacturer, and the acquisi-
tion parameters of T2-FLAIR sequences. Furthermore, it has pre-
viously been reported that OBs could appear hyperintense on T2-
FLAIR in healthy subjects.3 Lin et al1 reported that they recruited
patients who had undergone brain MR imaging from 3 different
machines (1.5T and 3T), increasing the risk of signal variation in
tiny structures and thus making the results more questionable.

Age- and sex-matched healthy controls scanned on the same
MR imaging scanner need to be analyzed to overcome these
technical issues and avoid an incorrect OB edema/gadolinium-
enhancement description. In our institution, a blind, independent
comparison by 2 experienced neuroradiologists of 10 patients with
COVID-19–associated anosmia and 10 age- and sex-matched sub-
jects negative for COVID-19 without olfactory dysfunction was per-
formed. It showed that visual analysis of OB high-resolution T2-
FLAIR signal could not distinguish the 2 groups because all the sub-
jects presented with the same T2-FLAIR high signal intensity (Fig 1).

Thus, the OBs described by Lin et al1 as being abnormally “hyperin-
tense” can probably correspond to a normal signal intensity.

It has been shown that the OB volume decreased in postinfec-
tious anosmia.4 Because the OBs are tiny structures surrounded
by CSF, sequences with high resolution such as CISS should be
used for volume segmentation. As for the signal on an individual
scale, the signal intensity evolution of the OB could be compared
with the surrounding structures, such as the cortex or the optic
nerves. Subjective appreciation, especially for such a small struc-
ture, could lead to misinterpretation.

In summary, OB imaging is challenging, and one should be
careful while interpreting its signal and volume, especially in the
context of COVID-19.
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FIG 1. 3T brain MR imaging in a healthy subject (A) and a patient with
COVID-19–related anosmia (B). Coronal reformatted 3D FLAIR images
show OB hyperintensity (arrows) compared with the cortex in both
subjects.
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REPLY:

We read the letter written by Shor et al with great interest,
and we appreciate the data that they shared from their

institution. We concur that subjective perception of olfactory
bulb (OB) hyperintensity in isolation should not be interpreted as
definitive evidence of coronavirus disease 2019 (COVID-19)
infection but wish to note that quantitative assessment of OB sig-
nal intensity was additionally performed in the patient sample
reported in Lin et al,1 as detailed in a subsequently published arti-
cle by Strauss et al.2 Normalized OB T2 FLAIR signal intensity
values were computed to account for technical differences in scan
acquisitions among patients. There was a significant difference in
a normalized OB T2 FLAIR signal intensity between the patients
with COVID-19 (mean normalized signal intensity, 1.85; range,
0.74–1.85) and the controls with anosmia (mean normalized sig-
nal intensity, 1.27; range, 0.99–3.13) (P= .003). These preliminary
findings have important implications for our understanding of
potential neurotropism or, at the very least, neuroinflammatory
changes associated with Severe Acute Respiratory Syndrome co-
ronavirus 2 infection and pose an avenue for future prospective
investigation.
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LETTERS

A Comparison of Chest Radiograph and CTA Apical
Pulmonary Findings in Patients Presenting with

Suspected Acute Stroke during the COVID-19 Pandemic

In conjunction with our recently published article entitled
“COVID-19 Stroke Apical Lung Examination Study: A

Diagnostic and Prognostic Imaging Biomarker in Suspected
Acute Stroke,”1 the authors are pleased to also report our sup-
plementary findings related to chest radiographs.

In our search for relevant diagnostic biomarkers within the
lung apices on CTA performed in patients presenting with acute
stroke, we also determined whether the chest radiograph is a reli-
able diagnostic imaging biomarker and how it compared with
CTA-derived reliable diagnostic imaging biomarkers.

Chest radiographs are routine investigations for patients admitted
with both suspected stroke and suspected coronavirus disease 2019
(COVID-19). The investigation is often available to a neuroradiolo-
gist when reviewing the CTA. In the setting of a neuroradiology
department, we wished to determine whether the chest radiograph is
a reliable diagnostic imaging biomarker (using the British Society of
Thoracic Imaging COVID-19 Radiology Guidance; https://www.bsti.
org.uk/standards-clinical-guidelines/clinical-guidelines/covid-19-
bsti-statement-and-guidance/) and how it compares with
CTA-derived reliable diagnostic imaging biomarkers.

Anterior-posterior or posterior-anterior chest radiographs, if
obtained within 6 hours of the CTA, were evaluated at the 3 sites
included in our multicenter study in adult patients also undergoing
CT of the head and craniocervical CTA as acute stroke investiga-
tions. Radiographs were acquired with standard techniques using
digital radiography machines GC80 (Samsung), Discovery 656 (GE
Healthcare), Multix Select (Siemens Healthineers), and Diagnost
(Philips Healthcare).

Eighty-seven patients had a chest radiograph within 6 hours
of the CTA; 55.2% (48/87) had normal findings; 13.8% (12/87)
were COVID-19-typical; 26.4% (23/87) had indeterminate find-
ings; and 4.6% (4/87) were non-COVID-19. By means of a de-
scriptive COVID-19 chest radiograph grading system, the

interrater reliability among the 4 neuroradiologist raters was “sub-
stantial” across the study (Fleiss k ¼ 0.73; 95% CI, 0.62–0.84).
Shown to be reliable, we then determined the diagnostic accuracy
of this chest radiograph imaging biomarker for Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-CoV-2) using the
reverse transcriptase polymerase chain reaction (RT-PCR) test as
the reference standard (Table). Fifty-nine patients had both SARS-
CoV-2 RT-PCR results and a chest radiograph. All measures of
diagnostic accuracy of the chest radiograph were inferior to our
selected CTA-derived reliable diagnostic imaging biomarkers.

Chest radiographs are routine investigations for those admit-
ted with suspected stroke and those admitted with suspected
COVID-19. In the setting of a neuroradiology department, while
a descriptive chest radiograph grading system proved reliable, it
was not an accurate COVID-19 diagnostic biomarker in the
cohort of patients undergoing immediate CTA for suspected
stroke, in contrast to the reliable diagnostic biomarkers identified
in the CTA apical assessment.

Chest radiographs had a much lower diagnostic performance

than all CTA biomarkers with a sensitivity of 50% (95% CI, 29–

71) and a specificity of 61% (95% CI, 46–74) for COVID-19

(Table). We showed that chest radiograph assessment should not,

therefore, replace a simple assessment of the presence of ground

glass opacification on CTA for COVID-19.
Given the high frequency of chest radiographs as a screening

investigation, particularly in the current era, with the additional

prothrombotic sequalae of COVID-19, the findings are highly

relevant to both emergency radiologists and neuroradiologists

reporting acute stroke studies. Data pertaining to chest radio-

graphs and COVID-19 in the acute stroke population have not

been previously reported.
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Diagnostic accuracy of chest radiograph and CTA features in patients who had undergone both a chest radiograph and a SARS-
CoV-2 RT-PCR test (n= 59)

Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)
COVID-typical/indeterminate (chest radiograph)a 50% (29–71) 61% (46–74) 36% (24–51) 74% (62–82)
Presence of GGO (CTA) 83% (58–96) 80% (65–91) 65% (43–83) 92% (76–98)
Focal GGO (CTA) 56% (31–78) 85% (70–94) 62% (36–84) 81% (66–91)
Bilateral GGO (CTA) 56% (31–78) 83% (67–92) 59% (33–81) 80% (65–91)
Peripheral GGO (CTA) 78% (52–93) 85% (70–94) 70% (46–87) 90% (75–97)
COVID-typical/indeterminate (CTA) 72% (46–89) 90% (76–97) 76% (50–92) 88% (74–95)

Note:—PPV indicates positive predictive value; NPV, negative predictive value; GGO, ground glass opacification.
a COVID-typical alone gave a low sensitivity (44%) and was excluded from further analysis.
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LETTERS

Diagnostic Value of “Mushroom”Morphology in Vertebral
Chordoma

We read with great interest the recently published article
“Exophytic Lumbar Vertebral Body Mass in an Adult

with Back Pain.” We thank John C. Benson et al1 for their lucid
description of imaging features of chordoma presenting as an
exophytic lumbar vertebral mass. We recently encountered a
similar case and would like to add few points related to this
pathology.

Our patient, 68 years old male, presented with a history of low
back pain for the previous 3 years. The initial spine MR imaging
done 3 years earlier showed a small L4 lesion (Figure A, B)
confined to the vertebral body itself without any extraosseous
component. He was provisionally diagnosed with vertebral he-
mangioma and managed conservatively with intermittent analge-
sics. A recent aggravation of his low back pain and new-onset
paresthesia of bilateral lower limbs made him seek medical atten-
tion at our institute, and he underwent repeat imaging.

The MR imaging (Figure C, D) revealed an exophytic L4
vertebral body lesion with an extraosseous soft tissue compo-
nent remarkably similar to the mass described in the Benson
et al1 article. The appearance on the noncontrast imaging
mimicked an aggressive hemangioma with expansile extraoss-
eous soft tissue component and preserved vertically oriented
bony trabeculae. However, the dynamic time-resolved imaging
of contrast kinetics (TRICKS) MR image did not show any ar-
terial phase early enhancement or any prominent artery sup-
plying the lesion, which was against the diagnosis of vertebral
hemangioma (Figure E, F). An imaging differential of chor-
doma was considered,2 and it was decided to proceed with CT-
guided Tru-Cut (Merit Medical) biopsy. On histopathology,
the lesion was proved to be chordoma.

Regarding the imaging, we would like to add a couple of
inputs that we have learned from this case to differentiate chor-
doma from other differential diagnoses.

First, the noncontrast CT and MR images in vertebral chor-
doma may be confused with aggressive vertebral hemangioma. A
dynamic TRICKS MR image may prove helpful in differentiating
this condition by showing lack of early arterial enhancement and
lack of a prominent feeding vessel3 (Figure E, F).

Second, as mentioned in the article, chordoma typically spares
the adjoining intervertebral discs, but in our case, it showed few
focal areas of involvement of adjoining IV discs (Figure C, D),
suggestive of its locally aggressive nature.

Third, our case demonstrates the natural history of vertebral
chordoma over a 3-year duration. It originated from the mid L4
vertebral body, had slow growth, and later progressed to a large
vertebral mass with a dumbbell- or mushroom-shaped exophytic
paravertebral extension.

Finally, a biopsy from a suspected vertebral chordoma is not
encouraged because of the risk of recurrence along the biopsy
tract. In our case, to prevent such an event, embolization of the
biopsy tract with doxorubicin beads was done.

In conclusion, despite being an exceedingly rare entity,
chordoma should be considered as a differential for exophytic
vertebral body lesion with extraosseous soft tissue component
along with other differential diagnoses as mentioned by Benson
et al.1
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FIGURE. The T2 sagittal (A) and axial (B) MR images done in December 2017 show a nonexophytic and centrally located T2 hyperintense lesion,
confined to the L4 vertebral body outline without any extraosseous soft tissue. Repeat T2 sagittal (C) and coronal (D) MR imaging in August
2020 shows increase in the size of mass. The mass is centered within the body of vertebra with an exophytic component extending to the left
lateral aspect causing smooth displacement of the psoas major muscle. Note the focal areas of infiltration of adjoining intervertebral disc (white
arrows) by the tumor. The sagittal dynamic TRICKS MR image arterial phase (E) shows no early enhancement or any dominant feeder to the
mass. The venous phase of angiogram (F) shows mild diffuse tumoral enhancement of the lesion.
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We thank Drs. Ghosh, Tiwari, Garg, Khera, and Elhence for
their interest in our recent manuscript titled “Exophytic

Lumbar Vertebral Body Mass in an Adult with Back Pain.” We
appreciate their valuable insight on this subject and thank them
for sharing a case of a spinal chordoma that exemplifies many of
the imaging characteristics we described.

First, we agree that the intervertebral disk may be invaded by
chordomas; Firooznia et al1 described occasional disk involve-
ment, and other previously published case reports2,3 have simi-
larly shown disk invasion. Although chordomas classically spare
the intervertebral disks, all types of pathologies can have atypical
findings. Disk involvement should therefore not dissuade radiol-
ogists from raising the possibility of a chordoma.

Next, we believe that it is an oversimplification to state that bi-
opsy of suspected chordomas is not encouraged. True, chordo-
mas are prone to dissemination along a biopsy tract. However, in
the setting of an uncertain diagnosis, tissue is often still needed
for pathologic confirmation of imaging findings, particularly
given the complexity and morbidity of potential surgeries such as
sacrectomy. In such cases, a biopsy may still be performed as long
as the percutaneous biopsy tract is known so that it can be
resected at the time of surgery.

Finally, Ghosh et al are correct in saying that atypical hemangi-
omas can share imaging features with more sinister skeletal lesions,
such as metastases, multiple myeloma, and chordomas.4 To our
knowledge, however, time-resolved imaging of contrast kinetics
(TRICKS) has not been shown to confidently distinguish between
hemangiomas and chordomas. TRICKS is a recently introduced
MR technique that allows for dynamic MR imaging during the ar-
terial, capillary, and venous phases.5 Dynamic enhancement curves
have been offered as a method to distinguish atypical hemangi-
omas (typically with minimal and delayed enhancement) fromme-
tastases (often demonstrating a sharp rise in enhancement with a
high peak followed by quick washout).6 However, literature on this

subject remains extremely sparse. Even the Hurley et al7 article
referenced by the authors does not mention marked early arterial
enhancement or specific prominence of the feeding vessels in he-
mangiomas. Instead, much of our current understanding of the
contrast dynamics of vertebral hemangiomas comes from angiog-
raphy. On DSA, hemangiomas have been described as having a
diffuse blush of enhancement that persists into the capillary
phase.1 However, their appearance is not specific and can vary
based on the aggressiveness of the lesions. For now, we believe
that more evidence is needed before dynamic MR can be labeled
a useful tool for differentiating aggressive hemangiomas from
chordomas.
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